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ABSTRACT OF THE DISSERTATION
The Synthesis and Application of Chemical Vapor Deposited Graphene
by
Jaime Antonio Torres
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2014

Professor Richard B. Kaner, Chair

Graphene is one of the most amazing materials every discovered. It is the first stable two-
dimensional crystal ever studied and has broadly impacted a myriad of fields ranging from
physical science to engineering. Science has made such great advancements due to graphene that
its discovery earned Nobel recognition in 2010. Initially isolated from bulk graphite using
cellophane tape, its use in macroscale applications requires methods to produce it in high quality
and on a very large scale. This synthetic problem is the basis for this thesis whereby the scalable
synthesis and application of graphene is demonstrated utilizing chemical vapor deposition
(CVD).

Mono-carbon containing methane gas is the most utilized carbon precursor for the CVD growth
of graphene. To study the effects of other hydrocarbon precursor gases, graphene was grown by
chemical vapor deposition from methane, ethane, and propane on copper foils. The larger
molecules were found to more readily produce bilayer and multilayer graphene, due to a higher
carbon concentration and different decomposition processes. Single- and bilayer graphene was

grown with good selectivity in a simple, single-precursor process by varying the pressure of



ethane from 250 to 1000 mTorr as characterized by Raman spectroscopy. The bilayer graphene

is AB-stacked as shown by selected area electron diffraction analysis.

Vertically oriented structures of conductors and semiconductors, especially single crystals, are of
great technological importance due to their directional and rapid charge carrier transport yet
there does not exist a facile way to produce them. Here, we report a facile, solution-based
“bottom-up” route for producing highly oriented, single crystalline, vertical arrays of conjugated
molecules that exhibit uniform morphological and crystallographic orientations by employing a
layer of graphene as a guiding substrate. Using an oligoaniline as model, we demonstrate that
this method is highly versatile, allows for precision growth and deposition of crystals by first
patterning the growth graphene substrates, and allows for the anisotropic transport of charged
carriers to efficiently reach a conductivity of 12.3 S/cm along the vertical axis, the highest
reported to date for an aniline oligomer. Large-area devices where current from individual
crystals can be collectively harnessed are demonstrated, illustrating its promise for both micro-

and macro-scopic device applications.

The transfer of large sheets of graphene is desired for a variety of applications including
electronics and membrane technology. Currently, CVD grown graphene is isolated from a
growth catalyst by use of polymer-assisted transfer. The underlying growth catalyst is etched
away while the polymer acts as a support for transfer to arbitrary substrates before it is removed
chemically and by high temperature annealing. While transferring graphene onto rigid substrates
that can survive post-processing high temperature anneals is possible, the same is not true for

plastic and flexible substrates. The use of the polymer may lead to unwanted contamination and



damaged graphene films. We demonstrate a way to transfer very large sheets of graphene
tailored for thickness onto flexible and porous membranes supports for use in size selective
filtration. We utilize optimized concentrations of ammonium persulfate to etch graphene grown
on Cu-Ni1 alloys to produce polymer-free graphene film that can be transferred onto arbitrary

substrates.
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Chapter 1: FElectronic, Thermal, Optical, and Mechanical Properties of

Graphene

Graphene has attracted a great deal of intrigue since its first demonstrated isolation in 2004". It is
a two-dimensional crystal of carbon bonded together in a repeating pattern of hexagons.
Graphene can be considered a single sheet of graphite and is the building block for a variety of

other carbon materials of differing dimensionalities (Figure 1.1).

Figure 1.1 | Graphene as a 2D building material for carbon materials of all other dimensionalities.
Graphene can be wrapped up into 0D buckyballs, rolled into 1D nanotubes, or stacked into 3D graphite.
(reprinted with permission’ © American Association for the Advancement of Science (AAAS) )



Recognized as an integral part of 3D materials, graphene was nonetheless presumed not to exist
in the free state’. Most believed this 2D version of carbon to be unstable with respect to the
formation of curved structures such as soot, fullerenes and nanotubes. When freestanding
graphene was unexpectedly exfoliated and the follow-up experiments confirmed that its charge
carriers were indeed massless Dirac fermions by Giem and Novoselov’ two things occurred: 1)
the world of 2D crystals became widely accessible and 2) new flexible nanoelectronic devices

moved closure to fruition.
Graphene’s unusual electronic properties:

Let’s begin at the beginning: Each carbon atom in graphene’s hexagonal lattice has four valence
electrons; the first three are used to form covalent sp® bonds, while the fourth resides in a p,
orbital that forms © bonds distributed equally along 3 directions thus leading to a bond order of 1
and 1/3. Graphene contains numerous covalent, delocalized m-bonds suitable for the rapid
movement of injected electrons leading to high electronic conductivity. Extraordinary room
temperature carrier mobility of >20,000 cm?/Vsec has been demonstrated with graphene
devices'’. In addition, graphene displays an ability to absorb photons uniformly across a wide
spectrum ranging from infrared to ultraviolet light. Although a single layer thick, graphene
absorbs 2.3% of light’' and has an exceptionally high surface-to-volume ratio as would be
expected for a two-dimensional material. Graphene has no net dipole and displays
hydrophobicity as a consequence of its non-polar bonding. The tight, chemical bonding between
carbon atoms also makes graphene one of the strongest materials known®’. Columbia University
mechanical engineering professor James Hone once said it is “so strong it would take an

elephant, balanced on a pencil, to break through a sheet of graphene the thickness of Saran
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Wrap.” Indeed graphene is recognized as one of the strongest materials known, capable of

withstanding a great deal of stretching and fracturing.
Electronic carriers move ballistically in graphene:

Electrons move through graphene incredibly fast and begin to exhibit behaviors as if they were
massless’, mimicking the physics that governs particles at super small scales. In condensed
matter physics, the Schrédinger equation suffices to describe the electronic properties of
materials. When dealing with graphene — its charge carriers mimic relativistic particles and are
more easily and naturally described starting with the Dirac equation rather than the Schrodinger
equation. The electrons moving around graphene’s carbon atoms interact with the periodic
potential of the honeycomb lattice to give rise to new quasiparticles that at low energies (E) are
accurately described by the (2+1)-dimensional Dirac equation with an effective speed of light v
~ 106 m 's . These quasiparticles, called massless Dirac fermions®, can be seen as electrons that
have lost their rest mass (my) or as neutrinos that acquired the electron charge e. The relativistic
like description of electron waves on honeycomb lattices provides a new way to probe quantum

electrodynamics (QED)’ phenomena by measuring graphene’s electronic properties.

Interestingly, graphene demonstrates an ambipolar electric field effect (Figure 1.2) such that
charge carriers can be tuned continuously between electrons and holes in concentrations (n) as
high as 10" c¢m™ and their mobilities (i) can exceed 15,000 cm*V's™' even under ambient

conditions.
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Figure 1.2 | Ambipolar electric field effect in single-layer graphene. The inset shows graphene’s
conical low-energy spectrum E(k), indicating changes in the position of the Fermi energy (Ef) with
changing gate voltage (V,). Positive (or negative) V, induce electrons (or holes) in concentrations n =

Ky,, where the coefficient K= 7.2 x10"%ecm™V™! for field-effect devices with a 300 nm SiO, layer used as
a dielectric (reprinted with permission’ © American Association for the Advancement of Science (AAAS)

).

Graphene is a zero-gap semiconductor, in which low-E quasiparticles within each valley can

formally be described by the Dirac-like Hamiltonian:

8 0 k.-ik
H=hvy V) =hv.o K
“\ke+ik, 0 F
x TIKy [1.1]
where Kk is the quasiparticle momentum, ¢ the 2D Pauli matrix and the k-independent Fermi

velocity Vr plays the role of the speed of light. Graphene’s honeycomb lattice is made up of two

equivalent carbon sublattices A and B (Figure 1.3a).
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Figure 1.3 | a. The unit cell and b. The 3D bandstructure of graphene. ¢. Dispersion of the states of
graphene. d. Approximation of the low energy bandstructure as two cones touching at the Dirac point.
The position of the Fermi level determines the nature of the doping and the transport carrier. (reprinted
with permission'' © American Chemical Society).

The cosine-like energy bands associated with the sublattices intersect at zero E near the edges of
the Brillouin zone (Figure 1.3b), giving rise to conical sections of the energy spectrum for [E| < 1
eV (Figure. 1.3d). Note that there are two m electrons per unit cell and these electrons fully
occupy the lower m band. A detailed calculation of the density of states will reveal that the
density of states at the Fermi energy is zero, therefore making graphene a zero-gap
semiconductor. The existence of a zero gap at the K points comes from the symmetry
requirement that the two carbon atoms A and B in the hexagonal lattice are equivalent to each

other.



Electrons moving through graphene travel with little scattering and reported low-temperature
mobility approaching 200,000 cm*V™'s™ for carrier densities below 5 times 10° cm™ demonstrate
the ballistic transport of carriers through graphene'®. Such values cannot be attained in

semiconductors and are attributed to the unique properties of graphene.

Thermal Properties of Graphene:
Graphene’s strong covalent bonds are responsible for the quick dissipation of lattice vibrations
known as phonons, which leads to extremely high thermal conductivities (i) >3,000 WmK™" at

room temperature'® (Figure 1.4c).
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Figure 1.4 | The thermal conductivity of graphene and various carbon materials: a. Experimental
study of heat conduction in graphene was made possible by an optothermal Raman technique. The heating
power AP was provided by a laser light focused on a suspended graphene layer connected to heat sinks at
its ends. b. Graphene of rectangular shape suspended across a 3 pum-wide trench in a Si wafer c.
Comparison of the thermal conductivities of various carbon materials. The figure is based on average
values reported in the literature. The axis is not to scale. (reprinted with permission'® © Nature Publishing
Group).



In solid materials, heat is carried by acoustic phonons and thermal conductivity is introduced
through Fourier’s law, q = —KAT, where q is the heat flux, K is the thermal conductivity and AT
is the temperature gradient. In this expression, K is treated as a constant, which is valid for small
temperature (T) variations. Over a wide temperature range, K is a function of T. The value K is
actually treated as K = K, + K., where K, and K. are the phonon and electron contributions,
respectively. In nanostructures, K is reduced by scattering from boundaries and therefore can be

utilized to manipulate phonon dispersions to alter the final thermal conductivity.

Thermal transport in graphene can be dominated by the intrinsic properties of the strong sp
lattice, rather than by phonon scattering on boundaries or by disorder, giving rise to extremely
high K values. This is certainly true in mechanically exfoliated graphene,'’ but CVD grown

graphene films on metal foils tend to be polycrystalline in nature.

Does the presence of numerous grain boundaries affect the thermal conductivity significantly?
Laser heating experiments'® conducted on suspended CVD monolayer graphene were performed
by monitoring the Raman G peak, room-temperature thermal conductivity and interface
conductance of (370 + 650/—320) Wm 'K and (28 + 16/—9.2) MWm™ K™ were reported for the
supported graphene. The thermal conductivity of the suspended graphene exceeds (2500 +
1100/-1050) Wm™K™" near 350 K and becomes (1400 + 500/—480) Wm™ K™ at about 500 K.
These values for the supported area of the CVD graphene are comparable to the recently reported
values for mechanically exfoliated graphene on Si0,. The thermal conductivity of the suspended
region of the CVD graphene is higher than the reported values for graphite at near room
temperature and 500 K, respectively. Thus, the presence of polycrystalline grain boundaries does

not sufficiently alter the thermal properties of the graphene and the quasi-ballistic transport of
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low frequency phonons with mean-free paths longer than the laser beam has been demonstrated.
The ability to dissipate heat efficiently, while conducting electrons ballistically, may benefit the
areas of optoelectronics, thermal management, thermoelectrics and solar energy harvesting from

the application of graphene.

Optical Properties:

Each single layer of graphene absorbs 2.3% of the visible light that interacts with it. A single
layer is thus transparent without causing glare. The optical image contrast can be

used to identify graphene on top of a Si/SiO; substrate (Figure 1.5). The transmittance of single

layer graphene (SLG) can be derived by applying Fresnel equations in the thin-film limit for a

material with a fixed universal optical conductance®:
T=(1+0.51t0)-2~=1-mna~=97.7% [1.2]

Where a = e*/(4neohc) = Go/(meoc) and the fine structure constant Go = ¢%/(4h) ~ 6.08 x 107° Q'

-—-- - Bilayer

Transmittance (%)

2
Distance (um)

Figure 1.5 | Optical image of single and bilayer graphene transferred onto Si/SiO,. The contrast
scales with the increasing number of layers as a result of interference. (reprinted with
permission*? © American Chemical Society).



Perhaps the most ready application for graphene will be as a flexible transparent conductor.

Briefly, optoelectronic devices such as displays, touch screens, light-emitting diodes and solar

cells require materials with low sheet resistance, Rg, and high transparency. In a thin film,

Rs = p/t, where t is the film thickness and p = 1/o is the resistivity, ¢ is direct current

conductivity. For a rectangle of length L and width W, the resistance R is:

R = p/t xXL/W =R x L/'W [1.3]
The term L/W can be seen as the number of squares of side W that can be superimposed on the
resistor without overlapping. Thus, even if Ry has units of ohms (as R does), it is historically

quoted in ‘ohms per square’ (/0).

Figure 1.6 compares graphene to several other types of transparent conductors. The state of the
art transparent conducting materials are semiconducting doped indium oxide (ITO, In,0Os3), zinc
oxide (ZnO) or tin oxide (Sn0,)**, as well as ternary compounds based on their combinations”.
ITO is commercially available with T = 80% and R as low as 10 /o on glass, and ~60—300
Q/o on polyethylene terephthalate. Note that T is typically quoted at 550 nm, as this is where the
spectral response of the human eye is highest.

Silver nanowires (AgNWs), single and multiwall carbon nanotubes (SW-CNTs, MW-CNTs),
and metal grids have also been explored as potential transparent conductors. Functional
transparent conducting films based on these materials would likely require thick samples which
would decrease the resulting transmittance (Figure 1.5a). An ideal intrinsic SLG is calculated to
have Rs = 6 kQ/o with T = 97.7%. While the transmittance is much higher than ITO, the sheet
resistance is far worse (Figure 1.6c). However, stacking graphene into few layers serves to lower

the sheet resistance while maintaining relatively good transmittance®. A four-layer sample of
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graphene (Figure 1.5b) would have an Rs < 100 /o0 and a T > 90%. In addition to the good
transparency, graphene films tend to be chemically and mechanically stable, and easier to
process using standard lithography films compared to ITO. Chemical vapor deposition synthesis
of graphene may be a viable way to achieve tailored thicknesses® of graphene with acceptable
transparencies suitable for optoelectronic applications. Because the absorption spectrum of single
layer graphene is quite flat from 300 — 2500 nm,*® it potentially can be used for IR shielding for
stealth technology. Additionally, graphene can be implemented into photodetection, because of

its ability to absorb light and convert it into electrical current.”’****
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Figure 1.6 | Graphene as a transparent conducting film (GTCF) a. Transmittance for different
transparent conductors: GTCFs, single-walled carbon nanotubes (SWNTs), ITO, ZnO/Ag/ZnO
TiO,/Ag/TiO,. b. Thickness dependence of the sheet resistance. The blue rhombuses show roll-to-roll
GTCFs based on CVD-grown graphene; red squares, ITO; grey dots, metal nanowires; green rhombuses,
SWNTs. ¢. Transmittance versus sheet resistance for different transparent conductors: blue rhombuses,
roll-to-roll GTCFs based on CVD-grown graphene; red line, ITO; grey dots, metal nanowires; green
triangles, SWNTs. d. Transmittance versus sheet resistance for GTCFs grouped according to production
strategies: triangles, CVD; blue rhombuses, micromechanical cleavage (MC); red rhombuses, organic
synthesis from polyaromatic hydrocarbons (PAHs); dots, liquid-phase exfoliation (LPE) of pristine
graphene; and stars, reduced graphene oxide (RGO). A theoretical line is also plotted for comparison.
(reprinted with permission®' © Nature Publishing Group).

Mechanical Properties:
Graphene is thought to be the strongest material known because its intrinsic strength is predicted

130

to exceed that of any other material”. Hone et al. took mechanically exfoliated graphene and

suspended it over wells etched into Si/SiO,*’. The elastic properties and intrinsic breaking
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strength of freestanding monolayer graphene membranes were measured by nanoindentation in

an atomic force microscope. A schematic of the test is shown in Figure 1.8.

Figure 1.7 | Experimental set-up for the mechanical testing of exfoliated monolayer graphene: a.
SEM of suspended monolayer graphene spanning an array of circular holes 1 pm and 1.5 pm in diameter.
b. Noncontact mode AFM image of one membrane, 1.5 um in diameter. The solid blue line is a height
profile along the dashed line. The step height at the edge of the membrane is about 2.5 nm. ¢. The
nanoindentation on suspended graphene membrane d. AFM image of a fractured membrane. (reprinted
with permission®” © American Association for the Advancement of Science (AAAS)).

The choice of AFM nanoindentation over pre-etched wells allowed for the suspended graphene
sheets to clamp around the entire circumference of the hole rather than on just two points in the
case of carbon nanotubes. The elastic stiffnesses measured were 340 newtons per meter (N-m )

and —690 N-m ', respectively. The breaking strength is 42 N-m ' and represents the intrinsic
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strength of a defect-free sheet. These quantities correspond to a Young’s modulus of E = 1.0
terapascals (Figure 1.9A), third-order elastic stiffness of D = —2.0 terapascals, and intrinsic
strength of Giyy = 130 gigapascals for bulk graphite. These experiments establish graphene as the
strongest material ever measured, and show that atomically perfect nanoscale materials can be

mechanically tested to deformations well beyond the linear regime.
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Figure 1.8 | The elastic response and fracture testing behaviour of exfoliated monolayer graphene.
a. Histogram of elastic stiffness. b. Histogram of film pretensions. ¢. Four typical tests, with different tip
radii and film diameters; fracture loads are indicated by x marks. d. Histogram and Gaussian distribution
of breaking force for both tips. (reprinted with permission®® © American Association for the
Advancement of Science (AAAS)).

In contrast to mechanically exfoliated graphite which tends to produce single crystals of
graphene, large-area graphene films produced by CVD are polycrystalline and thus contain grain
boundaries that can potentially weaken the material. Nanoindentation™ studies reveal that for
CVD-graphene films with different grain sizes, the elastic stiffness of CVD-graphene is identical
to that of pristine graphene if post-processing steps avoid damage or rippling (Figure 1.9). Its
strength is only slightly reduced despite the existence of grain boundaries. The measured fracture
loads for large grain (LG) and (SG) membranes (identified by TEM in the study) are shown in
Figure 1.8a and b. The measured values are similar to the exfoliated graphene studies despite the
presence of grain boundaries. Elastic moduli of 324 + 13, 339 + 17, and 328 £ 17 N/m (which
correspond to a 3D Young's modulus of ~1 TPa) were obtained for pristine, LG, and SG

graphene, respectively. The presence of wrinkles and small patches of multilayer graphene

14



account for the wider distributions observed. Fracture loads of 3410 + 260, 3370 + 340, and 2590
+ 380 nN were measured for the pristine, LG, and SG films, respectively. The difference in the
SG films indicates that the strength is influenced by the randomly occurring defects and grain
boundaries in the membranes, although this value is much higher than previously measured. This
study unequivocally establishes CVD-graphene as a large-area, high-strength material for

flexible electronics and strengthening components.

SG

N

/77777

RANNNR

LG

Counts

AN
AT

4

Fracture Load (nN) Fracture Load (nN)

Figure 1.9 | The elastic response and fracture behaviour of CVD grown monolayer graphene: a.
The histograms of the elastic stiffness of large grain (LG) graphene films. b. The histograms of small
grain (sg) graphene films. ¢. Histograms of fracture load for LG films d. Histograms of fracture load for
SG films. (reprinted with permission’ © American Association for the Advancement of Science
(AAAS)).

Conclusions and Outlook for Graphene:

The intrinsic electronic, thermal, optical, and mechanical properties of graphene are consequence

of its underlying sp” bonded honeycomb lattice. Graphene allows for the ballistic transport of

15



carriers through its conjugated carbon lattice, is the best thermal conductor known, exhibits high
transmission of visible light, and is the strongest material measured by far. A great deal of
progress®®*! has been accomplished since graphene’s first isolation in 2004. The physical and
optoelectronic properties of this material have been extensively studied as evident in this chapter.
The next frontier of research will focus on the large scale synthesis and incorporation of this
wondrous material into the macroscale. Additionally, graphene has paved the way for the study

of other 2D materials, although they do not exhibit the same chemical stability as graphene.

This thesis accounts for several significant advances to the fields of graphene namely in
synthesis/isolation, characterization and device applications. The chapters herein focus heavily

on Bottom-up approaches but do highlight some Top-down routes to graphene.

Synthetic routes are only a single focus of this dissertation, certainly application of graphene is a
top priority and there will also be an emphasis on how these different approaches have afforded
unique opportunities to explore graphene’s properties. We explore the use of graphene as a both
a transparent electrode for use in conducting AFM measurements and for vertical alignment of
conjugated polymers for sensors, electronics, and organic photovoltaic cells. We also explore the

use of graphene as an atomically thin membrane for use in size selective filtration.
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Chapter 2: Synthesis of Single and Few Layer Graphene via Chemical Vapor

Deposition (CVD):

Chemical vapor deposition (CVD) has emerged as a powerful tool to grow high quality films of
graphene of various thicknesses and on a variety of substrates' *. Unlike mechanical exfoliation,
large area coverage up to 30 in. along the diagonal can be achieved via CVD’. It is now possible
to grow graphene with carrier mobility values in excess of 7100 cm*V™'s™ at room temperature,’
which is close to the results on Si0,/Si with graphene exfoliated from HOPG or Kish graphite.
The high carrier mobility and size scalability make CVD graphene a promising material for
applications such as integrated high frequency electronics. A schematic of a typical CVD reactor
used for graphene growth is illustrated in Figure 2.1. The thin film process of CVD is a “Bottom-
up” molecular synthesis technique driven by thermodynamics and kinetics of the precursor
chemistry, the dynamics of heat and mass transport and the physics of surface adsorption and
crystal growth. This process 1s well suited for synthesizing coatings that are of high purity and of
a controlled thickness (typically a few microns in thickness). It is this general tailorability that

makes CVD a promising tool for high quality graphene synthesis.
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Figure 2.1 | Schematic of a Chemical Vapor Deposition reactor that can be used to grow graphene.
A catalytic surface (i.e. copper, nickel, etc.) is placed into the growth chamber and a controlled amount of
precursor gases are fed from inlet to outlet. Parameters such as temperature, feed rate, pressure, cooling
rate, etc. become important for high quality growth of films.

Several factors are important in controlling the number of layers of CVD-grown graphene®".
Chief among them is the concentration of the precursor carbon source. Utilizing our home built
CVD reactor, we investigated the effect of carbon concentration from alkane gases on graphene
growth. We compared ethane and propane to methane, which have two and three times the
amount of carbon, respectively. We systematically varied the pressure of the hydrocarbon
precursors to examine the effect of carbon concentration. We utilized low pressure CVD

conditions (LPCVD) for the growths and varied it (250-1000 mTorr), while other conditions

such as flow rate, temperature, and time were fixed. Figure 2.2 shows optical micrographs (OM)
of transferred graphene films that were grown with methane, ethane, and propane. They were

transferred onto silicon substrates with a 300 nm oxide layer to provide contrast for imaging.
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Figure 2.2 | Optical micrographs of LPCVD grown graphene films transferred onto Si/SiO,.
Graphene grown with methane a—c, ethane d—f, and propane g-i at 250, 500, and 1000 mTorr growth
pressures, respectively. Scale bar represents 20 um. (reprinted with permission30 ©2012 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim)



As the carbon concentration increases, the transferred films become increasingly darker because
additional layers interfere with the reflected light'>. As the hydrocarbon precursor gas increases
in carbon content, the resulting films become increasingly thicker with variability in quality.
Figure 2.3 demonstrates that transmittance at 550 nm for graphene decreases with the carbon
content of the precursor gas as expected. Each layer of graphene absorbs about 2.3% of the
incident light and this relation can be used to determine the number of layers of graphene grown

(each layer of graphene is 0.334 nm thick).
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Figure 2.3 | UV-Vis transmittance of graphene films as a function of precursor gas. As the graphene
increases in film thickness, the transmittance decreases. (reprinted with permission30 ©2012 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim)

Increasing carbon content leads to bilayer selectivity:

The graphene grown from ethane gas shows a significant change when the pressure is increased;

bilayer graphene becomes the dominant form. We increase the pressure of the total system by
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increasing the amount of precursor gas which increases the amount of carbon available for
graphene formation. High-resolution SEM images of ethane-synthesized graphene (Figure 2.4)
reveal darker, more conductive bilayer regions covering the first layer. The SEM images of
ethane-grown graphene were used, in conjunction with Imagel] freeware, to calculate the type
and percent coverage of graphene based on relative color intensities. The analysis infers that up
to 75% bilayer graphene can be grown with ethane at 1000 mTorr pressure, and is graphed in
Figure 2.4f. Under these growth conditions, methane yields predominantly single-layer
graphene; therefore, SEM analysis was not performed. It should be noted that even using
methane some multilayer graphene is produced due to the nature of the growth of graphene on

1
copper surfaces."?
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Figure 2.4 | Scanning electron micrographs of graphene grown with ethane at increasing
pressures: a. 250, ¢. 500 and e. 1000 (mTorr) show the appearance and growth of a second layer.
Coverage statistics (b, d, f) were tabulated and graphed to illustrate the growth trends of graphene layers
at different pressures. At 250 mTorr a. a single layer (black circle) is controllably grown, but at 500
mTorr ¢. ~49% bilayer coverage (blue circle) is observed with 1% few-layer graphene (green circle), and
at 1000 mTorr, e. ~75% bilayer coverage is observed with small regions containing ~2% few-layer

graphene. Scale bars represent 1 pm. (reprinted with permission30 ©2012 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim)
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Propane when used as a precursor produces multilayer graphene with turbostratic ordering.
Raman spectroscopy was used to assist in quantitatively determining the number of layers of
graphene and to gauge the crystallinity by noting changes in the spectral fingerprint (Figure

2.5).1
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Figure 2.5 | Raman spectra of graphene films grown at varying pressures and hydrocarbon
precursors: a. Overall trend in graphene crystallinity as a function of pressure. Spectra were measured
with a low-power laser, at wavelength of 514 nm. M: methane, E: ethane, and P: propane. (reprinted with
permission30 ©2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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Graphene growths with methane (at all pressures) show the characteristic Raman signals for
single-layer graphene and have the expected 2D:G peak intensities of roughly 3.0-4.0. Ethane
derived graphene shows single and bilayer Raman signatures that vary as the pressure (carbon
concentration) is increased. The Raman spectra resulting from propane show the presence of a
disorder peak, D (~345 cm '), and a D' (~1615 cm') peak, budding from the G peak.
Furthermore, the intensity of the D peak linearly increases with the growth pressure of propane.
The increasing disorder is suggestive of turbostratic graphene, '* (rotationally disordered
multilayer graphene) and also graphene with sp> defects.'® If the mechanism by which graphene
forms on copper surfaces is influenced by the availability of copper d-orbitals to stabilize carbon
radicals formed during the high temperature decomposition of hydrocarbons, then as the copper
surface becomes saturated this catalytic ability is decreased. The combustion and formation of
carbon radicals continues at high temperature, but rather than become catalytically converted to
sp” bonded graphene, it becomes amorphous or turbostratic. We attribute the lower crystallinity
of the films to oversaturation from carbon species and from different cracking pathways of the
precursors. A closer investigation of ethane growths, Figure 2.6a-c, shows that ethane-grown
graphene exhibits a significant change in the 2D band as the pressure is increased from 250 to
1000 mTorr indicative of layering. The normalized Raman allows for studying the nature of the
2D band. At pressures of 500 and 1000 mTorr, the 2D peaks change in shape, width, position,
and intensity, indicative of additional layers. The full width at half maximum (FWHM) of the 2D
peaks become shifted, broader, and asymmetric. Furthermore, they can be Lorentzian fitted with

four bands as a direct consequence of interactions between the multilayer graphene'®'*
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Figure 2.6 | Raman spectroscopy as a function of pressure: a. Raman spectra and maps of graphene
films grown at different pressures using ethane. Raman spectra placed in sequence show changes in the G
and 2D ratios as a function of pressure. Lorentzian fits of the FWHM from the 2D peaks for graphene
grown with ethane at b. 500 and ¢. 1000 mTorr show that the 2D band is split into 4 components: 2D1B,
2D1A, 2D2A, 2D2B, indicative of bilayer interaction. d. Raman mapping over a 20 um x 20 pm scan
area for the FWHM of the 2D peak shows single- to bilayer graphene areas at different pressure growths
with ethane gas. The values of the color gradient bars below are in wavenumbers (cm™ '). (reprinted with
permission30 ©2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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The 2D peaks of graphene grown with ethane at pressures of 250—-1000 mTorr were further
analyzed through Raman contour mapping of a 400 pm? region (Figure 2.6d). The map plots the
intensity of the 2D peak (cm™) for various pressures. The FWHM values of the ethane-grown
graphene increase as a function of pressure from ~33 cm ™' at 250 mTorr, to ~50 cm ™' at 1000

mTorr and are in good agreement with values obtained by other groups.®

We next utilized selected area electron diffraction (SAED) via TEM to further understand the
crystallographic information of the grown films as well as the type of stacking found in the
multilayer samples. Single- and bilayer graphene can be quantitatively identified by peak
intensities; the former has a two-atom basis set and the latter a four-atom basis set. The structure
factor calculated using these basis values allows us to determine whether the peak intensities are
from single layer or bilayer graphene. Additional distinction between single- and bilayer
graphene can be obtained by measuring the diffraction peak amplitude as a function of reciprocal
space distance. After correcting for the Rutherford cross section and the Debye—Waller effects,
the structure factor of the basis for single-layer graphene has a 4:1 value (between the first and
second order diffraction peaks) and a 16:1 value for AB bilayer graphene. Single and bilayer
samples can be distinguished based on the relative intensity of the inner and outer peaks from the
diffraction intensity line profiles collected from SAED. Diffraction patterns shown in Figure 2.7
a—e correspond to graphene grown at 1000 mTorr with methane, 250-1000 mTorr with ethane,

and 250 mTorr with propane.
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Figure 2.7 | TEM selected area electron diffraction (SAED) patterns of single- and bilayer
graphene, diffraction intensity line profiles and low-resolution TEM (LRTEM) images. Normal
incident diffraction pattern of a. single-layer graphene from methane grown at 1000 mTorr, b. single-
layer graphene from ethane grown at 250 mTorr, c., d. bilayer graphene from ethane at 500 ¢ and 1000 d
mTorr, and e. bilayer layer graphene from propane grown at 250 mTorr. Representative line profiles for f.
single-layer and g. bilayer graphene show the differences in diffraction intensities. LRTEM images of
graphene grown with ethane at h. 500 and i. 1000 mTorr and with propane at j. 250 mTorr, from many
angles, show the actual size of each crystalline domain (red arrows) to be around 500 nm across, although
SEM shows the actual coverage is much larger. The purple arrow indicates silicon residue from the etch
process. (reprinted with permission30 ©2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

SAED analysis shows that films grown with higher pressures of ethane are AB-stacked. The
changes in relative peak intensities can be seen in the characteristic line profiles shown in Figure

2.7f (single-layer graphene) and 2.7g (bilayer graphene). The peak intensities (outermost to
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innermost) of ~1:1 correspond to single-layer graphene, while ~2:1 represents bilayer graphene.
Methane in all cases produced predominately single layer. Graphene grown with ethane at 250
mTorr produces single-layer graphene while at higher pressures exhibits a ratio of 2:1,
suggesting AB-stacking in the areas of bilayer coverage. Propane films grown at 250 mTorr
produce diffraction patterns indicative of bilayer graphene. Higher pressure propane films were
not measured. Images collected at various diffraction angles show the bilayer graphene grown
with ethane at 500 and 1000 mTorr (Figure 2.7h, 1) and with propane at 250 mTorr (Figure 2.7j)
are composed of crystalline facets around 500 nm across, although SEM images show that the

actual coverage is much larger.
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Figure 2.8 | A schematic of bilayer graphene growth with ethane and/or propane feedstock gas: a.
Top view is shown with a space-filling model and b. Side view is shown with a ball-and-stick model.
Copper atoms are shown as orange spheres, carbon in black (first layer) and in blue (second layer), and
hydrogen in gray. When the copper catalyst is oversaturated with ethane molecules, secondary growth is
observed. Since ethane has a lower decomposition pathway, higher concentrations of carbon radical will
participate in secondary growth near the edge, where dangling bonds and defects are more prevalent.
(reprinted with permission30 ©2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)
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We proposed that the observation of additional graphene layers with ethane and propane likely
results from alkyl radicals or alkenes that react with edges and defects in the previous layer,
which favor reaction with incoming reactive carbon species.'”"” Upon switching from methane
to higher alkane precursors, C—H and C—C bond energies become increasingly weaker. The C—H
bond energies for methane are 105 kcal per mole versus 100 kcal per mole for ethane or propane
(on the primary carbon) and the C—C bond energies for ethane and propane are only 90 and 88
kcal per mole, respectively (Figure 2.8).% It has been observed that a methyl radical source can
be used to grow graphene on HOPG (highly ordered pyrolytic graphite),'”” and is a possible
mechanism for growth of additional graphene layers on top of graphene formed on copper. As
the first layer of graphene forms on the surface of copper, dangling bonds exist that may serve as
nucleation points for further growth of graphene, laterally at first and then vertically. If the
amount of carbon within the reactor is increased, more carbon is brought to the surface and
accelerated surface reactions produce secondary graphene such that only a combination of
single-/multilayer graphene is observed. A plot of the FWHM values for the Raman 2D peak
versus carbon content, Figure 2.9, illustrates that carbon concentration plays a vital role in the
graphitization process and the resulting quality of the graphene. In this light, it may be possible
to grow uniform single-layer graphene with larger-hydrocarbon gases, provided the feedstock
gas is appropriately diluted with a reductive gas such as hydrogen, and the growth time is
modified. It may be desirable to utilize alkene feed stocks because these would have even lower
cracking temperatures suitable for lower temperature growths or more complete decomposition

at higher temperatures.
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Figure 2.9 | Plot of the full width half maximum (FWHM) of the 2D peak as a function of carbon
content. (reprinted with permission30 ©2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)

Parameters that affect graphene growth

As we have seen, the concentration of the carbon precursor greatly affects the quality and
number of layers of the graphene films grown on copper. Pressure too plays an interesting role in

the formation of graphene films as does temperature, and nucleation density.
Low pressure and atmospheric pressures:

Early efforts focused on LPCVD (0.5-50 Torr) and many advances were made in making high
quality films under low-pressure conditions. Typically flower-shaped domains having lobes and
dendritic features usually result from LPCVD. One unique feature of the LPCVD growths is the
sublimation of copper at high temperature. Typically, the cold end of the reactor tube will be
covered in a thin layer of copper following growth. Atmospheric pressure CVD (APCVD) in
contrast gives hexagonal shaped domains. Activation energies differ for low and atmospheric

pressure CVD. At low pressure, evaporation of copper is significant and limits carbon nucleation
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with a nucleation density barrier activation barrier, E,,. ~4 eV. Copper evaporation is suppressed
by atmospheric pressure CVD and the measured E,,c ~9 eV is attributed to desorption energies
of active carbon species/graphene critical nuclei*’. The increase in activation energy indicates
that at atmospheric pressures, the nucleation density of graphene decreases by 5 orders of

magnitude.

Whether LPCVD or APCVD is utilized for growth, the effect of temperature plays roughly the

same role for both. High temperature growths are key to extremely low nucleation density,*'>*

improved uniformity of layer number,” and fast growth rates, with activation energy of 2.7 eV.*

It is generally the case that the higher the temperature, the smaller the nucleation density, the

larger the graphene domains and the more uniform the resulting films.

Optimizing Growth Parameters:

APCVD growth at relatively high temperature is particularly promising for continuously fed roll-
to-roll processing. We decided to utilize APCVD and optimize our system to grow the highest
quality graphene possible. Figure 2.10 shows the growth of hexagonal domains over a relatively
short time frame. The growths were carried out under atmospheric pressure, a temperature of
1050 °C for both annealing and growth, and under a flow rate of 4 standard cubic cm/min (sccm)
of methane, 20 sccm of Hj, and 200 scmm of Ar and for periods of time ranging from 0.3 - 64
minutes. At the 2 min mark, the presence of graphene becomes apparent. At the 4 min mark, a
film begins to form although there are areas on the copper foil that remain uncovered. A

continous film forms from 8 min on.
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Figure 2.10 | Atmospheric growth of FLG as a function of time: Initially nothing grows below 1 min,
but then nucleation begins at the 2 min mark. By 8 min growth has produced a continuous film.

Figure 2.11 reveals some secondary growth on the forming graphene hexagons. A recent study'”
on the growth of bilayer and multilayer graphene on copper foils that was monitored by isotopic
labeling of the methane precursor and characterized by Raman suggests that adlayer growth
proceeds by catalytic decomposition of methane (or CHy, x < 4) trapped in a “nanochemical
vapor deposition” chamber between the first layer and the substrate. During growth at high
temperature, the adlayers formed simultaneously and beneath the top, continuous layer of

graphene and the Cu substrate. Additionally, the adlayers share the same nucleation

center and all adlayers nucleating in one place have the same edge termination. Once the
graphene layers grow laterally they will coalesce and prevent the further growth of multilayers.
Certainly we can see that the multilayer spots in the hexagons tend not to grow after larger
domains have merged together. Interestingly, the growth of graphene seems to occur in a
particular direction, most likely due to the flow of the gases during growth as seen in Figure
2.11c. Figures 2.11d-f show the complete growth of graphene at the 64 min mark. The complete
film follows the same directional pattern observed during the initial formation. We continued to
increase the hydrogen flow rate in subsequent growths in order to further dilute the concentration

of methane. We find that 4 sccms of CHy4, 100 sccms of H», and 200 sccms of Ar at atmospheric
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pressure and temperatures >1000 °C are sufficient to provide high quality and complete films of

graphene.
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Figure 2.11 | Nucleation of graphene on copper at atmospheric pressure: a. Graphene grows in a
hexagonal pattern due to the etching effect of hydrogen. Secondary points of nucleation can be seen on
the larger graphene crystals. b. Grains continue to grow until they coalesce. ¢. The growth follows the
flow of gases in the CVD reactor giving the film a directional quality. d. Graphene film after 64 min of
growth. The bright colored material is thought to be quartz nanoparticles from the CVD reactor. e. The as
grown film of graphene appears as a striated surface. f. The graphene seems to grow underneath the
quartz nanoparticles.

Recently, it has been shown that controlling the formation of a surface oxide on copper’® may
lead to even better control of the graphene nucleation on copper. In the presence of the copper
oxide, carbon radicals formed from high temperature decomposition are unable to nucleate on
the catalytically unreactive surface. During growth, hydrogen gas is introduced which begins to
etch away the copper oxide allowing for nucleation to take place. We decided to test the effects
of annealing copper without hydrogen gas at high temperature. We took 25 pm copper foil as

received and annealed it at atmospheric pressure under 200 sccms of Ar at 1070 °C for 5 min.
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We then introduced 4 sccm of CH4 and 100 scecm of H, into the reaction chamber for 5 min. The
resulting growths show decreased nucleation density and enlarged graphene domains (Figure
2.12). The domains of the graphene now appear less hexagonal and more star and dendritic
shaped indicating that the absence of hydrogen gas leads to less etching of the domains. The
domains are also larger compared to the hydrogen pre-anneal growths, suggesting that in the
absence of more nucleated domains, carbon radicals will nucleate and continue to grow laterally
thereby getting larger and larger. We find that annealing of copper foils in Ar for a minimum of
10 minutes followed by high temperature growth of graphene gives us the best quality, most

complete films to date.

b
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Figure 2.12 | The 5 minute growth of large, low density graphene grains on a copper substrate at
atmospheric pressure: a. Avoiding the hydrogen anneal step in the synthesis of graphene leads to larger
grain growth b. The copper surface is less densely populated by graphene grains even at 5 min growth
time. ¢. The growth still follows a striated pattern due to the flow of the gases during growth.

Growth of graphene on nickel substrates:

Nickel is an interesting candidate for growth of graphene because 1) Ni yields the smallest lattice
mismatch with the hexagonal carbons in graphene (1.2% mismatch for Ni(111); 2) low
temperature growth of graphene may be obtained using Ni that is suitable for use with various
engineered structures on substrates to make functional devices or composite structures; and 3) it
allows for the tailored growth of multilayer graphene by altering the thickness of the Ni, cooling
rate 2, or carbon feed during growth®. In order to make large, complete films of graphene
suitable for use in water filtration membranes, we explored the growth of graphene on Ni. Figure

2.13 demonstrates the evolution of growth over time at high temperature (1073 °C).

Figure 2.13 | Atmospheric growth of FLG as a function of time: At 1 min, nucleation begins and
growth continues laterally well beyond 5 min. In order to obtain complete surface coverage at 2%
methane concentration, a minimum of 20 minutes is required.
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The growth conditions were kept the same as for copper (i.e. 25 pm thick foils, hydrogen-less
anneal, low carbon flow rate, high hydrogen concentration during growth, atmospheric pressure).
The growth of graphene on Ni is slightly more complicated than for copper. Two reactions are
taking place both in the bulk and on the surface of the catalyst. Ni has better hydrogenation
capabilities than copper and is therefore a more active catalyst. Methane flowing over the surface
is dehydrogenated to form carbon radicals which can combine to form graphitic species on the
surface. On the other hand, copper has very poor carbon solubility and therefore tends to form
only single layers at reduced carbon concentrations because of surface limiting reactions. Unlike
growth on copper, the maximum number of carbon atoms incorporated into the Ni is governed

27-
733 are done far

by the Ni-C phase®®>® diagram and is temperature dependent. Most growths
below the eutectic temperature of 1321 °C, usually around 1000 °C where the carbon solubility
is nearly 0.2 wt%. Concurrently with the surface reaction, some of the carbon will diffuse into
the bulk because of Ni’s increased solubility for carbon. At low temperatures (<500 °C) this may
lead to formation of a stable carbide, but at higher temperatures graphitic species are more stable.
Growth of monolayer graphene has been observed at temperatures as low as 560 °C on Ni (111)
surfaces™. Therefore, it is possible to tailor the amount of layers by reducing temperature. We
explored growing graphene at various temperatures ranging from 600 °C to 1073 °C. Growing
graphene below 760 °C only gave amorphous carbon films while growths above 1000 °C
resulted in graphite. We obtained satisfactory growths at 780 °C as confirmed with UV-Vis,
TEM, and Raman. The concentration of carbon is important to obtain full film coverage. We

tried several experiments where we kept the flow rate of methane (4 sccm) and hydrogen (100

sccm) the same and varied the amount of Ar from 100 to 10000 sccm. We discovered that any
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combination in which the total concentration of CHs decreases below 2% will not give

continuous graphene growth.

Additionally, the cooling rate of Ni will affect the quality of films. Graphene segregation by
cooling is a non-equilibrium process. Non-equilibrium segregation in general involves the
transport of carbon vacancy-impurities that are trapped in grain boundaries and surfaces during
cooling, and strongly depends on the cooling rate.”’ If the rate is too fast, then carbon diffusing
from the bulk will be quenched and the graphene will not be able to uniformly precipitate out to
the surface from grain boundaries. This results in patchy surface coverage and incomplete films.
If too slow, then too much carbon is allowed to diffuse into the bulk rather than the surface,
resulting in almost no film formation. Cooling somewhere in between and will give the desired
film growth. For our system, we find that allowing the Ni to cool at 20 °C/min is sufficient to

give complete films as seen in Figure 2.14a.
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Figure 2.14 | Transfer of FLG from growth substrate: a. PMMA-less transfer. The resulting film was
fished from the etchant and placed into a water bath. The brown layer underneath the top layer is the
bottom layer of graphene that covered the Ni growth substrate in contact with the etchant. b. Raman of
the transferred film. The characteristic G peaks appears at 1578 cm™ and the 2D peak appears at 2702 cm’
' ¢. Transferred film on a TEM grid. The appearance of multilayers is made apparent by the presence of
micro tears. The black spots correspond to etchant residue. d. TEM image of FLG at an edge.

We wanted to know about the crystallinity of the as grown FLG films and whether or not they
are ordered. For this we turned to SAED once again. Figure 2.15b shows a simulated pattern for
the diffraction of AB stacked graphite. Next a series of SAED patterns were collected moving

from left to right across this area (Figure 2.15¢). The pattern changes and the (010) sets of
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hexagonal spots (d = 0.214 nm) that’s distinctive for AB stacked graphite is observed, especially
in the later areas. However, the presence of diffusion around the spots indicates that they are

mostly AB stacked, but the stacking order is not perfect (inset Figure 2.15¢).
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Figure 2.15 | Selected area electron diffraction (SAED) of as grown FLG: a. Simulated powder X-
ray diffraction of AB-stacked graphite. b. Simulated SAED of AB-stacked graphite. ¢. The series of
SAED patterns was collected moving from left to right across this area. Inset shows that the ordered
stacking of FLG while crystalline, is not perfectly AB-stacked.

Alloying of catalytic metals offers another interesting opportunity to tailor the amount of

graphene layers via CVD.***® Tt is well known that copper and nickel alloy at temperatures
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greater than 300 °C. The catalytic power of Ni combined with the self-limiting reactivity of Cu
may lead to the formation of uniform FLG. We deposited a 400 nm thick layer of polycrystalline
Ni onto a 25 um thick copper foil. We wanted to ensure that the amount of Ni was as small as
possible to prevent bulk diffusion and hinder multilayer growth. We used 4 sccm of CHy4, 100
sccm of Hp, and 200 sccm of Ar during the growth conditions. As previously done, we annealed
the foil to 1073 °C under flowing Ar to increase grain growth. We next tested a variety of
temperatures and growth times. We examined the growth at 780-1000 °C for 10-45 min on 2
inch by 2 inch foils. We discovered that we consistently obtained FLG of <10 layers at all
temperatures investigated. However, for the 780 °C growths, incomplete films were obtained
during transfer. We investigated the quality of the as prepared samples (Figure 2.16a-¢). TEM

reveals that the crystallinity of the samples is excellent.
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Figure 2.16 | Transfer of FLG from growth substrate: a. PMMA-less transfer in APS etchant. b.
Raman of transferred film. The characteristic G peaks appears at 1585 cm™ and the 2D peak appears at
2697 ¢cm’'. The ratio of Lp/Ig is 1.45 indicating FLG. ¢. Transferred film on TEM grid. The black spots
correspond to etchant residue. d. Magnified TEM image of FLG. e. SAED of FLG indicating
crystallinity.

Comparison of the growths of FLG using either 25 um Ni foils or Cu-Ni alloy was done with
UV-Vis to elucidate the difference in layering (Figure 2.17). Keeping all other parameters
consistent, the thickness of the Ni greatly influences the amount of layers formed. There are
nearly 4 times as many layers with the thick foil compared to the alloyed film. The difference of

course is the thickness of the sputtered Ni (400 nm vs. 25,000 nm) used for growth.
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Transmittance and the Number of Layers in Multilayer Graphene
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Figure 2.17 | Relationship between Transmittance and the number of layers in FLG: A plot of FLG
grown on both 25 um Ni foil and alloyed Cu-Ni. Transmittance is plotted to the left, while the number of
layers is plotted on the right vertical axis. 550 nm wavelength is used to determine the transmittance of
incident light in graphene. Each layer of graphene absorbs 2.3% of light thereby decreasing the
transmittance of incident light. As expected, FLG grown on alloy (dotted gray diamonds) has more
transmittance correlating to 9 layers of graphene.

Future directions:

We are utilizing the FLG for water filtration membranes. We are interested in the thick films
because they may prove more mechanically robust for transfer and high pressure testing than
single layer graphene. It would be interesting to explore the effect of decreasing the thickness of
sputtered Ni systematically on the number of layers obtained from the alloy. Films of 50, 100,
200, 300 nm can be placed on top of commercially available copper foils. It would be equally

interesting to do a growth time study to visualize the evolution of graphene domains on the alloy.
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Due to the difference in catalytic ability, growth on the alloy may proceed radically differently
than on Cu or Ni alone. Finally, varying the concentration of methane (down to ppm) during
growth would enable us to grow large crystals of FLG. This may allow for millimeter sized

growth of bilayer or few layer graphene that would be of interest for electronic devices.
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Chapter 3: Isolation and Transfer of CVD Graphene Films

High quality films of graphene are achieved using chemical vapor deposition (CVD) techniques
where varying the pressure, temperature, growth substrate and concentration of carbon feedstock
serve to optimize the intrinsic properties of graphene. Just as important as the growth of the films
is the post-processing of graphene in order to isolate the films for a multitude of applications.
The method chosen to isolate the as grown films of graphene can drastically affect the quality of
films and significantly degrade the properties of graphene. Transfer of graphene must take into
account the use of etchant, the contamination of films by polymer-assisted transfer, and the high
temperature annealing of samples to remove contaminants. To make microelectronic or
optoelectronic devices, a reliable method is required to transfer the graphene sheets from metallic

Cu substrates to various substrates, including plastic, silicon or glass.
Traditional methods of CVD graphene transfer:

CVD films of graphene were first isolated by polymer assisted transfer in 2009.” Briefly, single
layer graphene (SLGs) and few layer graphenes (FLGs) grown on Ni were isolated by depositing
a polymethyl methacrylate (PMMA) sacrificial layer on top of the graphene/metal growth
catalyst followed by subsequent etching of the underlying Ni by aqueous HCI solution (Figure
3.1). Not long after that, Cu was demonstrated to grow single layer graphene” and the most
commonly used chemical solvents in the literature to etch the copper substrate have been
ammonium persulfate ((NH4),S,0s), ferric chloride (FeCls), and ferric nitrate (Fe(NOs)s).
Aqueous FeCls in particular is widely used because it can etch both Cu and Ni without producing

hydrogen bubbles, which may damage graphene when acid etching is used.’
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Figure 3.1 | Schematic of the polymer-assisted transfer (PAT) of graphene. 1. Spin-coat a polymer
support layer onto CVD grown graphene/metal catalyst. 2. Place into etchant bath. 3. Etch away the
underlying metal catalyst. 4. Fish out polymer/graphene film and rinse in DI water. 5. Fish out film onto
substrate of choice for transfer. 6. Remove the polymer support layer with appropriate chemical solvent.

Polymer-assisted transfers (PATs) have utilized a variety of polymer supports beyond PMMA

819 thermal released tape,”’ poly (bisphenol A carbonate)

including polydimethylsiloxane (PDMS),
(PC)’ or special self-release polymers.'® Unlike PMMA, PDMS can be used as a stamp to attach
directly to the graphene surface. Once the metal growth catalyst is chemically etched by FeCls,
the graphene is left attached to the PDMS then transferred to SiO; by pressing and peeling the
PDMS stamp. Roll-to-roll (R2R) transfer of graphene grown by CVD on Cu foils as large as 30 x
30 in* have been recently demonstrated. Again, this is a PAT process whereby graphene covered
Cu foils are guided through a series of rolls and a thermal release tape (i.e. a tape adhesive at

room temperature, but that peels off when heated) is attached as the polymer support while the

Cu is removed by an etchant. The tape + graphene film can be attached to a (flexible) target
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substrate (e.g. PET) and the supporting tape removed by heating. The graphene film is left
attached onto the target substrate. Mechanical defects caused by a R2R transfer can be mitigated
by use of a hot-pressing process''. Most recently, it has been demonstrated that the
graphene/metal growth catalyst can act as an electrode for the splitting of water to form

14 The bubbling created at the interface of the graphene/metal

hydrogen and oxygen gas.
surface gently exfoliates the grown graphene film off the growth catalyst allowing for its reuse.
While removing the need for an etchant, this process still requires the use of a sacrificial support
layer for transfer. In all cases, PAT creates free-floating polymer—graphene films that can be
fished out (and dried if necessary) and placed onto almost any substrate. Unfortunately, PAT wet
transfers rarely give continuous large-area sheets and are not amenable to automated batch

processing. Worse yet, interactions between the surface tension of the water and the underlying

graphene film can cause wrinkles and tears that diminish its electronic properties.

Gao et al.'® have shown an interesting way to isolate wafer scale graphene using a PAT process.
The use of a nitrogen plasma treatment to clean the surface of the insulating Si/SiO, substrate
before the deposition of the metal catalyst results in the generation of gas bubbles during the
high-temperature growth of graphene (Figure 3.2). This ‘bubble seeding’ creates capillary
bridges between the graphene and the substrate. The formation of narrow bubble channels
between an insulating substrate and graphene produces long-range attractive forces, even in the
presence of infiltrating water from the etching bath. While the water-based etchant acts to
remove the catalyst, voids are created allowing water to infiltrate the substrate/graphene
interface, but the strong attractive capillary forces arising from bubble formation keeps the

graphene anchored onto the surface of the substrate. After wet etching of the metal layer, the
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remaining water can simply be removed by baking the sample, the polymer support is removed
by chemical solvent, and the graphene layer is deposited face-to-face on the insulating substrate

without cracking or being damaged.

Bubbles Graphene

Bubbles

\ml :
+ Ny plasma § °,° !- .: o

Figure 3.2 | Schematic of face-to-face transfer of CVD grown monolayer graphene: a. Nitrogen ion
species are adsorbed onto the surface of a rigid substrate. b. During graphene growth, ions form bubbles
that are trapped in the Cu catalyst layer by the graphene film. ¢. Water infiltrates into the graphene/SiO,
interface during catalyst etching, forming capillary bridges. d. Bubble capillary bridges keep graphene
anchored to the SiO, surface. e. After baking, the water is removed, the PMMA is stripped and the
graphene is transferred on the substrate. (reprinted with permission'® © Nature Publishing Group )

This i1s demonstrated by the excellent electronic properties of the transferred graphene films
measuring up to eight inches in diameter: the researchers measured a uniform conductivity along
the wafers reaching up to 4,000 S cm ', indicative of high crystallinity. Just as with all other
PAT processes, once the support polymer is removed, the sample must be annealed under
reducing atmosphere at high temperature (>300 °C)"’ in order to remove any polymer residues
and maximize the intrinsic properties of the graphene. This precludes the use of flexible

substrates that will not survive such high temperature post-processing.

The Use of Ammonium Persulfate Etchants

The wet transfer of CVD graphene via the use of polymer support and ferric chloride (FeCl;) has

been shown to severely weaken the grain boundaries in CVD graphene."”
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Additionally, iron contaminants from ferric chloride and ferric nitrate have been shown to

negatively affect the thermal and electronic properties of the graphene by doping the material.'®

The decrease in mechanical, thermal and electronic properties may be due the catalytic etching

23,24

of graphene by the presence of residual metal nanoparticles. Various metal nanoparticles

including iron from ferric chloride are known to create voids and defects in suspended graphene

21,22
sheets.”

This most likely occurs do to the insolubility of the by-products of etching with ferric
chloride. The ferric ions in solution will partially combine with the hydroxide ions in water to
form ferric hydroxide, a compound which is only slightly soluble and precipitates from solution
as a brown solid. Ammonium peroxysulfate (APS) etching, on the other hand, produces only

water soluble by-products such as copper sulfate and ammonium sulfates via the following

reaction:

Cu(s) + S,057 > CuSO4(aq) + SO4~ [3.1]

The etching of copper with APS produces bubbling, possibly from the decomposition of the

peroxysulfate to produce oxygen gas via the following reaction”’:
S,057 + H,O ——> 2HSO, + 1/20, [3.2]

The formation of these bubbles may lead to the ripping of the graphene films due to an increase

. . 2
in the pressure exceeding several MPa.”

Polymer-Free Transfer of Graphene:

As previously mentioned for the case of CVD-grown graphene, polymer-assisted transfer (PAT)

of graphene from a metal growth substrate to arbitrary substrates is a common method utilized in
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research and in preliminary plant scale fabrication. The choice of transfer polymer layer includes
polymethyl methacrylate (PMMA), polydimethylsiloxane (PDMS), thermal released tape, poly
(bisphenol A carbonate) (PC) or special self-release polymers as a temporary rigid support to
prevent folding or tearing of the graphene film during the metal-etching step. PAT allows for the
handling of the film once the rigid metal growth substrate is removed, but can cause unwanted
doping and tearing once the support polymer is removed, typically by the use of some chemical
solvent or temperature annealing step. Cleanliness is important if one wants to study or utilize
the intrinsic properties of the graphene such as its electronic, thermal, or photonic capabilities.
Temperature annealing steps are particularly problematic because they require the use of high
temperatures (>300 °C) that eliminate the use of plastic substrates for transfer and device
fabrication. We have found this to be the case when attempting to transfer very large graphene
films (2 inch x 2 inch) onto polycarbonate or polysulfone water filtration membranes. First, the
chemical compatibility between support substrate and the solvent used to strip off the support
polymer (PMMA in our case) made clean, large area transfers unachievable. Second, complete
removal of the transfer polymer via annealing could not occur on the membranes because they
had been soaked in water, thus trying to bring them into a vacuum environment would prove
disastrous. The high temperature may also cause deformation of the track etched pores in the
membranes themselves, assuming the chemical solvent did not already cause pore collapse

through the partial dissolution of the membrane material.

We decided to grow large area films on Cu, Ni, and Cu-Ni alloy foils and transfer them into
diluted solutions of ferric chloride and APS etching solutions without the use of a polymer-

assisted support layer.
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Initially we tried using Ni grown samples because they are few layer graphene films (FLG) and
since at the time we only had ferric chloride etchant available. Figure 3.3 demonstrates what
occurs in the presence of ferric chloride diluted 1:6 parts by volume in DI water. Ferric chloride
purchased from Transene typically corresponds to 30% FeCls, 4% HCI in water (w/w%).
Diluting it to 1:6 of etchant to water is the equivalent of using a 5% solution of etchant. The
etching of the underlying Ni leads to pits and tears within the sheet (Figure 3.3) and the water’s

surface tension pulls the sheet apart, especially when using high percentages of the etchant.”’

Figure 3.3 | Polymer-less transfer of few layer graphene in FeCls. The concentrated ferric chloride
causes pits and tears on the graphene sheet.

We hypothesized that reducing the surface tension of the overall etching solution would lead to
better and more continuous transfers of graphene. We decided to compare several transferred

samples diluted 1:6 with ferric chloride and either water, ethanol, or isopropanol. The surface
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tension of water, ethanol and IPA is 72, 22 and 21.7 dyn/cm at 20 °C, respectively. Table 3.1

summarizes our observed results.

Table 3.1 | Solvent Effects on the Quality of Transferred Graphene Films

Etchant Solvent Dilution Notes

FeCl, None* NA Fast — Large holes

FeCl, Water 1:6 Smooth, Small holes

FeCl, Ethanol 1:6 Wrinkles, Fewer holes

FeCl, Isopropanol 1:6 Poor metal dissolution/suspension
(NH,),S8,04 None* NA Little activity after 12 hrs

*Undiluted manufacturer’s aqueous solution

Figure 3.4 depicts the effect of the solvent on the surface tension of the etchant. As the etchant
decreases in surface tension, the graphene film no longer floats on the surface. Transferred films
were more continuous as a result, but unwanted wrinkling began to occur. Wrinkling may lead to
mechanical failure upon drying, although it may also lead to interesting wrinkled surfaces for use

in sensing and capacitance.

Isopropanol

- ——

Water Ethanol

Figure 3.4 | The effect of lowered surface tension in the water-based etchant on the transfer of
graphene. Going from left to right, the surface tension of the solvent decreases.
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Figure 3.5 shows optical microscope images of the as-transferred films onto Si/SiO, substrates.
Use of ferric chloride in water without tailoring the surface tension leads to ripped and torn
sheets. Much better transfers are achieved with decreasing surface tension, although this occurs

at the expense of ferric chloride solubility and increased etching times.

Figure 3.5| Micrographs of transferred graphene films showing the effect of surface tension. a.
Film transferred from concentrated FeCls. b. Film transferred from diluted etchant ¢. Film transferred
from ethanol d. Film transferred from isopropanol.

We decided to dilute the etchant even further and add just a slight amount of ethanol to
subsequent etchant baths. Adding 10% of ethanol to the etchant/water solution will decrease the
surface tension from 72 to 48 dyn/cm at 20 °C.*° The resulting samples had considerably less

rips, tears, and wrinkles giving relatively large continuous sheets on PTFE (Figure 3.6¢).
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Figure 3.6 | Transfer of graphene films in diluted etchant with a small amount of ethanol added to
decrease the surface tension. a. The graphene film in diluted etchant with 10% ethanol added. The
wrinkling is caused by the etching of the underlying nickel. b. Film after all the nickel has been etched
away. ¢. Transferred film onto PTFE with noticeably fewer rips and tears.

We also tried using dilute ferric chloride solutions to transfer graphene samples grown on a Cu-
Ni alloy. We discovered (Figure 3.7) that the use of ferric chloride leads to torn sheets of
graphene, most likely due to the presence of metal nanoparticles on the grain boundaries of the
graphene sheet coupled with the surface tension of the water pulling the sheets apart. We
switched the etchant to Transene APS-100 (Figure 3.7¢c) diluted to a ratio of 1:6 etchant to water.
APS out of the bottle is 20% (NH4)2S,SOg in water by weight. Initial etching proved visibly
better than the ferric chloride, but the final transferred film (Figure 3.7d) suffered from rips and
tears. We hypothesized decreasing the etch rate by dilution may lead to more continuous films so

we diluted the APS down to a 1:20 ratio.
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Figure 3.7 | Comparison of FeCl; vs. ammonium persulfate transfers of Cu-Ni alloy grown
graphene films. a. Transfer in concentrated FeCls. b. Transfer in dilute FeCl;. ¢. Transfer in APS. d.
Film transferred onto PTFE membrane support.

The highly dilute APS gave the best quality transfers and most continuous sheets. We are
currently exploring the use ethanol to decrease the surface tension of the APS etchant. Unlike
ferric chloride, the reagents and products of the APS etching reaction are all highly soluble in

water and ethanol mixtures.’!
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Figure 3.8 | Transfer of Cu-Ni alloy grown graphene film using diluted APS etchant. a. The film as
it etches in dilute APS. Unlike Ni foil, the alloy readily etches in APS. b. Completely etched film. c.
Transferred film onto PTFE support membrane. The transfer is much better with a slower etch rate.

Transferred films onto Si/Si0, were SEM imaged for quality and for Raman analysis. Films
were also transferred onto lacy carbon TEM grids for selective area electron diffraction (SAED)
(as previously shown in Chapter 2). Figure 3.9 a-b demonstrates the continuous nature of the
polymer-less transferred films. The film covered half the TEM grid (Figure 3.9c-d) and the

interface of the film and the bare grid are shown.
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Figure 3.9 | Micrographs of transferred Cu-Ni alloy grown graphene. a. SEM of a graphene film on
Si/Si0,. b. SEM of the graphene film demonstrating its continuity. ¢. TEM grid half covered with alloy
grown graphene. This image is taken at the interface of the graphene/bare TEM grid. d. Freestanding
graphene film suspended over a TEM grid well.

Conclusions and Outlook:

We present a route to eliminate the polymer-residue contamination of large area sheets of
continuous graphene suitable for use as membrane materials or transparent conducting films.
There are many ways to transfer graphene and the method chosen will depend greatly on the

final application and the compatibility of the substrate with post-processing techniques.
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Electronic use of graphene films demands contamination free films. It would be best not to
introduce polymer residue in the first place, but if the substrate of choice can withstand high
temperature annealing, then there is no issue with using a transfer polymer as it will not
significantly impact the final quality of the graphene. However, for use with flexible or porous
substrates, issues such as chemical compatibility, the mechanical quality of graphene films, and
temperature compatibility will exclude the use of transferred polymers. The good news is now

there exists a choice.
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Chapter 4: Graphene-assisted solution growth of vertically-oriented organic

semiconducting single crystals

In addition to the excellent electronic, thermal, mechanical and optical properties of graphene, it
should be noted that graphene also contains numerous n-conjugated bonds that can participate in
organic reactions ***’. This property has very interesting consequences including formation of
covalent bonds via Diels-Alder chemistry or surface-directed molecular assembly via strong m-
interactions™. The latter property is especially attractive for conjugated materials including
polymeric and small molecule conductors and semiconductors, which mostly consist of =-
conjugated arenes. As a consequence, these molecules can interact with underlying surfaces
containing 7-m interactions such as graphene. Conjugated semiconductors have garnered a
tremendous amount of attention in recent years largely due to their tunable properties and

mechanical flexibility**”.

Solution-processable conjugated materials hold great promise in
realizing next-generation electronic and optoelectronic devices because of their compatibility
with low-cost processing methods such as spray-coating and roll-to-roll printing.'®'* Solution

processed single crystals of these materials possess the long-range order necessary to allow the

intrinsic transport limits to be realized.®

Large area, high-density, high throughput device arrays are highly desirable, but alignment of
these single crystals remains challenging.”'>'* Although alignment of single crystals that are
oriented parallel with respect to the substrate have been developed for 1-D or 2-D devices'>'*"?

for applications that benefit from high surface area and directional transport in the vertical

direction (e.g. solar cells and sensors), perpendicular (with respect to the substrate) alignment in
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high density'** is still challenging and sought after. Numerous “top-down” and “bottom-up”
techniques have been developed to achieve such vertical orientation for inorganic materials and
have led to breakthroughs in various fields including photovoltaic devices, vertical transistor
arrays, energy-storage devices, self-powered generators, and intercellular interfacing.''®"
However, approaches for creating such structures for organic materials are scarce and rely on the
guidance of an external template.”’ These approaches are incompatible for vertical array
alignment of organic semiconductors because they require harsh processing conditions for

template removal that are detrimental to the delicate conjugated materials. Additionally, they

expand the time and ultimately the cost of fabrication for these devices.

Development of a template-free method for producing vertically oriented single crystals for
soluble conjugated materials would be disruptive. A novel “bottom-up” growth of vertically
oriented single crystal arrays of various conjugated materials with a one-step, low cost, solution-
based method by using a layer of graphene as the guiding substrate was developed. The crystal
arrays possess excellent morphological and crystallographic orientation with the most efficient n-
© stacking carrier transport direction perpendicular to the graphene substrate, which is desirable

for the aforementioned applications.

The use of graphene wields excellent morphological and crystallographic orientational

control of conducting polymers:

Tetraaniline (TANI) was chosen as a representative molecule for exploring graphene-assisted
vertical crystallization since its monodispersity allows TANI to serve as a good model system for

20-22

the crystallization of polyaniline, a benchmark conducting polymer. In a typical

crystallization, a loosely covered container is filled with a non-solvent for TANI, such as n-
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hexane. A TANI solution is dropped onto a SiO,/Si substrate coated with a layer of chemical

vapor deposited (CVD) graphene® raised above the n-hexane liquid level (Figure 4.1a).
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Figure 4.1 | Crystallization of tetraaniline on graphene. a. Vapor-infiltration setup used for the
experiments. b. A graphene-coated SiO,/Si wafer before (top panel) and after (bottom panel) the
crystallization of tetraaniline. ¢. Polarized optical microscope image showing the SiO,/graphene interface
where crystals only grow on the graphene-covered areas. d. SEM image showing the plate-shaped
tetraaniline crystals are oriented vertically on graphene. e, Control of crystal nucleation density by
varying solution concentration. f. Top-view electron diffraction pattern of a vertical plate (shown in inset)
transferred to a TEM grid. g. Powder XRD pattern of the crystal arrays. h. Proposed packing arrangement
for the tetraaniline crystals obtained from SAED and XRD information. i. DFTB modeling illustrates the
electron density overlap between two tetraaniline molecules and graphene leading to the preferred face-on
orientation. j. Size control of the crystals achieved by using different solvents. k. Correlation between
solubility and nucleation density of the crystals. 1. Control over the orientation of tetraaniline crystals on
graphene: horizontal crystals are obtained by using an aromatic infiltrating solvent. Inset shows the
corresponding SAED pattern. m. Raman of the CVD graphene after transferring to the SiO,/Si substrate.
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The vapor of the non-solvent saturates the closed chamber and infiltrates into the TANI solution,
creating supersaturation, which induces crystallization. At the end of the process, dark colored
TANI can be observed on the graphene-covered area, while the SiO, area remains intact (Figure
2.1b). A cross-polarized optical micrograph further illustrates the high nucleation affinity of
tetraaniline on graphene as evidenced by a sharp interface between the graphene and SiO,
surfaces with the strongly birefringent tetraaniline crystals only observed on graphene (Figure
4.1c). SEM analysis reveals these crystals are oriented vertically with respect to graphene and
exhibit uniform morphological orientation and height (Figure 4.1d). The nucleation density of
these crystals can be readily controlled by varying the solution concentration (Figure 4.1¢). For
instance, 2-propanol solutions of TANI with concentrations of 0.5, 1.0, 1.5, and 2.0 mg/mL lead
to nucleation densities of 2, 3, 5, 10 crystals per square micrometer, while the crystal height and
size remain constant (Figure 4.1¢).

Selected area electron diffraction (SAED) analysis by TEM allowed us to decipher the
crystallographic orientation of the resulting crystals. Several crystals were transferred to TEM
grids for inspection and the electron diffraction pattern of a plate laying flat on a TEM grid
(Figure 2.1f) shows sharp Bragg spots, indicating these plates are single crystals. A (020) d-
spacing of 0.39 nm is obtained, suggesting that the tetraaniline molecules n-stack parallel to the

graphene substrate along the long-axis of the crystals.

When a large-area crystal array (~1 cm?) was analyzed by powder XRD, only one intense peak at
23.8° 26 was observed (Figure 4.1f). It corresponds to a d-spacing of 0.39 nm, agreeing with the
(020) spacing obtained from SAED, which indicates that all molecules are uniformly n-stacked
along the vertical direction in each crystal over a large area. As demonstrated by the diffraction

results, our graphene-assisted approach exerts both excellent morphological and crystallographic
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orientational control. Contrast this to conventional template-guided methods which provide
alignment for the supramolecular morphology, yet offer little control over the molecular packing
direction.”” The uniform orientation in solid-state packing allows for stable and consistent
device performance at the macroscopic scale for anisotropic materials such as organic

. .. . . 1.2.4
semiconductor crystals in important applications such as solar cells and sensors.

We performed experimental and theoretical investigations into (1) the surface requirements, (2)
the energetics in binding affinity, and (3) the influence of the solvent system in order probe the

mechanism behind the graphene-assisted crystallization.

Fully sp2 conjugated carbon lattices offer the most energetically stable surfaces for

vertical alignment:

We transferred mechanically exfoliated graphene,”* chemically converted graphene (CCG),” and
laser scribed graphene (LSG)*® onto SiO,/Si substrates for tetraaniline crystallization, to compare
with CVD-grown graphene® (Figure 4.2). Among these, oriented vertical crystal arrays grow
selectively on the mechanically exfoliated graphene flakes, in a fashion identical to that on CVD
graphene. On the other hand, clusters of crystals form when CCG or LSG serve as the substrate,
similar to crystallization on conventional surfaces such as SiO,. The crystallization does not

show any selectivity in nucleation sites when either CCG or LSG and SiO, surfaces are present.
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Figure 4.2 | Crystallization of tetraaniline on graphene and graphene-like surfaces. SEM images
showing crystals formed on a. mechanically exfoliated graphene, b. chemically converted graphene, and
c. laser scribed graphene.

It has been well established that CVD-grown and peeled graphene both possess a fully sp”

22427 whereas a small amount of oxygenated groups remain on the

conjugated carbon lattice,
basal plane of the graphene sheets reduced from graphene oxide either chemically (CCG) or
photothermally (LSG).”?®  Therefore, an atomically homogeneous and defect-free sp’
hybridized surface is necessary for achieving vertical crystallization of conjugated compounds
such as tetraaniline as it provides preferred orbital, electronic density and dipole overlap at the
interface between the substrate and the molecules, which has been demonstrated to be critical
factors for controlling the orientation of organic molecules adsorbed on a substrate.”®* In fact,
tight-binding density functional theory (DFTB) calculations indicate that TANI adsorbs on
graphene favorably in a face-on orientation. This configuration provides the strongest overlap of
electron densities between the two, while minimizing the repulsive interactions (Figure 4.11).
The binding energy is calculated to be 68 kcal/mol, which indicates an off-centered overlap of
the m-electrons of graphene and tetraaniline. Since the preferred orientation between tetraaniline
and graphene is face-on, and crystals of conjugated molecules tend to grow along their n-7t

stacking direction, tetraaniline crystals grow vertically from the graphene-coated substrate with

the n-m stacking direction perpendicular to graphene.
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Solvation effects aid in directing the orientation of tetraaniline crystal growth on graphene:

In addition to the surface and energetic factors, both the solvation and infiltrating solvents play
important roles in dictating the preferred nucleation and controlling the orientation of tetraaniline
crystal growth on graphene. Tetraaniline is soluble in a variety of polar solvents. Various
solutions were cast onto graphene coated SiO,/Si substrates for tetraaniline crystallization. We
observed that when the solvent has a dielectric constant that is the same or lower than that of 1-
propanol, arrays of vertical crystals form selectively on the graphene-coated area. Such solvents
include 1-propanol, 2-propanol, dichloromethane, tetrahydrofuran, and chloroform.*® On the
other hand, when the solvation solvent’s dielectric constant is higher than that of 1-propanol, e.g.
acetone, ethanol, methanol, acetonitrile, and dimethyl sulfoxide, 30 randomly oriented clusters of
crystals form all over the substrate, without selectivity for the graphene-coated area. Since
graphene is a non-polar surface,’’ it is important to use a solvent with a lower dielectric constant
so that the solution thoroughly wets the graphene-covered area while supersaturation is reached,
so that preferred nucleation of tetraaniline can occur directly on the graphene. Conversely, more
polar solvents, e.g. ethanol, acetonitrile, etc., do not favor the non-polar graphene surface. In
fact, it can often be observed that as the solvent evaporates, the remaining droplet tends to
migrate away from graphene to the SiO; area, leading to large clusters of crystals forming on the

Si0; substrate, while the deposition density on graphene remains low.
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Figure 4.3| The effect of various solvents on the crystallization of tetraaniline on graphene. SEM
images of tetraaniline assemblies formed on graphene by using a.acetone, b. ethanol, ¢. methanol, d.
acetonitrile, and e. dimethyl sulfoxide as the solvation solvent.

The solvation solvent also offers control over the nucleation density and crystal size of the
vertical crystal arrays. As shown in Figure 4.1j, crystals of different sizes can be obtained by
using different solvents at the same concentration (e.g. 2 mg/mL), with larger crystals
corresponding to lower nucleation density, and smaller ones to higher nucleation density.
Plotting the solubility of TANI in these solvents against their nucleation density reveals a nearly
inversely proportional relationship (Figure 4.1k). Since the TANI concentration is close to
saturation in solvents such as 1-propanol or 2-propanol, supersaturation is quickly reached as
soon as n-hexane starts to infiltrate, resulting in rapid nucleation that leads to a larger number of
smaller crystals. Conversely, a longer non-solvent infiltration period is needed to induce
supersaturation for solvent systems in which TANI is more soluble (i.e. DCM, THF,
chloroform). Therefore, a slower nucleation process is created, which leads to larger crystals

with lower nucleation densities.*
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The ability to tailor crystal orientations on a certain substrate is necessary and desirable for
expanding the realm of device applications. Here, we demonstrate that the orientation of the
tetraaniline crystals on graphene can be controlled by the choice of infiltrating solvents. We
observe that when a solvent with suitable solvation properties is used, all of the tested

hydrocarbon infiltrating solvents lead to vertical crystal growth (Figure 4.4).

pentane hexane

sclopentané’
3 cv p?" ’ ]
1Al

Figure 4.4| Crystallization of tetraaniline on graphene using various solvents. Tilted SEM images of
tetraaniline crystallized on graphene using a. n-pentane, b. n-hexane, c¢. n-heptane, d. n-octane, e.
cyclopentane and f. cyclohexane as the infiltrating solvent. All these hydrocarbon solvents lead to
vertically oriented crystal arrays.
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On the other hand, when an aromatic solvent (e.g. benzene or toluene) is chosen as the
infiltrating solvent, tetraaniline crystals grow in a horizontal orientation, i.e. parallel to the
graphene substrate (see Figures 4.5 and 4.11). SAED patterns of such crystals show their n-nt
stacking direction is also along their long-axis, which is now parallel with respect to graphene

(inset to Figure 4.11).

Figure 4.5 | Crystallization of tetraaniline on graphene using aromatic solvents. SEM images
illustrating that when an aromatic solvent such as (a-b) benzene, (c-d) toluene, or (e-f) xylene is used as
the infiltrating solvent, the crystals lie horizontal with respect to the graphene substrate. Inset in (b) is an
electron diffraction pattern of a horizontal crystal, which shows an identical diffraction pattern as those
grown vertically on graphene when a non-aromatic hydrocarbon infiltrating solvent was used.

The vertical growth of the conjugated tetraaniline crystals is largely a result of the strong affinity
for the molecules to bind in a face-on configuration with respect to graphene due to the strong
electron density overlap (Figure 4.11). However, aromatic molecules such as benzene also have
a high binding affinity for graphene. DFTB calculations show that benzene adsorbs strongly on
the graphene surface with an energy of ~17 kcal/mol per benzene molecule. The nucleation sites

available for tetraaniline depend on the surface coverage level. At half or even a quarter of a

monolayer coverage of a graphene surface by benzene, the probability of tetraaniline adsorbing
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in a face-on configuration is severely reduced. Although tetraaniline is adsorbed at 68 kcal/mol
per molecule according to DFTB calculations, the kinetics of face-on adsorption become
unfavorable due to the high solvent-to-tetraaniline ratio. Thus, tetraaniline molecules stack more
favorably in an edge-on fashion, which in turn alters the crystal growth direction and leads to the

horizontal orientation (Figure 4.6).

Face-on stacking Edge-on stacking
Hydrocarbon Aromatic
infiltrating infiltrating
solvent solvent

Vertical crystals Horizontal crystals

Figure 4.6 | Schematic of the crystallization of tetraaniline on graphene when using two classes of
solvents. The stacking arrangement in relation to the nature of the infiltrating solvent influences the final
crystal orientation.

The ability to readily control tetraaniline crystal orientation on graphene offers the opportunity to
study its anisotropic electrical transport properties along different crystallographic axes using
conductive atomic force microscope (CAFM). The transport properties along the interfacial
stacking direction (i.e. the b-axis) can be obtained by placing the AFM tip as the top electrode on
a vertical crystal, while using the graphene substrate as the bottom electrode (Figure 4.7a). On

the other hand, when the same electrode configuration is applied to crystals grown horizontally
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on graphene, the transport properties along the oligomer backbone (i.e. the c-axis) can be studied
(Figure 4.7c). Figure 2.7b and d show AFM images of vertical and horizontal crystals on

graphene, respectively.
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Figure 4.7 | Anisotropic electrical properties of the tetraaniline crystals grown on graphene. a.
Schematic of the conductive-AFM measurement setup for the vertical crystals probing current along the
b-axis. b. Topographic AFM image of a high density array of the tetraaniline vertical crystals. c.
Schematic of the conductive-AFM measurement setup for the horizontal crystals where the transport
along the c-axis can be obtained. d. Topographic AFM image of a crystal laying horizontally on
graphene. e. Different conductivity values along the different crystallographic axes. f. and g. Schematics
showing the top view (f) and the cross-sectional view (g) of the graphene/tetraaniline array/graphene
(Gr/TANI/Gr) sandwich device. h. SEM image showing the top graphene electrode laminated on top of
the vertical crystals. Inset illustrates a more magnified view at an edge of the top graphene layer. i.
Typical I-V curves obtained for undoped crystals, a single vertical plate and a single horizontal plate after
vapor doping. Inset has a smaller current scale showing the lower current for the horizontal plates. j. I-V
plots of the Gr/TANI/Gr sandwiched devices.

Current-voltage (I-V) curves collected via cAFM are shown in Figure 4.7i. An insulating

baseline was obtained for the as-grown undoped crystals regardless of the orientation (blue
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triangles). Once doped with an acid (e.g. HCI vapor), the current increases by over six orders of
magnitude (black squares) for the vertically oriented crystals, revealing a conductivity of ~12.3
S/cm. The conductivity is one order of magnitude greater than the highest previously reported
value for tetraaniline,”’ and this could be largely attributed to (1) the high molecular symmetry of
the phenyl/phenyl-capped tetraaniline used here as opposed to the phenyl/amine-capped ones in
most previous literature reports.”’ The symmetry can suppress the number of isomers, which

leads to more ordered packing and more extended molecular orbitals;>®

and (2) the intimate
contact at the interface between the tetraaniline crystal and the bottom graphene electrode as a
result of the bottom-up growth, as opposed to the bottom-contact configuration typically used
where contact quality is known to be non-ideal (Figure 4.8). The current for the horizontal
crystals (red circles) is significantly lower than that observed for their vertical counterparts (Fig.
6i and inset). The conductivity is calculated to be at most ~1.06 x 10 S/cm. Therefore, the
conductivity along the backbone of the oligomer crystals (i.e. c-axis) is at least five orders of
magnitude lower than that along the n-r stacking b-axis (Figure 4.7¢).

The observed anisotropic transport in tetraaniline crystals is most likely a result of the different
conduction mechanisms operating along the various crystallographic orientations. Due to the
short conjugation length of tetraaniline, the carrier transport along the molecule’s backbone is
limited and relies on a hopping mechanism between molecules.**® In contrast, the extended
conduction network comprised of m-orbital overlap is more efficient, therefore leading to a

37,38

higher conductivity. The fact that the vertical direction is the most efficient conduction

pathway with a high conductivity renders these structures important for applications that can

. . . . 4.39.4
benefit from directional 3-D transport such as organic solar cells, batteries, or sensors.*>**
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Figure 4.8 | . Schematic of the two possibilities for carriers to travel between the top AFM tip and
bottom graphene electrodes. a. If the conductivity along the b-axis is significantly higher than the other
axes. b. If the conductivity is higher along other axes. The red arrow lines represent the travel pathway of
carriers from the conductive AFM tip to the bottom graphene layer.

In order to harness the current for all the vertical crystals collectively, another layer of graphene
can be laminated on top of the crystal arrays to make a graphene/tetraaniline/graphene
(Gr/TANI/Gr) sandwich structure. Figure 4.7f illustrate a top-view device schematic with the

cross-sectional structure shown in Figure 4.7g. Figure 4.9a depicts the fabrication process.
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Figure 4.9 | Schematic for fabrication of a(Gr/TANI/Gr) sandwich structure. a. Fabrication steps for
the graphene/TANI/graphene sandwiched devices. b. and ¢. SEM images showing when a single layer of
CVD graphene is laminated on top of the crystal arrays as the top electrode, as compared to d. and e.
when two layers of graphene are used.

We found that a single layer of graphene does not have the mechanical strength to withstand the
spiky crystal tips (Figure 4.9b, c); however, two layers of graphene can serve as a rigid,
continuous top electrode for the vertical crystal arrays (Figure 4.6h). A tilted SEM image taken

at an edge of the graphene top electrode (Figure 4.6h inset), shows that the bilayer graphene is
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indeed laminated on top of the crystal tips. I-V curves for the undoped vertical crystal arrays and
that after HCI vapor doping are shown in Fig. 2j. Prior to acid doping, an insulating baseline was
obtained, indicating that the top and bottom layers of graphene were separated by the undoped
crystal arrays. Once doped, approximately 1.25 mA of current were detected at an applied
voltage of 1.0 V. The current scale for arrays is three orders of magnitude higher than that of a
single vertical crystal measured by cAFM, indicating that the vertical crystals sandwiched
between graphene are indeed connected in parallel where their current can be harnessed
collectively, illustrating the potential of such a structure for large-area device applications.

Patterning of electronic materials is vital for defining device position, down-sizing component

41-4
kA

dimensions and minimizing inter-device cross-tal Unfortunately, this is challenging for

organic materials due to their sensitivity to the harsh processing conditions involved in

conventional lithography methods.'*"

However, because of the high nucleation selectivity
tetraaniline exhibits for graphene, the deposition locations of tetraaniline crystal arrays can be
precisely controlled simply by patterning the graphene substrates. Figure 4.10a shows an optical
microscope image of graphene dots that are 10 um in diameter patterned via photolithography.
After the tetraaniline crystallization, only the area covered by the graphene dots turned dark,
indicative of tetraaniline binding, while the SiO, area remains intact (Figure 4.10b). An SEM
image of a 4 by 4 dot array further illustrates the high selectivity that tetraaniline crystals have
for graphene (Figure 4.10c). Tilted and more magnified images in Figure 4.10d and e confirm

the vertically-oriented nature of the crystals and the sharp interface between the graphene

covered and the SiO, covered areas.
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Figure 4.10 | Patterning of vertical organic crystal arrays. a. Patterned graphene on a SiO,/Si
substrate. The blue circles are graphene. b. Same substrate after crystallization. Tetraaniline crystals only
grow on the circular-shaped graphene, leaving the SiO; area intact. ¢. SEM image of a 4x4 circle pattern
array showing the high selectivity of the growth location. d. Tilted view of an array of vertical crystals
arranged in the shape of the graphene substrate. e. A magnified view of a corner of the circle in d. f-i.
Tetraaniline vertical crystal arrays grown in the shapes of lines, interdigitated electrodes, letters, and suns,
respectively. j. Vertical crystals selectively grown onto a patterned graphene FET with Ti/Au top contact
electrodes. k. SEM image showing the crystal arrays grown on the graphene strip in j.

Other patterns of vertically-oriented tetraaniline crystal arrays can also be readily created by
patterning graphene into desired shapes at desired locations; for example, different sizes of
micro-scaled lines, interdigitated electrodes, letters making up the words “UCLA CHEM” and
“KANER LAB,” suns, triangles and the entire alphabet can be made via the growth of vertical
crystals (Figure 4.10f-1 ). Since the photolithography patterning step is carried out before the

tetraaniline crystallization process, this approach is completely benign towards the intrinsic
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properties of conjugated materials and can lead to exciting new opportunities for patterning,

miniaturization, and prevention of cross-talk in organic electronic devices.

This graphene-assisted vertical crystallization method is also widely applicable to other solution-
soluble conjugated materials. As a proof-of-concept, using the solvent-annealing method and the
solvent systems demonstrated in Figure 4.1j, vertically-oriented crystal arrays of octaaniline (Fig.

10a), sexithiophene (Figure 4.10c), and bis(N-carbozolyl) biphenyl (Figure 4.10e) have been

produced on graphene.

Figure 4.11 | Vertical crystallization of other soluble conjugated compounds on graphene. a.
Vertically oriented octaaniline plates. b. SAED pattern of a single octaaniline plate showing the preferred
packing orientation. ¢. Sexithiophene vertical plates. The density of the plates is low because of the poor
solubility of sexithiophene in virtually all solvents. d. Spot pattern from the SAED of a sexithiophene
plate illustrates it is a single crystal. e. Vertical wires of bis(N-carbozolyl) biphenyl. f. The corresponding
SAED pattern shows that each wire is a single crystal.
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The former two exhibit plate-like morphology, while the latter appears as 1-D wires. The
corresponding SAED patterns for the vertical crystals dry-transferred to TEM grids are shown in
Figure2.11b, d, and f, respectively. The interfacial stacking distances for these three crystals are
0.38, 0.39, and 0.37 nm, respectively, and all oriented along their crystal long-axis. The
octaaniline plates appear to have preferential orientational packing, as indicated by the arc-
pattern in SAED, rather than single crystalline as in the case for tetraaniline. This suggests that
the higher molecular weight of octaaniline renders the molecular chains more flexible in
conformations, thus allowing them to be packed in a preferred orientation, but with some
molecular misorientations, leading to the arc-SAED pattern along the long axis of the plate. In
contrast, sharp Bragg spots are obtained for both sexithiophene and bis(N-carbozolyl) biphenyl
crystals under SAED analysis, demonstrating their single-crystalline nature.  Therefore,
graphene-assisted crystallization can be a general approach for obtaining vertically-oriented
arrays of a wide variety of soluble conjugated materials. With graphene also conveniently
serving as a bottom electrode, this method can create exciting new opportunities and potentially
lead to technological advances for applications that benefit from ordered 3-D structures such as

organic solar cells, sensors, batteries and supercapacitors.

Future Directions:

CVD graphene can be transferred to a variety of substrates beyond rigid semiconductors. In this
case we utilized p-doped Si/Si0; in order to make a device for conductive AFM testing, but the
results obtained for making ordered 3-D structures may translate to flexible substrates as well.
The chemical compatibility of the solvents used may limit which substrates can be utilized for
this application, but PTFE or other chemical resistant materials may be utilized. Fluorinated

polymer substrates are of particular interest because of their ferroelectric behavior. These
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49 . .
0 are used in acoustic transducers and

polymers, such as polyvinylidene fluoride (PVDF)
electromechanical actuators because of their inherent piezoelectric response. Perhaps coupled
with conducting polymers they may be useful as actuators or energy storing devices. The use of

ordered organic semiconductors on flexible substrates may lead to a breakthrough in ultralow-

cost, lightweight electronic devices or energy storage media such as batteries.
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Chapter 5: CVD Graphene as a New Membrane Material for Ultrafiltration

and Water Desalination

The field of membrane science constantly advances and evolves as new materials emerge' that
increase flux, improve fouling resistance, and increase rejection. Due to its atomic thickness® '°
and chemical and mechanical stability'', graphene has emerged as a potential membrane
candidate for water treatment. We set out to explore whether graphene would make a feasible

membrane under true field operating conditions.

Water scarcity fuels membrane research:

As I write this, California is in the midst of the worst drought of the past century. The result of
this has led to fierce wildfires, water shortages and restrictions, and potentially staggering
agricultural losses. The ironic thing is California sits next to the Pacific Ocean and as recollected
from the Rime of the Ancient Mariner, residents observe ‘“Water, water, everywhere, nor any
drop to drink.” Of course, California’s water troubles highlight that even in technologically
advanced societies, water scarcity is still an ongoing problem. Indeed access to clean potable
water for human consumption is a very large global problem as well’. As illustrated in Figure
5.1, water scarcity will continue to increase especially in developing nations as populations

increase globally.
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Projected Water Scarcity in 2025
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Figure 5.1 | The projected global map of water scarcity in 2025. Source:waternunc.com

Water reclamation and treatment will become more important as access to potable water

declines.

At their heart, water filtration membranes work on the principle of size exclusion and the degree
of selectivity of a membrane depends on the membrane pore size. Depending on the pore size,
they can be classified as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and
reverse osmosis (RO) membranes. As wonderfully illustrated in Figure 5.2, the types of
contaminants that can be removed by filtration membranes include metal ions, antibiotics,

viruses, bacteria, and plastics.
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Figure 5.2 | The spectrum of water filtration technology by membrane pore size.

NF and RO are of particular interest due to their ability to treat waste/brackish water from
industry and salt water from the ocean for the production of potable water. Indeed, these two
technologies work in tandem to remove smaller and smaller particulates and increase the
efficiency of the proceeding filtration process. Water’s role in industry ranges from fracking to
chemical production and will increase globally as developing nations industrialize. Even in the
U.S., the ability to recycle waste water will help to keep costs low and minimize environmental
pollution. Desalination of ocean water may be the long-term remedy to the shortage of water in

the near future. It should be noted that the majority of human populations reside near coastlines
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and saltwater treatment will play a crucial role in providing water security for many nations

around the globe.

Any membrane process will depend on three key elements: flux, pressure, and rejection. Flux
describes how fast water can permeate through a membrane, pressure is needed to overcome
forces such as osmotic pressure in RO and to drive the permeate through a membrane, and
rejection is the amount of particles that have been removed from the feed water. Flux and

rejection can be understood as how fast and how well water can be treated, respectively.

Membrane Spectrum

Microfiltration Ultra filtration Nan filtration Reverse Osmosis

e PRESSURE

INCREASING TRANSMEMBRANE PRESSURE
DECREASING MEMBRANE OPERATIONAL LIFE

Filtration in the 0.1 micron range is the
most widely used membrane type in wastewater
treatment applications.

Figure 5.3 | The relationship between pore size and transmembrane pressure.

As the particle size decreases, the amount of pressure required to drive the permeate through the
membrane increases. In RO desalination, for example, pressure is applied to the feed water to
overcome osmotic pressure through an RO membrane. The process requires that a high pressure
be exerted on the feed side of the membrane, usually 50-300 psi for surface and brackish water,
and 500-1,000 psi for seawater, to overcome the osmotic pressure corresponding to the salt

concentration. For comparison, the air pressure in a passenger car’s tires range from 20-35 psi.
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Graphene membranes exhibit the ideal properties to decrease flux:

Membrane flux is inversely related to the thickness of the membrane. In the case of a graphene
membrane, the membrane thickness would effectively be the size of one carbon atom. Interest in
graphene membranes has picked up considerably since 2010'*"**. The dynamics of transport of
both water and ions across a graphene membrane have been closely studied. Suk and Aluru’
carried out molecular dynamic simulations and found that the water transport through graphene
occurs through a single file of two molecule chains for a sufficiently small pore size as seen in
Figure 5.5. The simulation consisted of a graphene membrane with a 0.75 nm pore diameter with
6 nm of water on either side of the graphene membrane under 100 MPa (14.5 Kpsi) pressure to

drive the system.

Figure 5.4| Simulated water transport dynamics through a graphene membrane: a. Simulation of
two molecule single-file water configuration across a 0.75 nm diameter pore; b. Density distribution of
water molecules across the membrane. Concentration peaks near the graphene at z = 6 nm indicate
favorable water position forming the single-file structure. (reprinted with permission’ © American
Chemical Society).

The density peaks of water molecules can be seen on either side of the graphene membrane.

Their presence demonstrates that water molecules on either side of the membrane can interact in
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a favorable position near the graphene membrane. As a consequence to the formation of the two
molecule chain, the hydrogen bond interaction is much weaker in the water chains across
graphene and both water molecules are more likely to flip their orientation and break the
hydrogen bond, and subsequently, the two member chain. This may lead to a decrease in water

flux and warrants further investigation.

Ionic transport through graphene is of equal interest for water desalination as well. Tanugi and
Grossman® utilized molecular dynamic simulations to examine the effects of desalination across
a graphene membrane. They came to the conclusion that desalination dynamics change with pore
size, pore chemistry, and applied hydrostatic pressure. In the study, the initial system consisted
of a box measuring 75 A in the z-direction and periodic x—y plane with a unit cell cross-section
of 30 x 30 A. The graphene membrane was fixed at z = 60 A, and a rigid piston was originally
placed at z = 0 and subsequently allowed to push the water toward the membrane at a prescribed
external pressure. The graphene membrane was modeled with a single pore varying in size from
1.5 to 62 A. The saltwater in the system was modeled by 825 water molecules along with 16 Na
and 16 Cl ions, which resulted in a salt concentration of 72 g/L, roughly twice the concentration
of seawater. An applied pressure of 100-200 MPa was introduced to the feed water to simulate
the RO process. The flow rate increases with pore size and applied pressure. The permeability
scales linearly with pore area, as expected from the Hagen—Poiseuille equation in classical fluid

dynamics” for flow across a cylindrical pore as shown in Figure 5.5.
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Figure 5.5 | The predicted water permeability of graphene. The blue diamonds denote hydrogenated

pores and the red squares denote hydroxylated pores, respectively. (reprinted with permission® ©
American Chemical Society).

In all cases, water permeability was greatly enhanced by the hydroxylation of pores vs. the
hydrogenated case. This behavior is due to the fact that hydrophilic functional groups increase

the water flux by allowing for a greater number of hydrogen-bonding configurations inside the

pore, as in Figure 5.6.
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(c) H,0 Na* ¢

Figure 5.6| Functionalized graphene pores modeled as membranes: a. Hydrogenated and b.
hydroxylated graphene pores; c. side view of modeled molecular dynamics simulation. Permeate is
traveling from right to left under 100 MPa pressure. (reprinted with permission’® © American Chemical
Society).

Furthermore, Tanugi and Grossman show that at a maximum diameter of around 5.5 A, the
majority of salt ions approaching the pore entrance are able to pass through the membrane
beyond this diameter. Figure 5.7 shows salt rejection as a function of applied pressure, different
pore sizes and pore types. The higher number pores denote larger pore sizes and the effects of a
deformable membrane under high pressures were considered. A scenario was tested in which the
membrane was modeled as a deformable body. In the aspect of salt rejection, the results showed

that hydrogenated pores had higher salt rejections than hydroxylated pores. The data also showed
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that increasing the applied pressure tended to decrease salt rejection. The authors attribute this to
the larger volume of solvated ions relative to water molecules in order to explain the observed
salt rejection drop at higher pressures. Although salt and water permeation rates both increase
linearly with pressure, the salt has a larger effective volume. Accordingly, the salt flow rate
increase is steeper than that of water and results in a lower overall salt rejection with increasing

pressure. Furthermore, the effects of a flexible membrane tended to be negligible.
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Figure 5.7 | The predicted salt rejection of a graphene membrane as a function of pore type and
pressure differential. Hydrogenated pores exhibit a stronger salt rejection performance then the
hydroxylated ones. (reprinted with permission® © American Chemical Society).

Their calculations demonstrate that water can flow across a graphene membrane at rates in range
of 10-100 L/cm*/day/MPa while still rejecting salt ions, which is 2 to 3 orders of magnitude
higher than diffusive RO membranes. Figure 5.8 shows a comparison of graphene membranes to

that of commercial RO membranes.
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Figure 5.8 | Performance chart for functionalized nanoporous graphene vs. existing technologies.
(reprinted with permission® © American Chemical Society).

Theoretically, graphene membranes should be capable of desalination with fluxes several orders
of magnitude higher than that of existing technologies. Recently, a group from MIT lead by
O’Hearn et al. attempted to make graphene membranes for salt rejection®”. They report graphene

composite membranes (GCM) with nominal areas of more than 25 mm? fabricated by transfer of

a single layer of CVD graphene onto a porous polycarbonate substrate as seen in Figure 5.9.
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Figure 5.9 | As prepared graphene composite membranes (GCM): a. Single layer graphene
transferred onto commercially available PCTE. b. Normalized diffusive permeability of graphene. The
plot measures size exclusion of various molecular species through a GCM. Size exclusion is reached for
TMRD with a diameter of 12 nm. (reprinted with permission”> © American Chemical Society).

The group selected a polycarbonate track etched (PCTE) membrane with 200 nm pores
(Sterlitech) as their target substrate. The straight, cylindrical pores of the membrane present a
well-defined transport resistance for extraction of the intrinsic transport properties of graphene
and provide adequate porosity, while avoiding excessively large areas of freestanding graphene.
The transfer of graphene onto the commercial membrane results in intrinsic defects which are
caused by the etching process to remove the underlying copper growth substrate. To mediate the
effects of the etchant, APS was used as it is known to gently remove the copper without
damaging the graphene film. However careful, the researchers discovered that, unlike pristine
graphene, the low-pressure CVD graphene contained pores in the size range of 1-15 nm that
appear to be distributed in a pattern analogous to the features on the copper foil used for CVD
synthesis. The origin of these intrinsic holes are unclear, but may originate from the growth
process itself. It should be noted that the researchers purchased the single layer graphene from
Advanced Chemical Suppliers and depending on how the growth was carried out, may contain
numerous defects. The presence of contamination from the handling of the copper growth

substrates prior to CVD may lead to point defects (i.e. missing carbons in the graphene lattice or
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the emergence of five and seven membered rings substituted into the lattice). In the supplemental
section of the text, the author reveals the use of multiple transfers in order to alleviate the

intrinsic defects of the graphene with slightly improved results.

The group measured the diffusive transport of molecular species of increasing sizes across the
GCM: KCl, tetramethylammonium chloride (TMAC), Allura Red AC (496 Da dye), and
tetramethylrhodamine dextran (70 kDa, TMRD). In the case of Allura Red and TMRD, which
have low diffusivities, pressure gradients across the membrane during transport measurements
were eliminated by fluidically connecting both sides to an external reservoir. It should be noted
that with all these molecular species whose size is <80 kDa, ultrafiltration techniques should be
used including the application of 50-300 psi pressures. Figure 5.10 demonstrates the set up. Here
a gravitational pressure head drove the convective transport of 1 mM Allura Red AC solution
from bath (1) through graphene composite membrane to bath (2), which then traveled through
tubing to bath (3) to equalize liquid level. The change in absorbance in bath (3) was measured

via a UV-vis spectrophotometer and used to extract the flow rate. For the diffusive measurement,
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Figure 5.10 | The experimental set-up for diffusion testing of molecular species through GCMs: a.
Diffusion testing of molecular species. B. Absorbance measurement of control bare PCTE membranes vs
experimental GCM. C. Ionic conductivity of the control vs. experimental. (reprinted with permission™ ©
American Chemical Society).

concentration gradient drives diffusion of solute (e.g., KCI) from bath (2) through GCM to bath
(1). Change in conductivity (for salts) or absorbance (for organic molecule solutes) in bath (1) is

measured via a UV-vis spectrophotometer or conductivity meter.

Figure 5.10b demonstrates the result of the convective transport through GCM is ~10% that of

the bare PCTE membrane (PCTEM), indicating ~90% graphene coverage in GCM.

Figure 5.10c demonstrates that diffusive transport rate of KCI through GCM (M1) is 46% that of
the transport through the bare PCTEM, much higher than the expected value of ~10% if the
graphene were impermeable. This suggested that the CVD graphene was permeable to KCI.
Dashed lines denote the range of data in three different experiments on the membrane. Why did
KCl manage to diffuse so easily through the CVD membrane? The authors suspect there are
various intrinsic holes that result from either growth of graphene on copper, the etching process,
or some combination of both. How large are these holes? The authors attempted to find out by
using large 70 kDa TMRD molecules and characterization by STEM. Based on the STEM, the

authors conclude a distribution of 1-15 nm intrinsic defects in the CVD graphene.
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The diffusivity tests described here required an outstanding ~3-4 weeks for triplicate
measurements. O’hearn et al. found that the GCMs permitted transport of KCl and TMAC, but
blocked the diffusion of the 70 kDa TMRD. Compared to the bare PCTE membrane, the GCM
resulted in ~80-85% decrease in the diffusive flux of TMRD, which is consistent with the pore
size distribution and graphene coverage measured using pressure-driven flow (Figure 5.10b).

The results are neatly summarized in Figure 5.11a-d.
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Figure 5.11 | The size-selective diffusion of molecules through GCMs: a. Diffusive flux through
GCMs. b. Permeability of the CVD graphene indicating the presence of intrinsic nanopores. C.
Permeability of the graphene normalized by the diffusivity of the molecules. Size selectivity is
demonstrated for pore sizes greater than 12 nm. D. Measured permeability of the bare PCTE membrane
normalized by the diffusivity of the measured molecules. The unmodified membrane shows no size
selectivity. (reprinted with permission”> © American Chemical Society).

As seen in Figure 5.11b, size selectivity exists based on the estimated pore size of the defects in
the CVD graphene. Figure 5.11c shows a gray region denoting continuum model prediction with
the same porosity range as in Figure 5.11b. In this case only TMRD, whose molecular size is too

large to pass through the graphene, is attenuated and falls in line with the model. The agreement
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between the experimentally measured permeability and the continuum theory further indicates

that the observed transport behavior is due to the nanometer-scale pores in the graphene.

In light of O’hearn’s findings, it would appear that CVD graphene may not give the appropriate
pore size for RO desalination. Is there any way to further refine this work? Even if GCMs
contain intrinsic nanometer pores, their size is suitable for ultrafiltration. However, this study did
not approach the use of pressures suitable for RO and/or ultrafiltration as predicted by the
theoretical studies of Tanugi and Grossman or as commonly used in applications. Beyond

pressures, this study did not utilize samples large enough to demonstrate prototype feasibility.

Several strategies may be applied to provide more definitive results and demonstrate the practical
use of graphene for membrane filtration. Use of multilayer graphene may provide a way to
circumvent or eliminate intrinsic defects. The use of very dilute APS etchant may allow for
larger (>mm?) and more continuous transfers of graphene films onto plastic substrates. Tighter
controls over the synthesis of CVD graphene may eliminate defects and improve the rejection of
GCMs. The use of more hydrophobic surfaces than polycarbonate may also increase the affinity

of graphene to commercially available membranes and enhance the quality of the transfers.
The use of multilayer graphene as membrane material:

The advantage of graphene films for RO and ultrafiltration are their atomically thin surfaces that
increase the flux. However, use of multilayer graphene may be a suitable trade off as they may

be more mechanically robust, contain fewer intrinsic defects, and are still less than 20 nm thick.

As described previously, multilayer graphene can be grown by altering the growth conditions on
copper’” or by use of a nickel® or copper-nickel® alloy catalyst. To differentiate our work from

O’hearn, we decided to focus on 25 pm nickel and Cu-Ni alloys for multilayer growth. This was
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done to test whether or not multilayer growth can prevent the occurrence of intrinsic defects or

stand up to transfer with less micro rips and tears.

We began by testing a range of temperatures that would give us few layer graphene (FLG) as
confirmed by Raman and TEM diffraction. As mentioned previously, for a Ni system, the
cooling rate also plays a role in the formation of continuous sheets. After testing several
conditions ranging from 500-1075 °C for 2-60 minutes of growth time followed by a cooling rate
of 2-20 °/min we found that for our system 780 °C, 45 min long growths followed by a cooling
rate of 10 °/min was suitable to produce few layer graphene as seen in Figure 5.12. The Raman
of this condition reveals the characteristic G peak at 1578 cm™ and the 2D peak at 2702 cm™. A
2D/G ratio of 0.9 was obtained, which is in line with few layer graphene. For comparison, a ratio
of 4 indicates single layer graphene and a ratio of less than 0.5 is graphite®. Utilizing TEM and
UV-vis spectroscopy, we estimate the number of a layers to be between 20 and 33. This would

correspond to a thickness of 6-11 nm.
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Figure 5.12 | Characterization of as prepared FLG films grown on Ni foil: a. Raman of transferred
film. The characteristic G peaks appears at 1578 cm™ and the 2D peak appears at 2702 cm™. b. TEM
diffraction pattern of resulting films indicating crystallinity.

We next attempted to transfer 2°”x 2” (or 101 mm” nominal surface area) samples of FLG onto
commercially available polycarbonate membranes. Our initial attempts involved a process

outlined in Figure 5.13.
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Figure 5.13 | The PMMA assisted transfer of FLG onto polymer membranes.

We used 1000 nm thick films of PMMA to aid in the transfer of the FLG on 25 pm Ni foil. Once
PMMA is baked at 160 °C for a few minutes, it becomes cross-linked and difficult to remove.
This is desirable when etching the underlying metal foil and manipulating the graphene/PMMA
film, but unwanted when trying to isolate the graphene onto the membrane polymer. We initially
used polycarbonate membranes (PC) that contained a PVP top layer as the supporting membrane.
We transferred the graphene onto the support layer and allowed it to dry either overnight or on a
hot plate. We next used acetone vapor to strip away the PMMA gently over the course of a few
minutes. The result was warped membrane polymer and discontinuous graphene films. We
suspect the reason is the choice of using 0.1 um polyvinyl alcohol coated polycarbonate (PVA-
PC) membranes. These membranes are slightly hydrophilic, whereas the graphene is naturally

hydrophobic. Once we wet the membranes with acetone, the vapors that condense will naturally
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repel from the hydrophobic graphene and cause tearing. The chemical compatibility of PVA-PC
with acetone is also very poor and causes additional warping, but unfortunately, when dealing
with PMMA, we have very little options to remove it. We next decided to use a more
hydrophobic surface and settled on both Teflon micro-filters available to us in lab and PVP-less
PC membranes. These filters are PTFE with 0.45 um pore sizes and are chemically compatible
with acetone. Once again we followed the previous transfer method and this time managed to get

good transfers as seen in Figure 5.14

Figure 5.14 | The transfer of FLG onto a commercially available PTFE membrane.

Since we are interested in both ultrafiltration and RO applications for these membranes, we
decided to utilize commercially available hydrophobic PC and PTFE with the smallest pore sizes
possible. Sterlitech provides both PC and PTFE membranes with track etched pores down to 0.01
and 0.1 pm, respectively. We initially began with the PC membranes, but as we continued to
transfer large samples, we had great difficulty in isolating complete sheets. We attributed this to
using PMMA as a support layer which we had to subsequently remove with acetone thereby

causing unwanted damage to the graphene as well as warping the underlying membrane support.
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We decided to not use any supporting polymer layer and directly etch the FLG/Ni substrated in

concentrated iron (IIT) chloride FeCls.
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Figure 5.15 | The PMMA-less transfer of FLG: a. Etching of FLG-Ni in FeCl; and water. b. SEM
image of as transferred film on Si/SiO,. The presence of multilayer regions is clearly visible as are
transfer induced micro-tears in the sheet.

Unfortunately, there are micro-tears that develop during the transfer process as seen in Figure
5.15 b. As mentioned previously, the transfer of graphene takes place in water and the surface
tension of water may pull the graphene sheet apart causing tears. Of course, the concentration of
the etchant may also be too high which will lead to aggressive etching of the underlying Ni and
create bubbling. The bubbling has been observed in the past and may lead to tears during the
transfer. Additionally, it is known that FeCls can form crystals that precipitate near grain
boundaries® of graphene during etching, which may result in tearing. To alleviate this, we
attempted transferring graphene in a variety of solvents and with varying concentration of FeCls

(Figure 5.16).
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Figure 5.16 | The solvent effect on the transfer of support layer-less FLG: a. Etching of FLG-Ni in
FeCl; and water. b. Etching of FLG-Ni in FeCl; and ethanol. ¢. Etching of FLG-Ni in FeCl; and
isopropanol.

We used diluted FeCl; in a 1:6 proportion to water respectively, 1:6 to ethanol, and 1:6
isopropanol. As expected, the surface tension of the solution was altered which led to less pulling
on the graphene sheet, but subsequent wrinkling. As the surface tension decreases, the sheet no
longer floats and sinks to the bottom. The FeCl; has various solubility in the organic solutions
and as the length of the hydrocarbon chain increases, the solubility of the etchant decreases. As
expected, the use of surface tension modification led to less torn graphene, but at the expense of
increased etching time and introduced new found wrinkling, which also complicates transfer.
The ideal etchant would involve just enough water to dissolve the etchant, just enough alcohol to
alter the surface tension, and just enough iron chloride to etch at a reasonable rate. One possible
alternative would be to use ammonium persulfate (APS) as the etchant which has been
previously described as more gentle on graphene during transfers. Unfortunately, APS has little

solubility in alcohol and tends to etch Ni inordinately slow.

Recall that the flux of a membrane is inversely proportional to the thickness of the surface of the
membrane. Based on our Ni growths, Raman, TEM, and UV-Vis characterization, we believe we
have made FLG that is 11.4 nm thick. Because of the difficulty in etching the Ni in APS, we
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decided to try using Cu-Ni alloys to grow FLG. Previous attempts at alloy growth®* have resulted
in few layer graphite because the amount of Ni used was exceedingly thick. Work from Ajayan
et al.”® has demonstrated that use of <500 nm thick films of Ni on top of <1300 nm thick Cu can
yield <5 layers of graphene films. We then deposited 400 nm of Ni on top of 25 pum thick
(25,000 nm) Cu and attempted to grow FLG. We were motivated to produce less layers of
graphene thereby increasing flux, but enough to allow for rigid support during transfer and to
possibly prevent intrinsic holes from forming. Furthermore, the Cu would allow for the APS to

etch away the alloy in ways the Ni standing alone would not permit.
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Figure 5.17 | Transfer of FLG grown Cu-Ni alloy: a. Etching of Cu-Ni alloy in APS. As the Cu
etches, the solution becomes blue b. The resulting etched film is self-supported in water. c¢. Transferred
film onto PTFE. There are noticeable tears caused by the transfer process. The extra dark regions on the
transferred sample correspond to flakes that were floating in solution, but got trapped beneath the
transferred sheet and the membrane support.

As confirmed by Raman, TEM, and UV-Vis, the alloying has produced FLG <9 layer or 3.1 nm

thick films.
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Figure 5.18 | Characterization of FLG derived from Cu-Ni alloy: a. Raman of transferred film grown
on Cu-Ni alloy. b TEM of as prepared film. Scale is 10 nm. No intrinsic holes larger than 10 nm are
observed. Object in picture is Ni debris left over from etching used for contrast. ¢. UV-Vis plot of
transmittance vs. wavelength vs. number of graphene layers. The number of layers can be extrapolated
and inferred as <10 on the right hand y-axis.

We prepared a handful of samples of Ni and Cu-Ni alloy and decided to run high pressure stirred
cell tests to determine salt rejection. Our initial testes focused on the use of FLG prepared using

Ni. The experimental set up is schematically drawn in Figure 5.19.
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Figure 5.19 | Schematic of the testing cell for ion and molecular rejection.

We prepared 3.5% (35 g/L, or 599 mM) solutions of NaCl in deionized water and applied a
pressure of 100 psi onto 0.1 um pore PTFE track etched membranes coated with FLG. We found
that initially, the permeate did not drip through even at pressures approaching 100 psi.
Eventually the permeate began to collect and we took note of the flow rate and the ionic
conductivity. The results indicated that the modified membranes had little salt rejection. We took
the flow cell apart and examined the membrane and found pin sized holes had been created

during the testing (Figure 5.20)

116



Figure 5.20 | FLG coated PTFE: a. Pre-test b. post-test.

During the testing, the membrane must be clamped down by an o-ring (the impression of which
is clearly visible in Figure 5.20b) and this action may tear the graphene apart and provide an
avenue for water and ions to flow through. The testing area itself is about 1 in diameter and has
small micro tears caused by the filling of the flow cell with water. This is not a trivial act.
Several prepared membranes experienced the same fate when we filled the chamber with water

although the problem was alleviated by the use of hydrophobic surfaces as shown in Figure 5.21.
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Figure 5.21 | Effect of membrane hydrophobicity on the delamination of FLG: a. FLG on
hydrophobic polycarbonate membranes. During the loading of the test water, the sample began to
delaminate. b. FLG on hydrophobic PTFE. The sample survived the initial water loading and high
pressure testing. Notice the clamping of the o-ring causes mechanical delamination of the FLG.

The more hydrophobic the material, the better the graphene sticks to its surface and the less
likely it is to delaminate. PTFE membranes fared better than hydrophobic PC membranes for the
water loading, but if careful enough, both can be tested. However, if enough agitation takes place
(for example scratching, or aiming a high pressure stream of concentrated water from a squirt
bottle) then some FLG will delaminate. We next decided to use a sealant on the o-ring portion to
prevent the possible leakage of ions around the graphene membrane. We turned to PMMA and
coated the o-ring with a generous amount prior to sealing. We cured the PMMA using a heat gun
for a few minutes then tested for NaCl rejection. Unfortunately, we detected no salt rejection at

this time.
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Ongoing work:

We are currently switching our focus from RO membranes to ultra- and nano-filtration
applications. We have begun to optimize the etching of the Ni grown FLG as well as the Cu-Ni1
alloy grown version. We are using dilute 1:20 parts water to FeCls and adding ethanol to ensure
the best quality transfers. Similarly, we are using 1:20 parts water to APS etchant for the alloyed
growth synthesis. The PFTE support membrane we use from Sterlitech has pores that are 100 nm
in diameter—far too large to reject molecular species such bovine serum albumin, BSA (66 KDa,
<10 nm in diameter). We need a sufficiently hydrophobic membrane surface for successful
graphene transfer with small enough pores to possibly prevent any leakage of permeate around
graphene. For this we turn to polyvinylidene fluoride (PVDF) membranes with pore sizes
suitable for nanofiltration. We will next test for rejection of various molecular and salt species

such BSA, lead (II) chloride, cesium chloride, potassium chloride and sodium chloride.

Ultimately, we would like to create defects into the graphene sheet itself. Several methods®’>'!

have been shown to etch pores that increase with exposure time including the use of deep UV

wavelengths, ozone bombardment, and ion bombardment using focused ion beam. We propose

to achieve highly ordered, nanoporous films by etching the graphene with deep UV covered by a
37-41

metal nanomesh mask. The mask can be prepared by the use of alumina oxide templates as

outlined in Figure 5.22.
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Chapter 6: Future Directions

Chemical vapor deposition (CVD) is a powerful tool for the synthesis of high quality graphene
thin films, but the scalability of CVD to mass produce graphene is limited and cost prohibitive.
Solution processing of high quality graphene or graphene derivatives would open the door to a
variety of plant scale technologies for brackish water treatment and composite material mass
production. Chemical processing of large batches of graphite into graphene will lead to form
single and few layer graphene dispersed solutions suitable for use in capacitive deionization

water filtration and graphene containing composites.
Improved synthesis of graphene oxide by the selective oxidation of edges

The mass production of single or few layer graphene sheets for use in electronics or composites
is a widely studied field. Many promising exfoliation methods of graphite' have been devised
including sonication assisted intercalation in various organic solvents and oxidation of graphite
into graphene oxide (GO) by harsh oxidation. The latter can be reduced back into graphitic like
compounds albeit with reduced electronic properties.” Selective modification of the edges of
graphite may confer limited polar solubility to graphite and allow for exfoliation into single and
few layer sheets. Further modification may take place to tailor the solubility in a variety of

solvents.

Selective edge modification to make edge oxidized graphite (EOG) may take place using a
mildly alkaline solution of periodate containing permanganate. This reaction was first described
by Lemieux and Bauer’ where it was discovered that olefinic double bonds are readily oxidized

in an aqueous solution of periodate which contains only catalytic amounts of permanganate.
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The olefin edges of graphene are far more reactive than the double bonds found in the basal
plane'. This is due to the presence of both sp” and sp® bonds at the edges, where under the right

conditions, the sp’ carbons can be activated for chemical reactions (Figure 6.1).

HOOC HOOC
HOOC

—— ——— >

Figure 6.1 | Schematic of edge sp’ and sp’ carbons on graphene: A catalytic amount of KMnOj, in
mildly basic conditions will selectively oxidize the edges of graphene. (reprinted with permission'' ©
2000- American Scientific Publishers.)

Yang et al. recently demonstrated that indeed graphite and graphene edges can be selectively

modified using periodate and permanganate''. TGA was utilized to characterize the amount of

oxidation that had occurred with prolonged reactivity (Figure 6.2).
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Figure 6.2 | Thermogravimetric (TGA) analysis (10 °C/min heating rate) of oxidation loss of: a. as
received graphite, b. graphite oxide prepared by Hummer’s method, c. edge oxidize (EOG) graphite.
(reprinted with permission'' © 2000- American Scientific Publishers.).
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Weight loss due to thermal decomposition in the graphite (Figure 6.2a) does not occur until 600
°C and continues past 800 °C. The GO prepared by Hummer’s method shows rapid weight loss
beginning at 250 °C (Figure 6.2b), most likely due to its highly oxidized nature. The EOG
experiences weight loss at 500 °C until it ceases at 820 °C. The high thermal stability is

indicative of the intact m-conjugated network of the graphite as seen in the unmodified graphite.

Wei et al.'”” used a modified Hummer’s approach that utilized considerably less KMnO, at
relatively high temperature (60 °C) in order to edge oxidize graphite flakes. The functionalized
edges permitted long-chain tetradecyl-ammonium salt (C;4N") to be spontaneously intercalated
into EOG to form intercalated EOG-C4N" compounds. Gentle and short-time sonication of
EOG-C;4N" in toluene was shown to fully exfoliate EOG into edge-oxidized graphene
nanosheets (EOGNSs) with concentration of 0.67 mg/ml, monolayer populations up to 90% and

lateral sizes ranging from 1 um to >100 um (Figure 6.3).

.—..‘.
X ‘ k .
Selective *— 0
oxidation &)) Intercalation ._,4 = I = - ® Exfoliation
> o —_— > ——) | "
A 2 ";: B *—————o C

Figure 6.3 | Selective oxidation, intercalation, and exfoliation of graphite into EOG sheets.
(reprinted with permission'> © Nature Publishing Group).

® : Oxygen-Containing Group

: long-chain tetradecyl-ammonium salt

Spectral analysis using FTIR (Figure 6.4) compares GO to the EOG and reveals considerably
less intense oxygen group peaks. For comparison graphite is included to demonstrate slight
oxidation to the EOG. The XRD powder diffraction patterns for graphite, GO, EOG, and EOG-

C"N" are compared. For pristine graphite, a sharp [002] peak at 26.5° corresponds to an ideal
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layered-structure with d-spacing of 0.335 nm. This [002] peak was significantly shifted from
26.5° to 10.8°, corresponding to an interlayer distance increase from 0.335 to 0.818 nm for GO
perhaps due to uptake of water in the hydrophilic molecule. The EOG sample slightly shifted to
25.4° indicating a d-spacing close to that of pristine graphite. This indicates that the basal plane
itself is not modified as it is in GO. Further characterization took place with Raman, which
reveals the presence of a pronounced D-peak at 1338 cm™ in heavily oxidized GO. This peak
represents edge distortion and structural defects and is not present in pristine graphite. The more
intense this peak, the more defects exists in the sample. The emergence of a slight D-peak for

EOG provides evidence of slight oxidation.
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Figure 6.4 | Characterization of as prepared EOG: GO = graphite oxide, EOG = edge oxidized

graphite. a. FTIR of pristine graphite, EOG and GO. b. XRD of pristine graphite, EOG, GO and EOG-

C14N" intercalated compound. ¢. Raman spectra of pristine graphite, EOG and GO. (reprinted with
. 12 g

permission ~ © Nature Publishing Group)

Further Raman studies were conducted to search for differences in oxidation on the basal plane
vs the edges (Figure 6.5). As expected, the Raman for pristine graphite did not change from basal
plane to edge. Similarly for GO, the edge and basal Raman spectra appeared roughly the same,

testament to the highly oxidized nature of the GO. The EOG showed basal plane Raman similar
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to the parent pristine graphite and but clearly oxidized edges. Heat treatment reduces the EOG

back to graphite.
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Figure 6.5 | Micro Raman spectra of basal and edges of pristine graphite, GO, and EOG samples:
GO = graphite oxide, EOG = edge oxidized graphite. Red indicates the edges, black the basal plane.
a. Raman of pristine graphite, b. Raman of GO, ¢. Raman of EOG before annealing, d. After annealing.
(reprinted with permission'” © Nature Publishing Group)

Intercalation only occurred in the oxidized samples. Pristine graphite had no reaction with the
long chain ammonium salts. Figure 6.6 demonstrates the dispersibility of the EOG-C4N" in

various solvents of increasing polarity from left to right.
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Increasing Polarity

Figure 6.6 | Photographs of EOG dispersion after sonication of EOG-C4,N"* a. Toluene, b. Benzene,
c¢. NMP, d. DMF, e. DMSO, f. ethanol, g. methanol, h. water, i. acetone. (reprinted with permission12 ©
Nature Publishing Group).

The authors noted that stable dispersions of EOG intercalated with long chain ammonium salts
could only be made in non-polar solvents due to the hydrophobic nature of the basal plane. Any
attempt to disperse the EOG-ammonium salt compound into polar solvents caused the material to
instantly crash out. There are a variety of ways to modify oxidized graphene and graphite
compounds'®. Grafting of water soluble complexes can be achieved by utilizing condensation
reactions'®. Recall a condensation reaction is a chemical reaction in which two molecules
(functional groups) combine to form one single molecule with a loss of entropy. In the case of
graphene, condensation occurs with isocyanate, diisocyanate, and amine compounds through the
formation of amides and carbamate ester linkages. It is conceivable to use amine terminated

poly(ethylene glycol) (PEG-NH,) to increase the solubility of the EOG (Figure 6.7).
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Figure 6.7 | EOG can be conceivably modified using water soluble groups such as amine
terminated poly(ethylene glycol). (reprinted with permission'* © Journal of American Chemical
Society).

Carboxyl-reactive chemical groups found in EOG can be cross-linked to primary amines
including the carbodiimide compounds EDC and DCC (Figure 6.8). The choice of crosslinking
agent depends on whether one uses a polar or non-polar solvents which is advantageous. The
crosslinking agents can then be replaced upon further reaction with groups that confer more

solubility including —sulfo (SOj3") groups. High temperature annealing may be used to remove the

water soluble groups.
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Figure 6.8 | Coupling agents used for modification of carbonyl terminated molecules.

131



The ability to tailor the solubility could be important for applications such, transparent
conductors, conducting inks, or in making composites to increase the mechanical and thermal

properties of engineered materials.
Capacitive deionization of brackish and salt water:

Previously, we explored the use of graphene as a membrane barrier for water filtration due to its
predicted increase in flux. Beyond the traditional size exclusion technologies to purify water,
there also exists an electrochemical method to separate ions from water (Figure 6.9). Capacitive
deionization (CDI) functions by removing ions from brackish or salt water by flowing water
between two electrodes under an applied field. Typically the electrodes are porous carbon and
the applied field is 1.2 V. Compared to reverse osmosis and distillation, CDI is considered to be
an energy-efficient technology for brackish water desalination. This is mainly because CDI
removes the salt ions from the water, while the other technologies extract the water from the salt

solution.
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Figure 6.9 | Schematic of the capacitive deionization (CDI) process: a. Adsorption phase. Brackish
water is fed into a channel containing two electrodes under a potential difference to absorb the ions in
solution. b. Desorption phase. Adsorbed ions are released into a brine stream of water to regenerate the
electrodes.
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During CDI, brackish or salt water is fed into a channel between two carbon electrodes under a
1.2 V applied field, this is the adsorption phase (Figure 6.9a). The ions are attracted to the
electrodes based on their respective charge and saturate the electrode. Operation continues until a
point is reached when the electrodes can no longer take in any more charged species. Here, at the
desorption phase, they must be discharged for continued operation (Figure 6.9b). The original
stream of brackish/saltwater is turned off and a new stream of water is allowed to flow in. The
potential difference between electrodes is reversed or reduced to zero and the electrodes
discharge the collected salts into this stream. This brine stream is then turned off, the electrodes
flushed with water, and then the brackish/saltwater stream is flowed once again. Part of the

energy input required during the adsorption phase can be recovered during this desorption step.
The choice of electrode materials increases the performance of CDI:

High performance of a CDI cell hinges on the selection of high quality electrode materials. For a
very long time, activated carbon has been the choice for the porous electrode material, although a
great deal of research has been done on a variety of other carbon materials, including templated
carbons, carbon aerogels, and carbon nanotubes for CDI?. Ideal electrode materials should meet
the following criteria: Have high salt electrosorption capacity, large specific surface area and
pore size distribution of the electrode material to accommodate ion accessibility, stability and not
undergo chemical degradation in the voltage window applied for CDI. Additionally, the ions
should be able to move quickly through the pore network of the electrode and the conductivity of
the electrode material should be high. Lastly, the costs of the electrode materials are important to
take into consideration and they would ideally be inexpensive. In light of these conditions, it

makes perfect sense to utilize reduced graphene oxide as a low-cost, large specific area, highly
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conductive material for CDI electrodes. Already GO and r-GO have proven capable for use as

state-of-the-art capacitive storage media'®'®.

Flow electrode design CDI has superior performance:

Flow cells for CDI have traditionally utilized a single batch mode (i.e. a finite amount of
brackish or saltwater is treated before the CDI cell must be regenerated), but the constant
interruption in fresh water production is not at all desired. This is a consequence of utilizing
static carbon electrodes that become saturated and must be regenerated for continued
performance. An alternative to the traditional CDI is the emergence of continuous flow electrode
capacitive deionization (FCDI), a process where desalination of water, brine production and
regeneration of electrodes are all performed continuously. Comparison of the two reveals that for
activated carbon electrode material, the maximum salt adsorption capacity (SAC — weight of
adsorbed 1ons per dry weight of adsorbent) is 14.3 mg/g for batch vs. 40 mg/g for continuous

2021 Recently, Gendel et al. proposed the use of an FCDI' comprised of a system of two

flow
FCDI modules: one module for water desalination and another for the regeneration of slurry
electrodes (Figure 6.10). The latter also functions as a concentrator next to slurry regeneration.
The feed water is split between two modules into dilute and concentrate streams. Flowing carbon
electrodes are circulated continuously between two modules, while a reverse potential is applied

to the second module to desorb ions from charged slurries into the concentrate water channel.

The design allows for truly continuous operation.
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Figure 6.10 | Schematic of the flowing electrode capacitive deionization (FCDI) cell: A 5% w/w
dispersion of activated carbon powder in distilled water is used as the electrode material. NaCl solutions
pass through the 0.5 mm thick spacer located between the ion exchange membranes. A constant voltage
of 1.2 V is supplied during operation. (reprinted with permission'’ © Elsevier).

Batch mode testing was done using slurry electrodes (50 ml each) that were recirculated
between the FCDI module and two stirred vessels using peristaltic pumps at the flow rate of 60
ml/min (Figure 6.11a). NaCl solution was recirculated between the FCDI cell and the third
stirred vessel at a constant flow rate of 9 ml/min. Electrical conductivity (EC) of the NaCl

solution was monitored during each experiment using a pH/conductivity meter.

Continuous flow experiments were performed (Figure 6.11b) where the flowing
electrodes (100 ml each) were recirculated (250 ml/min) between two stirred vessels and the
FCDI modules. Feed water (1 g NaCl/l) was split between two FCDI modules at 50/50, 70/30

and 90/10 diluate/concentrate flow rate ratios. For each split ratio several tests were performed
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for different flow rates of the diluate stream: 0.7, 1, 2.5, 5, 7.5, 10 and 15 ml/min which
correspond to 48.6, 69.4, 173.6, 347.2, 520.8, 694.4 and 1041.7 ml/min/m? water flow rates per

the water channel surface area ratios, respectively.
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Figure 6.11 | Schematic of the flowing electrode capacitive deionization (FCDI) process: a. Batch
mode. b. Continuous flow mode. (reprinted with permission'” © Elsevier).

The authors claim an SAC of 260 mg/g can be estimated for the activated carbon slurry
electrodes within the batch-mode FCDI experiments and the continuous water desalination

experiments had desalination rates of more than 99% for the recoveries as high as

90% (1 g NaCl/l in the feed water). These results are promising and can be made better by the
use of graphene. Reduced GO can be made porous with specific surface area (SSA) from 200 to
higher than 1200 m* g '. ** Previous work™ has demonstrated that graphene oxide-based
materials can have well-defined nanometer pores and can exhibit low frictional water flow inside

them, making their properties of interest for filtration and separation. Additionally, RGO has
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been shown to make excellent composite materials with CNTs**, conducting polymers®’, and
inorganic salts and metals®>?®. Any of these composite materials will improve the conductivity of
the flowing electrode and gives us the flexibility to try a variety of systems for marked increases

in desalination.

High packing density sheaths of graphite oxide composites with a low density core for

improved specific elastic modulus.

Graphene and graphene-derivatives have attracted vasts amount of curiosity because of
graphene’s excellent mechanical and thermal properties. However, making functional
composites of graphene requires a way to translate its unique nano-properties to the macro-scale.
Within the past few years, liquid crystalline (LC) behavior of graphene oxide (GO) dispersions
in various organic and aqueous media has been widely studied. The LC behavior brings added
control to the assembly of larger structures using the chemical process approach to the industrial
scale production of graphene™. The LC state can be used to direct the ordered assembly of
nanocomponents in macroscopic structures via simple methods like wet-spinning. The Wallace
group has successfully synthesized liquid crystalline dispersions of graphite oxide (LCGO)*.
The fine-tuning of the LCGO dispersion properties offers rational control over the formation and
processability of the final properties of the graphene. Consequently, scalable one-step wet-
spinning of the graphene fibers and yarns was achieved (Figure 6.12) at practical concentrations
as low as 0.75 wt% (the lowest ever reported value for spinning of any type of colloidal
solutions). Furthermore, the Wallace group has demonstrated that hybrid materials can be
synthesized by utilizing GO’s amphiphillic ability to disperse in both water and a wide range of
organic solvents to aid in the dispersion and organization of hydrophobic materials such as single

walled carbon nanotubes (SWCNTSs)?. Additionally, not only are the SWNTs dispersed in water,
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but the n-w interactions between the GO sheets and SWNTs aid in their alignment resulting in
excellent mechanical properties. Self-assembled layer-by-layer multifunctional architectures of

LC GO-SWNTs have been formed by cast drying as shown in Figure 6.13.

Figure 6.12 | Images of as-spun GO Fibers: a. Polarized optical microscopy image of as-spun gel state
GO fiber. b. SEM images of an as-spun GO fiber and its corrugated surface. ¢. Near-circular cross-
section. d. Close-up SEM image of the cross-section of GO fiber shown in b revealing GO sheet planes
that are oriented along the fiber axis. e. SEM images of crumpled and f. knotted rGO yarns (reduced by
annealing) showing their flexibility. (reprinted with permission® ©2014 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim).
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Figure 6.13 | Schematic of the flowing electrode capacitive deionization (FCDI) process a. a flexible
free-standing paper of LC GO-SWNT made by cast drying method. b. SEM image of the cross section of
as-cast dried LC GO-SWNT paper. ¢. SEM image of the surface of the layer-by-layer composite, which is
marked as region (i) in b. Some of the SWNTs are laid on the surface of the paper (white arrow), while
others are placed between layers of GO sheets (black arrow). Transparency of the monolayer/few layers
of GO sheets allows observing tube sites in different layers. d—f. Cross section of composite paper at
different magnifications (marked as (ii) in b. confirmed the self-oriented nature of the composite as well
as maintaining SWNTs debundled after the fabrication of composite. (reprinted with permission™ ©2014
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

Carbon nanotube yarns are an excellent analog to LCGO fibers. Both are low dimensional
carbons with excellent mechanical and thermal properties and both can be aligned with shear
forces to make directional fibers’' >®. The load transfer between carbon nanotubes in a yarn
mainly relies on the van der Waals force between the constituent nanotubes. To maximize carbon
nanotube interconnections, all the constituent carbon nanotubes in the yarn need to lie parallel
and close with each other so that line contacts between them can be formed. This may be
achieved using LCGO shear flow wet spinning. Recently, a new mechanical method®’ to produce
a highly densified, twistless CNT yarn has been developed, in which the CNTs are substantially

straight and parallel with each other and are aligned in the direction of the yarn axis. Most
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interesting is this new CNT yarn has a unique structure consisting of a high packing density
sheath and a low density core and has shown similar tensile strength but significantly improved

elastic modulus in comparison with twist-densified carbon nanotube yarns (Figure 6.14).

Figure 6.14 | Cross-sections of rub-densified carbon nanotube yarns: a-c. SEM images of yarn cross
sections. d,e. SEM images of high CNT density areas. f. SEM images of large voids in the yarn core.
(reprinted with permission®’ © Elselvier).

This method relies on rubbing densification in which a fiber is twisted and pulled in between two

rubber rolling nips.
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Figure 6.15 | Schematic of the alternating twist introduced by reciprocating rubbing rollers.

When the CNT yarn starts to travel cross the rubbing roller nip from the incoming side to the
outgoing side, the twist brought with the yarn from the incoming side will cancel the opposite
twist generated in the outgoing side. There is only a temporary twist on the incoming side that
disappears on the outgoing side. The process is also known as false twisting and the result of a
continuous false twisting process is the same as twisting a yarn in one direction first and then
twisting by an equal amount in the opposite direction. The action of the moving surfaces is to

rotate the yarn about its axis, causing the fibers to move around in a ‘‘race-track™ fashion.

It may be possible to increase the elastic modulus of graphene composite fibers by rubbing
densification, where the fibers are rolled over to make a ribbon like structure. It would be
interesting to observe whether or not the rub-densified GO fibers form twistless structures with a
highly packed sheath comprising of essentially straight and parallel graphene sheets/CNTs and

hollow core similar to their CNTs counter parts.
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High density sheath

Low density core, shear zone

Rubbing surfaces

Figure 6.16 | A schematic of the core-sheath yarn structure forming process.
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