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ABSTRACT

Ultrafine particles are often used as lubricant additives because they can enter tribological contacts
to reduce friction and protect surfaces from wear. They tend to be more stable than molecular
additives under high thermal and mechanical stresses during rubbing. However, in lubricant oil,
ultrafine particles tend to aggregate together to reduce the effective dispersed concentration.
Although the surfactants could bind to nanoparticle surface and facilitate their dispersion in
lubricant oil, they could be rubbed off or decomposed under the harsh tribological conditions.
Therefore, the lubrication performance will be compromised. And it is highly desirable for these

particles to remain well dispersed in oil without relying on molecular ligands.

Previously, our lab discovered that the nano-meter sized crumpled graphene balls which have
unique aggregation resistance property and here we report the use of crumpled graphene balls as a
high-performance additive that can significantly improve the Ilubrication properties of
polyalphaolefin base oil. Due to the aggregation resistant property, the tribological performance
of crumpled graphene balls is only weakly dependent on their concentration in oil and readily
exceeds that of other carbon additives such as graphite, reduced graphene oxide, and carbon black.
Notably, polyalphaolefin base oil with only 0.01-0.1 wt % of crumpled graphene balls outperforms

a fully formulated commercial lubricant in terms of friction and wear reduction.



Further, crumpled graphene balls were also evaluated as additives for commercially lubricant oils.
They were found to improve the wear reduction of the commercially available oils at oil
temperature ranging from room temp to 90C. However, the crumpled graphene balls did not
significantly change the oils’ friction reduction, suggesting that the current formulation will not be
negatively affected by crumpled graphene balls, probably due to its aggregation resistance and no
interferences with other molecular additives. On the other hand, it could further improve the wear

reduction by being added into the commercial lubricant oil.

In conclusion, crumpled graphene has great potential as a lubricant additive material. Because of
their unique particle shape and aggregation resistance property, crumpled graphene balls can
reduce the friction and wear between metal mechanical parts, showing improvements over other
carbon-based additives and a fully formulated commercial lubricant. Finally, crumpled graphene
balls can be easily introduced into commercially available lubricants to further enhance their

lubrication performance, especially in wear reduction.
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Chapter 1

A Review of Graphene’s Application to Lubrication

1.1Introduction

Friction and wear are inevitable at contacted interfaces of engineering components with
relative motion. Both not only consume extra energy but also cause the material loss of
surface contacts. Take automobile for example, the friction within the engines significantly
reduces their energy efficiency - frictional losses in the engine and transmission account for
up to 17% of fuel consumption?. In 2014, if friction and wear in engines and drivetrain were
reduced by advanced tribological technologies, it could save the global economy as much as
450 billion euro plus 1.46 billion ton of carbon dioxide emission in the short term2. The
application of lubricants reduces friction and wear within mechanical systems, helping to
improve fuel efficiency and material durability. In response, scientists and engineers are
searching for mitigating solutions in the new type of materials for tribological application.
And graphene is such a material with great tribological potentials for friction and wear

reduction owing to its inherent low friction and superior strength.

Graphene is a two-dimensional carbon material with a honeycomb structure, consisting of

single layers of sp2-hybridized carbon atoms in two-dimensional six-carbon rings3. As the
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building block of the widely used solid lubricant - graphite, graphene inherits graphite’s
ultralow-friction characteristics#->. That is because a few graphene nanosheets usually are
stacked in a lamellar structure bonded by weak Van der Waals' force, which leads to a state
of low shear strength and the ease of shearing or delaminating. Also, graphene has low
surface energy®. Therefore, graphene nanosheets with only atomic-scale thickness are easy
to enter into the contact surfaces, and thus be able to avoid the direct solid contact to reduce
adhesion and friction. Beside friction reduction, graphene is also a potential material with
good wear resistance due to its hybridized sp2 orbitals of a carbon atoms covalently bonding
to each other in a planar configuration with a short C-C bond length of 0.142 nm, which

results in a high fracture stress measured around 130 Gpa with elastic modulus exceeding

1.0 TPa78.

Since graphene was discovered®, multiple researches have investigated its tribological
behavior at the nanoscale by using the Atomic Force microscopy10-14. The molecular dynamic
simulation was also fully utilized to help understand the principle of graphene’s lubrication
performance in the experiments!>17. However, the graphene’s macroscale tribological
applications remain relatively unexplored. Different with the tribological test at the
nanoscale, the macroscale friction test applies higher force, faster sliding velocity and larger
contact surfaces. The performance of wear reduction is also necessary to be taken into the
consideration. Moreover, macroscale lubrication application has different experimental
conditions due to the different requirements, for example, there are solid lubrication and

liquid lubrication.
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An up-to-date summary of graphene’s tribological application at nanoscale enables us to
understand the fundamental principles of this material for lubrication and its macroscopic
tribological test will further help us better understand how graphene could reduce the
mechanical friction and protect surfaces from wears as the surface treatment, solid lubricant

additive, liquid lubricant additive and grease lubricant additive (as shown in Figure 1.1.1).

Coated Graphene/Metal Lubrication of gears
drill head oxide composite by oil

Lubrication by grease

f_ Gmplm[.aycr
in (Tain Bounddry
Surface Solid Liquid Semi - liquid
treatment additive additive additive

Figure 1.1.1 Tribological applications of graphene as the surface treatment, solid lubricant

additive, liquid lubricant additive and grease lubricant additive

And in this thesis paper, we mainly focus on the liquid lubrication. Graphene materials are
added into the lubricant oil as an additive material to further improve the lubrication

performance. Lots of researches have been conducted in this field already.

1.2 Graphene’s nanoscale lubrication
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Researchers have proved that graphene shows friction reduction at the nanoscale. Atomic
Force Microscope or Lateral Force Microscope was utilized to implement the friction test on
single or multiple layers of graphene to identify what is the factors influencing graphene’s
friction performance at the nanoscale. One noticeable factor is the puckering effect: When an
AFM tip makes a contact with loosely bounded thin layers of graphene sheets, the sheets can
pucker locally due to the tip-sheet adhesion, leading to a larger contact area and thus a higher
frictional resistance. In the case of thick layers of graphene, the thicker layer sheets minimize
the puckering effect due to increased stiffness, so that the induced-contact area decreases as
well and thereby reduce friction!4 (as shown in Figure 1.2.1). Other factors have also been
identified that could influence graphene’s friction performance due to the interaction
fluctuation between the scanning tip and graphene surface which are all summarized in

Table 1.2.1 below.

——
=)
~—
—
o

(a)

FEM simulation

Normalized friction
(=]
(s sl

1 2 3 4
Number of layers

Figure 1.2.1 (a) the illustrated graph to show the formation of puckering effect due to the tip
sliding. (b) The thicker layer is less likely to have puckering effect due to the increased

stiffness, which results into lower friction force.
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Table 1.2.1 Factors influencing the tribological performance of graphene in single-asperity

contact
Influencing Trend Mechanism
factor
~Instead of surface normal
force, Van der Waals force is the
source of friction and it
decreases with increasing
layersi!
~During contacting, the tip will
more easily cause localized
Number of Increasing the number of layers will wrinkles (puckering effect) for
layers reduce the friction between the tip  thinner layers, which resists
and and graphene sliding1#4 16,18-19
Substrate ~Electron-phonon coupling of

bilayer graphene lead into
frictional energy loss
comparing to single layer
graphene!?

~The thicker layers will
increase the local contact
stiffness and reduce the surface
deformation which will cost
less energy in the friction test
comparing to thinner layers20
~The thinner layers are likely
to have smaller interatomic
space between layers due to the
tip sliding, and therefore,
increase the possibility to form
the crosslinks which increase
the interlayer friction?2!
~Number of layers is less
relevant due to the subsurface
contamination of the ink
(NMP)?22
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Friction is minimum for the single

layer

~Suppression of pucker effect
by tightly anchoring the
graphene onto substrate23-24

~The adhesion between tip and
graphene is stronger than the
bounding force between

Load The friction force has a hysteresis graphene and substrate - which
dependence effect during loading/unloading will keep out-of-plain
/ Force process deformation during unloading
hysteresis process18 25-26
~In the humid environment,
the water between the tip and
graphene introduce the
hysteresis effect??
There is a periodic or repeated ~The friction variation is due
Sliding friction variation of graphene based the different bonds density
orientation on periodically varied sliding based on lattice orientation?28-29
orientation And the 60°periodicity is in
consistent with periodicity of
atomic structure of graphene3?-
31
~Viscoelasticity similarity - the
increased velocity makes
deflected graphene sheet less
Sliding velocity  Friction increase logarithmically time to relax and therefore
with the sliding speed cause the increased friction
forcell
~Stick-slip effect - slip is the
friction between the tip and top
layer; stick is the friction
between graphene layers20
Friction rise when the temperature = ~The increasing temperature
Temperature  increase for the mechanically will result into the surface
exfoliated graphene weakly adhered corrugation and further weaken
on a silica substrate the friction reduction3?
Mechanically exfoliated graphene ~The lubrication property of
Synthesis/ has better lubrication performance  graphene is related with its
fabrication than the graphene made by graphitic structure - defects will
methods chemical vapor deposition compromise the friction

reduction performance32-34
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~The hydrogenation induced
atomic roughness results into

Types the interlocking of tip atoms
(pristine, Compared with pristine graphene, and hydrogen atoms by bring
hydrogenated, the friction force of chemically them very close3>
fluorinated, modified graphene significantly ~Friction increase due to the
oxidized increases strong local variation of
graphene) interfacial potential energy,
result from the highly localized
negative charge over F atom34
36-37
~ Due to the fluorination, the
increased out of plane stiffness
caused the friction increment38
Although there is no evidence ~ The friction force would
AFM tip showing the influence of different increase with stronger tip -
types of AFM tips, functionalized sample adhesion due to the
AFM tips do have varied friction functionlization3®
behavior.
~The stochastic friction
Environment  Friction has a stochastic behavior is because the water

performance in water

loses force memory much faster
than the sliding of the tip40

Besides, a few researches have investigated the intrinsic friction behavior between graphene

interlayers. The tribological behavior of the interface between graphene sheets is also

affected by various factors (Table 1.2.2). Commensurate state, an indicator of symmetry,

plays a key role in the interlayer friction between graphene nanosheets.

Table 1.2.2 Factors influencing the interlayer tribological performance of the graphenes

Influencing
factor

Trend

Mechanism
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Commensurate
state

Higher friction in the
commensurate (higher symmetry)
than that in the incommensurate
case (lower symmetry)

Stick-slip behavior in the

commensurate statels 17,36,
41-43

Contact area

Higher friction when sliding on
edge atoms than that on the atoms
in interior areas in the
incommensurate case

Edge atoms locally
reconstruct to follow the
structural registry of the
substrate or vertically
distort causing local
pinning*2

Interlayer distance

Lower friction for larger interlayer
distance in the commensurate case

The registry strength
between stacking graphene
nanosheets decreases*!

Defect and vacancy

Friction decrease when
introduction of 5-7 defects and
vacancies

Interlayer registry
decrease!

Number of layers

Lower friction for thinner
graphene that strongly anchored
on the substrate

The stiffness of the sliding
body weakens the stick-slip
behavior, and stiffness
increases with the thickness
decreasesl’

Applied load

Higher load inducing higher
friction for incommensurate
graphene flakes on graphite

Vertical distortions of edge
atoms transit sliding state
from smooth sliding to stick-
slip#4

Substrate stiffness

Softer substrate giving rise to
higher friction

Increase in deformation42

Type

Lower friction for a single
hydrogenated graphene sheet
sliding against another one

Electrons accumulation
between the carbon and
hydrogen atoms*>

Higher friction for graphene oxide
than the pristine graphene

The hydrogen bond
formation in the graphene
oxide causes instability due
to the local chemical change,
which lead to a stronger
energy dissipation and then
result in a higher friction*®

Full graphene or
hexagonal flakes

Lower friction for hexagonal
graphene flakes when sliding
between two graphene layers

Graphene flakes have lower
coverage of underlying
graphene layers and they
can move independent to
each other within one
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period, which reduces
sliding resistance*’

Beyond fundamental research of graphene’s lubrication mechanism, researchers also
further explored graphene’s potential application as the lubricant additive of the liquid
lubricant. And it indicates that graphene has the ability to reduce friction and wear in liquid

lubricant as well.

1.3 Stribeck Curve

For the liquid lubrication, graphene specifically fulfills its lubrication functionality in the so
called the boundary lubrication regime, which is one of the three liquid lubrication regimes
according to the Stribeck curve (as shown in Figure 1.3.1). Stribeck curve is used to
characterize and define the three specific lubrication regimes according to the different
lubrication mechanisms influenced by the relative speed, liquid viscosity and applied force48-
49, Take automotive’s gear box for example: in the hydrodynamic lubrication, the gears would
spin at thousands rpm and sustain a certain amount of loading. The liquid film could be built
up due to the high relative speed. Once the film thickness (h) is larger than the surface
roughness (R), the surfaces could be completely separated by the thick liquid lubricant film.
The prevention of surface contacts greatly reduces the friction and wear. The only factor to
affect the friction coefficient in this region is the liquid’s viscosity which will drag the

surfaces’ relative motion at high speed.
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Figure 1.3.1 Stribeck curve categorized the liquid lubrication into three lubrication regimes
including boundary lubrication, mixed lubrication and hydrodynamic lubrication. Engine
start/stop correspond to boundary lubrication and Engine’s running correspond to

hydrodynamic lubrication region

However, for the engine’s start/stop stage, its gears would spin at a lower speed compared
to the normal spinning speed at thousands rpm. At this stage, the relatively low speed and

comparable force level shift the lubrication region from the right to left side of Stribeck curve:
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engine or gear parts would operate in the boundary lubrication. The liquid film would barely
exist and its film thickness (h) is less than the roughness of the surface (R), results in two
surfaces’ direct contact. The surface asperities would rub with each other and leads to the
most significant friction and surface wear. The lubricants added within graphene materials
are designed to work in this region because graphene materials could be delivered to the
friction spots and reduce the friction and wear by effectively separating the surface contacts.
All the liquid lubrication research containing graphene operated in this boundary lubrication

region.

To apply graphene as the lubricant additive, a well-dispersed graphene solution in lubricant
oil is a necessary pre-request condition. The graphene should keep dispersed in lubricant for
long enough time to maintain an effective concentration. But, graphene is inherently
hydro/oil-phobic and hard to be dispersed in the most solvent, especially the hydrocarbon
solvent which is the major component of lubricant oil. To fully disperse the graphene into

lubricant oil, various efforts have been made and shown as below.

1.4 Adding Graphene as the Lubricant Additive

Graphene nanosheets could also fulfill its function of lubrication by being added into the
lubricant oil as an additive material. As an additive, graphene nanosheets need to be
dispersed in the lubricant oil and transported to the friction contact sites by the flow of liquid

lubricant. Then graphene could further reduce the friction and wear by separating the
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surface contacts. Better than the solid graphene coatings, liquid lubrication with additive

materials avoids the need of frequently replenishing the coating materials.

Surfactant / Chemical modification assisted dispersion of graphene

Using surfactant is the most intuitive method to help graphene disperse in lubricant base oil.
Lin, et al. use the stearic and oleic acid to functionalize the graphene sheets*. The FT-IR
spectra of modified graphene (in Figure 1.4.1 b) shows the new peaks at 2862 and 2921 cm-
1 featuring the CH2 and CH3 groups, which indicates that the graphene sheets were modified
with long alkyl chains of oleic acid (as shown in Figure 1.4.1 a). The grafted organophilic

group will help graphene better disperse into the lubricant base oil.
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Figure 1.4.1 Liquid lubricant additive - (a) Graphene nanosheet is modified by oleic acid. (b)
The FTIR spectra of pristine and modified graphene. (c) The concentration changes of

pristine and modified graphene dispersion in base oil.

To further compare the dispersibility of pristine graphene with the modified graphene, the
dispersion test was fulfilled by the centrifugation of lubricant oil dispersion of both materials
at the same concentration. The UV-vis spectroscopy was used to identify their relative
concentration change after the centrifugation (as shown in Figure 1.4.1 c). Eventually, the
modified graphene was proved to have a much better dispersibility in the lubricant base oil,
because it still maintained the relatively higher concentration. However, the aggregation and
sedimentation of the pristine graphene led to almost 40% loss of the original concentration

after the centrifugation.

For the tribological tests in schematic Figure 1.4.2 a, the base oil with merely 0.075%wt
modified graphene was used for the pin-on-disk friction test in comparison with the base oil
of the same concentrated modified graphite flakes and pure base oil. Among these three
groups, the oil within modified graphene has the best performance of friction and wear
reduction (in Figure 1.4.2 b-c). The SEM images of worn surfaces further indicated that the
metal surface protected by the lubricant with the modified graphene almost had no
significant sign of wear compared to the other two samples (Figure 1.4.2 d-f). For the test
with pure base oil, the SEM images of the worn surface further indicated that the surface

experience more severe damages because the base oil failed to effectively separate the
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surface contact. The surface protected by the lubricant containing the modified graphite
showed less severe but still noticeable wear tracks. The EDS analysis further verified that
the wear track protected by modified graphene has the highest concentration of carbon
elements. The research group concluded that the reason of modified graphene’s better
friction and wear reduction is because the thin sheets of the graphene could easily infiltrate
into the friction contact area and transfer into the deposit layers of lubrication protective
film to prevent the direct surface contact. And modified graphite is less effective due to its

bigger size.
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Figure 1.4.2 Liquid lubricant additive - (a) The schematic graph of the pin-on-disk lubrication

process by the lubricant modified with graphene nanosheets. (b-c) The comparison of

lubrication performance between the pure base oil, and the oil mixed with modified
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graphene and modified graphite. (d-f) The SEM images of worn surfaces correspond to the

wear test.

Besides oleic acid, Mungse, H et, al. used octadecylamine (ODA) to functionalize the rGO with
long alkyl chains at rGO’s edges and defect sites>?. The modification greatly improves rGO
sheets dispersibility in the 10-40W engine oil, which results in a better friction and wear
reduction performance compared to the engine oil itself. Adding dispersant is another option
to help graphene disperse in lube oil. Ota, Jyotiranjan et, al. mixed the poly isobutylene
succinic imide-based dispersant into gear oil>1. The modified gear oil could well disperse the
graphene nanosheets. The dispersion of 0.5 wt% graphene not only had improved friction
reduction but also had a better heat dissipation rate than the original gear oil as well.
Eswaraiah et, al. also directly dispersed the r-GO reduced by the focused solar radiation into
the engine 0il>2. The graphene maintains a very stable dispersion probably due to the
dispersant contained in the engine oil. The addition of only 0.025 mg/ml graphene

outperform the original engine oil by 80 and 33% for the friction and wear reduction.

The impact of graphene’s concentration variation on lubrication performance

Further, Zhang, et al. found out that there exists an optimal additive concentration of
graphene in the lubricant base oil leading to the best lubrication performance with the
maximum friction and wear reduction>3. And the influence of concentration variation indeed
reflects on the friction (Figure 1.4.3 b) and wear test (as shown in Figure 1.4.3 c-e). Zhang, et

al. did the tribological test on a wide range of graphene’s concentration from 0 - 5 wt.%. They
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found out that there is a range of optimal additive concentration around 0.06 wt.%. With the
same experiment condition, the modified lubricant at the optimum concentration has the
lowest friction coefficient and lowest wear rate. The friction curve and wear curve share the
same trends. The lower and higher concentrations perform worse than the optimum
concentration. As shown in the Figure 1.4.3 a, it further explains that if the concentration of
graphene as lubricant additive is too low, there would not be sufficient materials to cover
the contact surface. Therefore, it could result in the dry friction in the boundary lubrication
region without protective material. Or if the concentration is too high, it might intentionally
cause jamming or aggregation which deteriorate the lubrication performance. High
concentration would also speed up graphene nanosheets’ aggregation which further
compromise its lubrication performance. Therefore, the extreme concentration will hurt the

lubrication performance.



33

(a) (b)

0.060 —
0.056
0.055} o
o DM\ H M,
(iil) Excessive concentration 2 . L. 0050 O'D‘Oa 0.0t 0.1 1 5

of graphene in oil Graphene concentration (%)

0 0.02 0.04 0.06 0.08 0.1
Graphene concentration (%)
0.06 wt%

T T T .0
-800  -B00 400 -390

£+

Figure 1.4.3 Optimal concentration of functionalized graphene in oil for friction and wear
reduction. (a) The schematic graph of four-ball friction test with the lubricant oil modified
with various concentrated graphene. (b) The performance of the friction tests varied at a
wide range of concentrations of graphene. (c-h) The wear scars of the balls correspond to

the graphene’s concentration of 0 wt%, 0.06 wt% and 5 wt%.

In addition, Zin, V et, al. applied carbon nano-horn as the lubricant additive in the Poly-

Alkylene Glycol (PAG)>4. And this specific nano-horn shaped material could transform into
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the nano-star structure, which could maintain a very stable dispersion in PAG oil without
any surfactant or chemical modification. The reason of the good dispersibility in oil might be
similar to the crumpled graphene balls: nano-horn particles’ dahlia structure could prevent
them from aggregation. At the optimum concentration of 0.2 wt%, the carbon nanohorn

dispersion outperforms the pure PAG oil by 18% and 75% for friction and wear reduction.

All in all, various types of dispersion methods we introduced here have been developed to
improve graphene’s stability in the lubricant medium. And below is a more comprehensive

list summarizing the up-to-date methods to make lubricant stably contain graphene as an

additive.
Table 1.4.1 Various dispersion methods of graphene additive
Approach Methods Base lubricant
es
Surfactan Oleic acid Ploy-Alpha-olefin(PAO) oil>3;
t/ 350SN oil%;
chemical Alkyne-functionalization 10W-40 commercial 0il59;
modificat (Octadecylamine ; alkyl imidazolium hexadecane 56; Group II 500N
ion ionic liquids) petroleum oil 57; Ionic liquids®>8-59
Reduction of graphite oxide by KOH PAO oil 60
Amino-terminated block copolymer Deionized(DI) water 61;
Polyethylene glycol 61
Sorbitol monooleate (span-80) Paraffin oil; PAO
0jl62-63
Poly isobutylene succinic imide Linear alkyl benzene51; API Gr |
and II lube oils>?
Triton X-100 DI water®4

Sodium dodecyl sulfate DI water®>
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Non- Transfo Folding graphene PAO4 oil66
surfactan rm naonosheets into crumpled
t balls
Single graphene wrapped Poly-alkylene glycol o0il>% 67

individually to form
nanohorns and then
connected in the stars-like
shape
Mechanical stirring force Esterified bio-0il68-69;

polyalkylene glycol”9;
Perfluoropolyether®8; engine
0il52; mineral 01162

The synergy effect of graphene and other materials as lubricant additives

Not only limited in functioning as the only component for friction and wear reduction,
graphene could also be mixed with other functional materials which will cause the synergy
effect to further improve the lubrication performance. Those mixture materials could also be
applied as a surface coating, solid lubricant additive and liquid lubricant additive.
Representative research works will be briefly introduced below to illustrate the idea of the
synergy effects and a more comprehensive summary of up-to-date researches of graphene-

based mixture materials is listed in the table. 4.

For the surface coating, Pu, ] et, al. 71 could use the multistep self-assembly method to make
a hybrid graphene - C60 film onto the silicon surface: graphene was deposited on the silicon
substrate and C60 was further chemisorbed on to the graphene surface. And AFM was used
to test and compare the friction reduction performance of this hybrid film at the nanoscale

with other samples including the graphene film on silicon and C60 film on the silicon. It turns
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out that the hybrid film of graphene and C60 has the best lubrication performance, which is
largely due to the synergy effect between the graphene and C60: the C60 could reduce the
friction due to its ball bearing effect because of its tiny ball shape. And graphene could further
deploy its load carrying and wear resistance functions. The combination of graphene and
C60 perform better than the individual material. Similarly, at the macroscale, Berman, D et,
al. 72 discovered the superlubricity by applying graphene and nanodiamond particle together.
That is because the graphene layer will be scrolled during the sliding and it will wrap the
nanodiamond particle. The coated particle will not only deploy its ball bearings effect, but
enhance its mechanical strength due to the graphene coverage. And the friction reduction of

both materials outperforms the individual material under the same experiment condition.

Self-lubricated composite could also apply the graphene based mixture to further improve
the lubrication performance. One example is the work done by Yan, Z et al.’3: They mixed
both the multilayer graphene and Ti3SiC2 into the Ni3Al metal matrix. The new composite
containing both materials has better wear and friction reduction than the composite with
the only graphene or Ti3SiC2 individually. The synergy of graphene and Ti3SiC2 not only
increase the materials hardness which results in an improved wear reduction, but also
further expand the appropriate working temperature range by combining graphene’s lower

temperature range and Ti3SiC2’s higher temperature range.

Besides the solid lubricant, graphene could also have cooperative effect with other particle

materials as lubricant additives. Bai, G et, al. came up with the idea of making the hybrid
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mixture of CeO2 nanoparticle and graphene nanosheets to synergize the functionality of both
nanoparticle and nanosheets’4+75 in lubricant oil. The graphene nanosheets provide a
template for the growth and attachment of uniform distributed nanoparticles, and those
nanoparticles on the nanosheets prevent the aggregation of graphene nanosheets as spacers.
This composite material has much better dispersion in lubricant oil than the pristine
graphene. The combination of CeO2 nanoparticle and graphene nanosheets effectively
prevent the graphene stacking and CeO2 particle aggregation. As the polishing particles,
CeO02 also could increase the hardness of the mixtures and have the ball bearing effect, which
enable the mixtures to sustain the higher shear force. Therefore, its tribological properties
get significant improvement. The friction and wear reduction of the lubricant oil dispersion

of these similar composite materials outperform all the other related groups in comparison.

Table 1.4.2 The synergy effects of materials containing graphene

Applications Materials Synergy

Graphene deploy load-

Nano Graphene-C60 hybrid films7!  carrying and wear resistant
function, C60 reduce the
friction due to its ball
bearing’!

Nanodiamond has ball bearing
effect and it scrolls up the GNS

Surface as a wrap-up coating, further
coating Graphene nanosheets (GNS) improve its mechanical
combined with strength’6; lubrication is
Macro nanodiamond?’, ionic liquids  fulfilled by GNS’s load carrying
(IL)77, diamond-like carbon phase and IL’s lubrication
(DLC) / ionic liquid??, function’’; DLC film has load

Cu/WC78 respectively bearing effect and friction




reduction is fulfilled by IL and
GNS72, WC particles increase
the hardness of the lubricating
coating containing

GNS and make the coating not
easily split78

Cu-carbon fibers-reduced

The filler material reinforces
the composite and improve
the hardness and strength for

38

Metal graphene oxide (rGO)7?; wear reduction’?; Improve the
matrix Ag-WC-Graphene (G) 89; load bearing effect for friction
Ni3Al-Ti3SiC2-G73; TiAl-Ag-G81-  reduction®? 83; Form a
82; TiAl-MoS2 nanospheres- lubrication film to reduce the
G83; friction and wear80-81, 83-84.
Provide a skeleton for other
filler materials82; Expand
Composite lubrication temperature
S ranges’3;
Cerami Al20s3-carbon nanotubes-G8> Graphene forms into tribofilm
c and CNT improve the fracture
matrix toughness8>
Filler materials provide high
load-carrying capacity8® 92;
Polytetrafluoretyhylene Form a lubrication film to
(PTFE) -nomex -Mo2C-G89; suppress the friction and
bismaleimide -MoS2-rG0O87; wearse 88,90,92-93. the
Polyme bismaleimide-Fe304-G88; toughness of composite is
r poly(phenol-formaldehyde enhanced by filler8?. 91;
matrix resin)-carbon fibers-Fe304- Nanoparticle act as spacers to
G89; prevent graphene from
nylon 66- restacking®8-89.93; PTFE is only
polytetrafluoroethylene-G°;  good at friction reduction,
polycaprolactam-solid graphene addition supply the
paraffin-G°1; polymide-carbon wear reduction function?0;
nanotubes-G°2; epoxy-ZnS- melted paraffin have
rGO923 lubrication effect after
frictional heat absorption®l;
Nanoparticles act as spacers to
prevent graphene from
Lubricant Graphene nanosheets with Ce0274, restacking74-75, 94-96;
oils Zr0275,Ag%4, Cu%, carbon quantum Nanoparticles have load-bearing
addition property and could increase the
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dots?6, WS297, polyaniline nanotubes®> composite hardness with

respectively graphene’4-7595; Enhanced
deposition of nanoparticles as a
film for surface protection and
easy sliding interface®4-9597;

1.5 Conclusion and outlook

The recent developments of graphene’s tribological application as lubricant or lubricant
additive at nanoscale and macroscale level are highlighted. The nanoscale research of
graphene indicates its huge tribological potential for macroscopic lubrication application
and it could be applied to all the four major lubrication types including surface treatment,
solid lubricant additive, liquid lubricant additive and grease additive depends on different

lubrication requirements.
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Chapter 2

Crumpled graphene balls’ aggregation resistance

(Material in this chapter is reproduced in part with permission from reference 121,

“Compression and Aggregation-Resistant Particles of Crumpled Soft Sheets” by Luo, ]. Y.; Jang,
H. D.; Sun, T,; Xiao, L.; He, Z.; Katsoulidis, A. P.; Kanatzidis, M. G.; Gibson, J. M.; Huang, ]. X.
Compression and Aggregation-Resistant Particles of Crumpled Soft Sheets. Acs Nano 2011,

5,8943-8949)

2.1 Introduction

The 2D nanosheet materials like graphene can easily form aggregations due to the strong
Van der Waals force. Especially for those material processing involving potential
compression and stacking, it would be hard to efficiently separate the aggregated sheets for
following material processing. Numerous methods have been developed to solve this
problem, including tailoring the solvent-graphene interactions or employing dispersing
agents. However, once the dispersion of nanosheets dry out, the sheets would aggregate and
still could not re-disperse themselves into new solvent anymore. And it is crucial to develop

a type of nanoparticle which could be well self-dispersed in solvent without any surfactant
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or chemical functionalization. Here, our group developed an aerosol-assisted capillary
compression process to transfer graphene oxide nanosheets into crumpled graphene
nanoparticles. This nanoparticle material has excellent compression and aggregation-
resistant properties, which was further validated in the comparison test with graphene
nanosheets sample. Its aggregation resistant property was enabled by the plastically
deformed ridges due to the pi-pi stacking of those ridges. Those ridges further result into
lower contact surface of this nanoparticle and strengthen its stiffness upon the compression

due to the strength hardening effect.

2.2 Experiments

Synthesis

GO was prepared by a modified Hummers’ method?8 as reported elsewhere??. GO dispersions
in water with various concentrations were nebulized by an ultrasonic atomizer (1.7 MHz,
UN-511, Alfesa Pharm Co., Japan) to form aerosol droplets, which were carried by N2 gas at
1 L/min to fly through a horizontal tube furnace (tube diameter = 1 in.) preheated at a
desired temperature. The power of the nebulizer was set at the same level for all

experiments. A Teflon filter was placed at the exhaust190 to collect the crumpled particles.

Material processing
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Solution processing was typically done by first dispersing the powder samples in water or
methanol by gentle shaking or sonication, and then filtration to collect the powders. The
particles can also disperse in many other solvents known to be poor for dispersing GO or r-
GO such as acetone, toluene, and cyclohexane. Slow heating was done in a N2 atmosphere by
first heating the GO samples from room temperature to 400 °C at a rate of 3 °C/min, and
holding them at 400 °C for another 2 h. Thermal shock0! was done by rapidly inserting the
samples into a hot tube furnace at 400 °C to trigger the explosive exfoliation, and heating
them for another 5 min. Microwave reduction192 of GO was done by irradiating the samples
in a commercial microwave oven at 1250 W for 1 min. Hydrazine reduction was done by
fluxing GO in hydrazine at 80 °C for 12 h. Mechanical compression was done by pelletizing

the dried samples in a die with a diameter of either 3 or 20 mm.

Characterization

SEM images were taken on a FEI NOVA 600 SEM microscope. The size distributions of
crumpled particles were obtained by counting 100 particles of each sample in SEM images.
To study the morphological evolution of GO, Si wafers were placed along the aerosol flying
pathway as indicated by positions 1-4 in Figure 1, collecting samples before and during

different stages of heating.

2.3 Results and Discussion
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Crumpled Particles from Rapidly Evaporating Aerosol Droplets
The aerosol process is made by three parts: the ultrasonic nebulizer, pre- heated tuber
furnace and collecting filter as shown in Figure 2.3.1 A. For the manufacturing process: the
graphene oxide nanosheets dispersion was added into the nebulizer and was further
generated into microdroplets containing graphene oxide nanosheets; the flowing carrier gas
further carried the microdroplets through the pre-heated tube furnace; Inside the tube
furnace, the microdroplet started to evaporate and shrink. The capillary force of
microdroplet started to compress the nanosheets and gradually turned them into a crumpled
nanoparticle. And filter will collect all the crumpled nanoparticles. To further validate the
transformation path of crumpled graphene, the silicon wafers were placed inside the quartz
tube to collect the nanoparticles made from spot 1-4 and was further inspected under SEM,
as shown in Figure 2.3.1 B. From spot 1-3, it was just a pile of graphene oxide sheets and it

eventually formed into crumpled graphene nanoparticle at spot 4.
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Figure 2.3.1 Particles of crumpled GO sheets by rapid isotropic compression in evaporating
aerosol droplets. (a) Schematic drawings illustrating the experimental setup and the
evaporation-induced crumpling process. Aerosol droplets containing GO sheets were
nebulized and rapidly evaporated by passing through a preheated tube furnace. (b) SEM
images of four samples collected along the flying pathway from spots 1 to 4 showing the
typical morphologies of deposited GO evolving from (b1) sparse sheets in a “coffee-ring”
pattern, (b2) clustered and tiled sheets, (b3) aggregated sheets with extensive wrinkles, to

(b4) the final 3D crumpled, ball-like particle.
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To further control the size of crumpled graphene balls, there are two methods: either control
the size of micro-droplets or tune the concentration of graphene oxide nanosheets in solvent.
The size of crumpled graphene balls is directly related to the layer numbers of graphene
oxide nanosheets in a single microdroplet. The bigger crumpled particle contains more
layers of graphene oxide sheets, the smaller particle has less layers. In order to get a better
understanding of the crumpled particle size, different sizes of crumpled graphene
nanoparticles were made based on varied concentration of graphene oxide sheets in solvent
as shown in Figure 2.3.2. Three different concentrations were used (0.2 mg/ml, 1 mg/ml, 5
mg/ml). And with the same operation procedure, three different sizes of corresponding

crumpled graphene nanoparticles were made at 200nm, 400nm and 800nm in diameter.
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Figure 2.3.3 The size of the crumpled particles and the degree of crumpling can be tuned by
the concentration of GO in the aerosol droplets as shown in the (a) low magnification
overview and (b) representative high magnification single particle SEM images. (c) The
average size of the particles decreased from around 800 or 500 nm to 250 nm when the GO

concentration was reduced from 5 or 1 mg/mL to 0.2 mg/mL, respectively. The dotted lines

are drawn as a guide to the eye.
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Because crumpled graphene nanoparticles have plastically deformed ridges, it could further
prevent aggregation. In Figure 2.3.3, to further test the aggregation resistance performance,
the reduced graphene oxide sheets were compressed into a pellet to compare with crumpled
graphene nanoparticles pellets under the compression pressure at 55 MPa. To test the
aggregation resistance, those pellets were re-dispersed into the solvent. However, the pellet
of reduced graphene oxide nanosheets could not re-disperse into the solvent. They would
form into aggregates, and the pellet of crumpled graphene nanoparticles could easily be re-
dispersed into the solvent with gentle shakes by hands. After re-shaking the solution, a few
solution drops were taken and observed under SEM microscope when it was dried up. From
the SEM pics in Figure 2.3.3 E and G, the crumpled graphene balls were distributed slatternly
on the substrate without any signs of aggregation. And the reduced graphene oxide has

formed into aggregates already.
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Figure 2.3.3 Compressed pellet of crumpled r-GO particles (inset of panels a and b) has rough
and isotropic microstructures as shown in the SEM images taken at both (a) the surface and
(b) cross section due to their near-spherical, pointy shape. In contrast, flat r-GO sheets
restack along the compressing direction, resulting in a highly anisotropic pellet (inset of c, d)
with (c) very smooth surface and (d) lamellar cross section. (e,f) The pellet of the crumpled
particles can be readily dispersed by gentle hand-shaking after being compressed at 55 MPa.
(g h) However, the pellet of regular r-GO sheets cannot be redispersed due to extensive

aggregation.

2.4 Conclusion
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Particles of crumpled GO and r-GO (i.e., chemically modified graphene) sheets have been
obtained by capillary compression in rapidly evaporating aerosol droplets of GO. The
average size of the crumpled, near-spherical particles is in the sub micrometer range and can
be tuned by the concentration of the starting GO concentration. As is with a crumpled paper
ball, the crumpled graphene is also stabilized by plastically deformed ridges, and thus does
not unfold or collapse during various types of solution processing or chemical or heating
treatments. The crumpled particles exhibit strain-hardening behaviors, thus making them
remarkably resistant to aggregation in both solution and dried states. They remain largely
intact and dispersible after chemical treatments, wet processing, annealing, and even
pelletizing at high pressure. Compared to the regular, flat sheets processed under the same
conditions, the crumpled particles consistently have higher surface areas. In addition, the
surface area of crumpled particles is more robust, and much less sensitive to the material
processing history. The dimensional transition associated with the mechanical deformation
effectively solves the aggregation problem of graphene without the need for any
modification to material composition or surface properties. Therefore, such a crumpled form

of graphene should benefit applications relying on the high surface area of graphene.
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Chapter 3

A Continuous Method of Making Crumpled Graphene Balls

3.1 Introduction

Crumpled graphene nanoparticles have broad potential applications in energy storage such
as capsulation materials of silicon nanoparticles to further improve their performance
significantly. In the general manufacturing route, an intermediate material called graphene
oxide nanosheet is necessary to make crumpled graphene nanoparticle. However, this
intermediate material is made through a complex chemical and physical synthesis process,
which involves a significant amount of energy, corrosive chemicals and time. It would be
desirable if the crumpled graphene balls could be made directly from the raw graphite

powder without those intermediate steps mentioned above.

Previously, researchers have already investigated the possibility of using sonication to
exfoliate graphite flakes into thin layers of graphene sheets without using chemical
exfoliation method103. They demonstrated exfoliation of bulk Transition Metal
Dichalcogenide (TMD) crystals into mono- and few- layer nanosheets in the common
solvents by exposing the layered material to ultrasonic waves in the solvent104-106, The

cavitation bubbles that collapsed into jets with high energy were generated from the
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ultrasonic waves, and therefore exfoliated the layered nanosheets. They were able to
exfoliate various 2D materials including graphene, h-BN, TMDs and TMOs by using this

ultrasonic technique in common solvents such as N-Methyl-2-Pyrrolidone (NMP).

Inspired by previous exfoliation work, here we developed a continuous manufacturing
process of making crumpled graphene balls directly from raw graphite particles, which is the
modification and improvement of the previous manufacturing process of making crumpled
graphene balls. This improved method makes the manufacturing process of crumpled
graphene nanoparticles more efficient and green by directly nebulizing graphite powders
instead of graphene oxide nanosheets without any materials pre-processing steps. Replacing
graphene oxide sheets with raw graphite powders as starting materials eliminates the
intermediate process of exfoliating graphite into graphene, which generally involves a huge

amount of time (usually one-two weeks), corrosive chemicals and energy.

In this process, graphite powders are exfoliated into graphene nanosheets during
nebulization. The microdroplets generated from nebulization only carry the lighter particles
such as exfoliated graphene nanosheets materials through the pre-heated tube furnace by
the nitrogen gas flow. The gas flow is unable to carry the heavier graphite particle due to the
natural gravity subsidence. Only those thinner sheets carried in the liquid microdroplets go
through the entire process, and the crumpled graphene nanoparticles are collected at the

end of the tube based on this gravitational-assistant selection process.
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3.2 Experiment

Material processing

Different from the previous method of making crumpled graphene, this continuous method
directly used raw graphite powders instead of graphene oxide. Graphite powders (purchased
from Asbury Carbon, mesh size 100) were directly dispersed in water at a concentration of
4 mg/ml, and the exact same aerosol process was utilized for the continuous manufacturing

of crumpled graphene balls.

Aerosol process

Graphite dispersion in water was added into the nebulizer,, which is the same one used in the
previous work. The nebulizer intensity was tuned at its maximum level, which was five times
the intensity for nebulization of r-GO. A pre-heated tube furnace was attached to the
nebulizer to further dry up the liquid micro-droplets, and a filter was used to collect the final

products.

Characterization

Similar to the process mentioned in Chapter 2, the crumpled particles were formed due to
the different heating stages of the oven. To study the morphological evolution of crumpled
particles formed from graphite powders, Si wafers were placed along the aerosol flying

pathway as indicated by positions 1-3 in Figure 3.1, which collected samples before and
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during different stages of heating. The microstructures of collected samples were further

observed under SEM (JOEL SU 8030).

3.3 Results and discussion

As shown in Figure 3.3.1, graphite dispersion was added into the nebulizer, and the tube
furnace was heated at 400 °C. After nebulizer was turned on, it started to exfoliate the
graphite powders into thinner graphene sheets. At the same time, nebulization generated
micro-droplets containing the lighter graphene sheets. The nitrogen gas flow carried the
nebulized water droplets through the pre-heated tube furnace, and the droplets quickly
evaporated under high temperature. The capillary force on the surface of droplets further
compressed the inside nanosheets isotropically into a crumpled-ball structure. Eventually,
all the nanoparticles were collected at the end of the tube by a filter. Even though our group
previously used a similar experimental setup, this continuous method has different

principles of making crumpled graphene balls comparing to the previous aerosol method.
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Figure 3.3.1 Schematic drawings illustrating the experimental setup and the evaporation-
induced crumpling process. Aerosol droplets containing exfoliated graphite sheets were
nebulized and rapidly evaporated by passing through a preheated tube furnace. During this
process, the nebulization had the exfoliation functionality to further exfoliate big graphite
flakes into thinner graphene sheets. And samples are collected at different spots inside the

tube (from A to B)

Within the nebulization, graphite powders in the dispersion were further exfoliated, which
resulted in a dispersion containing different sizes of nanoparticles including thicker graphite
flakes and thinner exfoliated graphene sheets. At the same time, it generated micro-droplets
containing the dispersed materials during the nebulization. Only those droplets containing
flakes with relatively smaller sizes and lower weights or those containing exfoliated sheets

could be delivered into the pre-heated tube with the nitrogen carrier gas.



Figure 3.3.2 The SEM images of the products collected at different locations inside of the pre-
heated tube furnace along the flying pathway from the spot A (the beginning) to the spot D
(the end). (a) Aggregated chucks of graphite flakes are found at the spot A, and (b, c) there
are relatively small and thin sheets deposited on the substrates at spots B and C. (d)
Eventually the crumpled particles are collected at the very end of the flying pathway - spot

D.

To further validate the idea of the gravitational-assisted selection process, the products

made at different positions inside the pre-heated tube were collected on the silicon wafers.
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SEM images in Figure 3.3.2. correspond to different spots in the pre-heated quartz tube along
the carrier gas flying path. (A) is at the beginning of the glass tube and (D) is closed to the
end of the tube. Figure 3.3.2 (a) show lots of bigger chunks and aggregates deposited on the
substrate, which might be the smaller sized graphite particles. A trend can be observed from
Figures 3.3.2a to d, indicating the deposited particles become smaller and less packed as they
travel through the tube. Comparing Figure 3.3.2 (c) with (d), the particles in (c) still have the
sheet morphology probably because the droplet in spot C was still wet and did not form into
a crumpled particle by plastic deformation. Also, the size and weight of the particle at spot C
should still be larger than those of the sheets at spot D. Figure 3.3.2 (d) shows that the
microdroplets contain smaller nanosheets and they can be carried by gas and go through the
entire pre-heated tube. Water in the droplets is fully evaporated, and the capillary force of
the droplet crumples the sheets into a crumpled structure. However, for those larger sized
sheets, they were not able to travel through long flying paths and sedimented inside the tube

or even didn’t enter the tube at all.



57

Figure 3.3.3 The SEM images of the final products collected from the filter papers. (a) and (b)
both indicate that the final products were crumpled graphene nanoparticles, and the sizes of

the particles were approximately around 100-200 nm in diameter.

The products collected on the filter papers were observed under SEM as shown in Figure
3.3.3. The resembled particles have already been crumpled. They have a smaller particle size
compared with the crumpled particles made from the chemical exfoliated graphene oxide.
This might result from two reasons: 1. Difference between the exfoliation quality: only the
smaller sheets were able to be exfoliated, and a sonicator of high power is necessary in order
to get more larger sheets. 2. The microdroplet containing both smaller sheets and bigger
sheets or flakes could not make it to the end of the flying path. In order to improve the quality,
powerful pre-sonication should be applied, and an additional step is needed to sediment
large sheets or flakes, followed by taking the supernatant containing only thinner and lighter

exfoliated sheets.
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3.4 Conclusion

A continuous fabrication method is utilized to improve the efficiency/economy of the
manufacturing process for crumpled graphene nanoparticles by modifying an operational
condition - replacing the graphene oxide nanosheets with their raw material: graphite.
Chemically exfoliated graphene oxide sheets were used in the original process. However, the
preparation process of graphene oxide nanosheets consumes a huge amount of corrosive
chemicals, water and energy. In this modified manufacturing process, nebulization
mechanically exfoliates graphite flakes into thinner graphene sheets. The microdroplets can
carry lighter particles such as graphene sheets but not the bigger and heavier graphite
particles which are likely to subside. Eventually, only the crumpled graphene nanoparticles

will be collected at the end of the tube.

However, compared to the chemical exfoliated nanosheets, the production rate of monolayer
nanosheets was at most a few tens of percent of the original raw material. And there are still
improvements to be made on this method. For example, try to use a more powerful sonicator
for efficient mechanical exfoliation, and use a longer quartz tube to fulfill the gravitational

selection process with higher purity.
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Chapter 4

Crumpled graphene’s application for lubrication

(Material in this chapter is reproduced in part with permission from reference 66, “Self-

dispersed crumpled graphene balls in oil for friction and wear reduction” by Dou, X,;
Koltonow, A. R;; He, X. L.; Jang, H. D.; Wang, Q.; Chung, Y. W.,; Huang, J. X. Proceedings of the

National Academy of Sciences of the United States of America 2016, 113, 1528-1533)

4.1 Introduction

Lubricants reduce friction between contacting surfaces and thus increase the energy
efficiency of engines and other machines. They can also reduce wear, thereby extending the
life of tribological components. Many types of ultrafine particles have been studied as
lubricant additives107-108 hecause they can enter contact regions between sliding surfaces
and protect them from direct mechanical contact 48 108, This makes ultrafine particles
effective for reducing friction and wear in the boundary regime, such as during startup or
low-speed operation of an engine, when the lubricant film at these contacts is too thin to
prevent direct metal-metal contact. Further, because of the high shear stresses and
sometimes high local temperatures at these contacts, molecular additives can be rubbed off,

decomposed, or simply fail to provide a sufficiently thick coverage for friction reduction and
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wear protection. Therefore, ultrafine particles are appealing by virtue of their size and their
chemical and thermal stability under tribological conditions. However, it is challenging to
disperse ultrafine particles in lubricating oils. Typically, this requires surface
functionalization with surfactant-like substances, which themselves are prone to
degradation under tribological conditions, leading to unstable lubrication properties.
Therefore, it would be highly desirable if ultrafine particle additives can remain self-disperse

in lubricant oil without the use of ligands.

This work was inspired by the analogy with crumpled paper mentioned previously. A
crumpled piece of paper in the shape of a ball has a rough surface texture, which reduces the
area of contact when placed on top of a flat sheet of paper or in an assembly of crumpled
paper balls, resulting in minimal adhesion. Because of the multiple folding, crumpled paper
balls become strain-hardened (and thus stiffer) under mechanical stress, so they can largely
maintain their shape and shape-induced nonstick properties99-111, One might expect, then,
that ultrafine particles in the shape of crumpled paper balls could be well dispersed in oil
and have superior lubrication properties. Such miniaturized crumpled structures were first
realized with graphene-based materials using an aerosol capillary compression approach?10,
Just as how a crumpled paper ball is made by isotropically compressing a sheet of paper with
one’s hands, flat graphene-based sheets suspended in nebulized aerosol droplets are
isotropically compressed during solvent evaporation, leading to the final crumpled ball
morphology. The resultant sub-micron-sized crumpled graphene balls indeed have

properties analogous to those of crumpled paper, including strain hardening and
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aggregation resistance. The morphology of crumpled graphene balls is highly stable in the
solid state and when dispersed in liquids. They do not unfold or collapse even after heating
or pelletizing. Since they consistently do not form intimate contact with each other, their
inter-particle van der Waals attraction is so weak that they can be individually dispersed in
nearly any solvent, including lubricant oils, without the need for any chemical
functionalization. In spite of their compact appearance, crumpled graphene balls have a
great deal of free volume and solvent-accessible surface area inside, making them an
effective absorber of oil, which could be released upon compression, ensuring uninterrupted
wetting of the contact area. These properties should make them highly desirable for
tribological applications. In this work, we demonstrate that crumpled graphene ball is
indeed a superior friction modifier when compared with other carbon additives such as
graphite powders, chemically exfoliated graphene sheets, and carbon black>0. 112-118
Remarkably, base oil with just 0.01 wt. % to 0.1 wt. % of crumpled graphene balls is more

effective in friction and wear reduction than a fully formulated commercial lubricant.

4.2 Experiments

Preparation of tested materials

Graphite was purchased from Sigma-Aldrich. Carbon black was purchased from VWR.
Lubricant PAO4 base oil was purchased from Exxon-Mobil. The steel disks for friction tests
were machined from an E52100 steel bar, and the disk surfaces were machine-polished to a

mirror finish with surface roughness Ra of around 5 nm measured by an interferometer. The
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steel balls, 3/8” in diameter and made of M50 steel, were purchased from McMaster-Carr
and used as received. GO was made by a modified Hummers method °8 described previously
119, Crumpled graphene balls have been obtained by capillary compression in rapidly heated
evaporating aerosol droplets of graphene oxide sheets. An ultrasonic atomizer (1.7 Mhz, UN-
511 Alfesa Pharm Co., Japan) was used to generate aerosol droplets of aqueous graphene
oxide solution at a concentration of 1.5 mg/mL. Nitrogen flow was used to carry those
droplets through a 4002C tube furnace. Particles were collected at the end of the tube furnace
using a Millipore Teflon filter with 200 nm pore size. Those partially reduced crumpled GO
particles were further reduced at 7002C in argon for an hour. Reduced graphene oxide (r-GO)
was synthesized by hydrazine reduction of GO in water and collected by filtration based on

a previous report120,

Tribology tests

Lubricant additives (graphite, carbon black and crumpled graphene balls) were added to the
PAO4 base oil (density = 0.82 g/ml) and sonicated for 30 minutes in a water-bath ultrasonic
cleaner UC-32D, 125W. Due to its poor dispersibility, the filtered r-GO was tip-sonicated
(150W) for 10 min before sonicating in a water bath for 20 min. Before testing, the polished
52100 steel disks and steel ball were sonicated in acetone for 5 minutes to remove any
possible residual contaminants. The metal disk was then fixed tightly in the holder of the
tribotester, and plastic pipettes were used to transfer 3 mL of freshly mixed lubricant
solution onto the disk. The tests were conducted at a linear speed of 10 mm/s, a constant

vertical force of 10 N (maximum Hertzian contact pressure ~ 1 GPa), and ambient
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temperature and humidity. The experimental duration was 2000s and 4000s respectively
for the 0.01 wt. % and 0.1 wt. % concentration of each carbon-based additive. Each sample

was tested at least twice under identical conditions.

Characterization of wear tracks

Before each SEM observation, the metal disk was cleaned in hexane for 3 minutes to remove
the residual lubricant oil and was then air-dried. SEM images were recorded using a LEO
1525 microscope. Before optical profilometry, the steel disk was further sonicated in acetone
to completely remove all the debris and lubricant materials. A Zygo® NewView™ 7300
optical surface profiler was used to identify and analyze the 3D topography of the wear track.
The wear volume was defined as the amount of metal removed from a single track in the
course of an experiment and was estimated by numerically integrating the surface height
(from optical profilometry) over the area at eight different points along the track. Wear

coefficient is given by the following equation:

Wear volume (m°) x Surface hardness (Pa)

Wear coefficient (K) = — .
Normal load (N) x Sliding distance (m)

Vickers hardness measurements of steel disks were determined to be 575+10.4 kgf/mm?
(~5.64 GPa) by a Struters Duramin microhardness tester. The measurements were repeated

three times for each disk.
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4.3 Results and Discussion

Dispersion and aggregation-resistant properties of crumpled graphene balls

The tribological performance of crumpled graphene balls was investigated in comparison to
three other widely studied carbon additives: graphite platelets, reduced graphene oxide
sheets (r-GO, a.k.a. reduced graphene oxide), and carbon black. Powders of these carbon
materials (0.01-0.1 wt. %) were sonicated in the lubricant base oil (polyalphaolefins type-4,
PAO4) until they were fully dispersed with no residual solids remaining. All four additives
can initially disperse in the base oil right after sonication (Figure 4.3.1 a). However,
agglomeration was apparent in the dispersions of graphite platelets, r-GO sheets, and carbon
black powders after a few hours. After 20 hours, crumpled graphene balls were still
dispersed in the oil, but the other three carbon materials were fully sedimented (Figure 4.3.1
b). The microstructures of the four carbon additives were observed with the scanning
electron microscope (SEM). The sonicated graphite platelets are typically around 1-3
microns in lateral dimension and 40-60 nm in thickness (Figure 4.3.1 c). Although they
disperse initially, they are prone to aggregation due to their flat, disk-like shape, which can
form intimate inter-particle contact and generate strong attraction. Similarly, the r-GO
sheets also tend to restack to form large chunks a few hours after sonication (Figure 4.3.1 d).
The primary particles in carbon black powders are about 50 nm in diameter. They aggregate
into micron-sized clusters, which can be broken down to sub-micron pieces by sonication
(Figure 4.3.1 e). Carbon black powders can stay dispersed for about 5-10 hours. The

dispersion of crumpled graphene balls, which are around 500 nm in diameter, is the most
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stable, because their shape prevents them from forming tight stacking, hence preventing
aggregation (Figure 4.3.1 f). After a few days, all the dispersed carbon additives shown in
Figure 4.3.1 a and 4.3.2 b will sediment in the oil. Upon shaking, sedimented graphite
platelets, r-GO sheets, and carbon black powders can re-disperse in oil; however, having
already aggregated, they will precipitate again quickly. Optical microscopic observation of
the shaken oil samples reveals that of the four samples, only crumpled graphene balls can be
finely re-suspended, while the other three oil samples contain large, persistent micron-sized

aggregates.
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Figure 4.3.1 Dispersion properties of four carbon additives in the lubricating oil. Dispersion

of four carbon additives, all at 0.1 wt %, in PAO4 (A) immediately after sonication and (B) 20

h after sonication; (C-F) SEM images of drop-casted powders of graphite, r-GO, carbon black,
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and crumpled graphene balls, respectively. The crumpled graphene balls stay dispersed due

to their aggregation-resistant properties. The solid content for all the dispersions is 0.1 wt %.

Graphite

Carbon black Crumpled graphene balis

Figure 4.3.2 Optical microscopy images corresponding to the vials shown in Fig. 1A showing
that (A) graphite, (B) r-GO, and (C) carbon black powders form large aggregates with uneven
sizes in the PAO4 base oil, whereas (D) crumpled graphene balls are much more finely

dispersed.

A pin-on-disk tribometer (Figure 4.3.3 a and Figure 4.3.3 b) was used to study the tribological

properties of the carbon-based additives in PAO4 base oils 117. The pin and the disk were
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made of M50 steel ball (@ 9.53 mm, surface roughness Ra ~ 17 nm) and E52100 steel (& 30
cm, Ra ~ 5 nm), respectively. In order to keep the tribological test in the boundary lubrication
regime, testing parameters were chosen to ensure that the thickness of the lubricant film
was smaller than the surface roughness 118, According to the Hamrock-Dowson equation 121,
this condition can be met by applying a 10 N load to the pin while the linear sliding speed of
the disk relative to the pin is 10 mm/s. The maximum Hertzian contact pressure was about
1 GPa 122, [n order to test if the crumpled graphene balls can sustain this high pressure, static
compression experiments were performed first by using the same pin-on-disk configuration
with a 10 N load. Crumpled graphene balls drop-casted onto a polished steel disk formed a
uniform film. The steel ball left a nearly circular contact area of around 300 pum in diameter.
The SEM overview image of this area shows that some patches of crumpled graphene balls
were removed with the ball, exposing the surface of the steel disk. However, crumpled
graphene balls remaining in the contact area did not appear flattened or severely deformed.
The resistance of crumpled graphene ball to compression is attributed to its strain-
hardening property due to the multiple folds created within the ball during its formation.
Upon further compression, more folds can be generated, leading to increased stiffness.
Results shown in suggest that crumpled graphene balls can survive the high pressure while

remaining its crumpled ball shape.
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Figure 4.3.3 Coefficient of friction using PAO4 base oil with and without carbon additives. (A)

Schematic illustration and (B) photo showing the pin-on-disk geometry of the tribometer; C

and D show the variation of coefficient of friction as a function of time using PAO4 base oil

and with 0.01 wt % and 0.1 wt % carbon-based additives, respectively. The corresponding

bar charts in E and F show the friction values averaged over the entire duration of the test.
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For both concentrations, crumpled graphene balls are found to be the most effective carbon

additive for friction reduction.

Self -dispersed crumpled graphene balls as friction modifiers

Friction testing results are shown in Figures 4.3.3 c through f. Steel surfaces lubricated with
the base oil display an initial increase in the friction coefficient followed by a decrease to a
lower steady state value. This type of run-in behavior is fairly typical and is due to the wear
of asperities at the contact surfaces resulting in increased real area of contact and hence
reduced contact pressure. The friction curve for r-GO is similar to that of the base oil. Among
all the carbon-based additives, crumpled graphene ball gives the lowest friction coefficient:
only 0.01 wt. % of crumpled graphene is needed to reduce the friction coefficient by 20%
compared with the base oil. In practice, a good additive should maintain consistent
performance over a range of concentrations so that local concentration fluctuations and/or
material loss do not disrupt the functionality of the additive. Therefore, tests were also
conducted at higher loading, 0.1 wt. %. This high concentration (Figure 4.3.3 d) results in no
significant improvement in friction performance for r-GO, while graphite and carbon black
display poorer performance, probably due to easier aggregation at higher concentration.
Such larger aggregates are likely to be poorly dispersed and cannot protect contacting
surfaces. In fact, interaction among these larger aggregates could induce jamming during the
friction test, leading to increased friction coefficient 123. By contrast, crumpled graphene

displays consistent friction behavior at this higher concentration. Its self-dispersion and
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aggregation-resistant properties are primarily responsible for this consistently low friction

over this range of concentration.

e A

I Load=10 N

Layers of crumpled
graphene balls

Figure 4.3.4 (A) Schematic illustration showing crumpled graphene balls being compressed

between the pin and the disk on a pin-on-disk tribometer. The load on the pin was set at 10
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N. (B) SEM image of the area of crumpled graphene coated disk right beneath the pin. The
white dashed line outlines the contact area of the pin. Some particles were removed by the
pin after the test. High-magnification images (C-E) taken on the residues within the contact

area show no apparent shape change or deformation after compression.

After the friction tests, the wear surfaces were imaged by SEM. Some carbon-based particles
were left on the wear track. Severe aggregation was observed for all carbon-based additives
(Figures 4.3.5 a to c) except crumpled graphene balls (Figures 4.3.5 d). Intact crumpled
graphene balls can be seen filling the grooves of the wear tracks and are separated from each
other clearly. Evidently, the strain-hardening property of crumpled nanostructure prevents

excessive deformation and damage during friction.

Graphitej B

Crumpled graphene balls
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Figure 4.3.5 SEM images of remaining carbon additives in the wear tracks after tribological
tests. (A) Graphite, (B) r-GO, (C) carbon black, and (D) crumpled graphene balls. Only
crumpled graphene balls remain aggregation-free. (Scale bar in the Inset, 200 nm.)
Wear reduction by self -dispersed crumpled graphene balls
In addition to the substantial friction reduction, noteworthy improvements in wear
reduction were also observed in our experiments. In Figure 4.3.5, SEM images of the wear
tracks already suggest that oil modified with crumpled graphene balls is qualitatively more
effective in reducing wear than the other three carbon additives. Quantitative examination
of the wear tracks was conducted with white light interferometer, which generated a 3D map
of the surface. Wear coefficients for oils modified with additives at two different
concentrations are shown in Figure 4.3.7 a and b. For both 0.01 and 0.1 wt. %, crumpled
graphene ball is significantly more effective than other carbon additives for wear reduction.
The apparent wear coefficient difference in pure base oil between the two tests arises from
the different testing times - because the most significant wear tends to occur at the beginning
of the test, the wear coefficient calculated from the longer test should be lower. r-GO sheets,
which did not reduce the coefficient of friction greatly, also failed to provide effective wear
reduction; it showed the same apparent decrease in wear coefficient as the base oil when
tested at a higher concentration for a longer time. Similar to what was observed for friction
coefficient, the wear reduction performance of graphite platelets and carbon black additives

also degrades at higher concentrations.



73

35

25
20
154
104
5 4

Counts

0-0.5 ym 0.5-1 ym 1-2 pm 2-3.5 ym
Wear track depth distribution

0O4pym 48uym 8-12pm 12-16 pm 16-20 pm
Wear track width distribution

Crumpled
M Graphite Il r-GO M Carbon black Il oraphene balls

Figure 4.3.6 (A) Width and (B) depth distribution of wear tracks corresponding to those

shown in Figure 4.3.7.
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Meanwhile, varying the concentration has comparatively little effect on the wear coefficient
for the lubricant with crumpled graphene balls. A detailed analysis of the wear tracks is
presented in Figure 4.3.6 Compared to the other three additives, crumpled graphene balls
generated shallower (0-0.5 um), narrower (0-4 um), and more uniform wear tracks. In
contrast, wear tracks generated by other carbon additives are deeper (1-3.5 um) and wider
(12-20 um), with a broader size distribution. It is significant that the use of crumpled
graphene ball prevents the formation of wear tracks larger or deeper than 10 um, because
such wear tracks tend to generate large debris that can inflict severe abrasive wear 124126,
Compared to the use of the base oil, the self-dispersed crumpled graphene additives are able

to eliminate wear by ~85 % (red bars in Figure 4.3.6).
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Figure 4.3.7 Wear coefficients of PAO4 base oil with and without carbon additives. The bar
charts in A and B compare the wear coefficients of the base oil itself and samples with 0.01
wt % and 0.1 wt % carbon additives, respectively. The corresponding 3D profile images of
the wear tracks are shown in C and D. It is evident that crumpled graphene balls can better

protect the steel surface from wear.
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Benchmarking against fully formulated commercial lubricant
The base oil modified with 0.1 wt. % crumpled graphene balls was also tested for comparison
with a polyalphaolefin-based commercial lubricant 5SW30 (Figure 4.3.8 a). Both 5W30 and
crumpled-graphene-ball-modified PAO4 outperform the base oil, with comparable
coefficients of friction. 5W30 has organic molecular friction modifiers which bind to the
metal surface and decrease adhesion, making it effective for friction reduction. However,
crumpled graphene balls are more effective in wear reduction. The difference is evidently
revealed by the wear track profiles shown in Figure 4.3.8 c and d. The surface lubricated by
5W30 still yielded deep and wide wear tracks at tens of micron scale. However, crumpled
graphene balls can provide better protection of the surfaces, leaving a much smoother wear

track, as shown by the profile (Fig. 4.3.8 d).
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Figure 4.3.8 Comparison of lubrication between crumpled graphene balls in PAO4 base oil
and commercial lubricant 5SW30. At 0.1 wt % of loading level, the PAO4 base oil modified by
crumpled graphene balls outperforms the fully formulated lubricant 5W30 (additives up to
10 wt %) as shown in the comparison of (A) coefficient of friction, (B) wear coefficient, and

(Cand D) 3D profile images of the wear tracks.

4.4 Conclusion

In summary, addition of crumpled graphene balls to PAO4 base oil results in superior friction
and wear performance, due largely to their aggregation-resistant property. This unique
property makes them more stable in the base oil than other carbon-based materials, such as
graphite, r-GO, and carbon black. Aggregation makes other carbon-based materials lose their
ability to prevent the contact of two surfaces, negatively impacting friction and wear
performance. In contrast to other carbon additives, whose tribological properties are
sensitive to their concentration, crumpled graphene balls deliver consistently good
performance between 0.01 and 0.1 wt. % concentration. It was found that crumpled
graphene balls reduce friction coefficient and wear coefficient by about 20% and 85%
respectively with respect to the base oil. Furthermore, base oil modified with crumpled
graphene balls alone outperforms a fully formulated 5W30 lubricant in terms of friction and

wear reduction. The combination of aggregation resistance, self-dispersion, and mechanical
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properties of crumpled graphene particles makes them an attractive material for tribological

applications.
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Chapter 5

Crumpled graphene as an additive for commercial Lubricant

5.1 Introduction

Crumpled graphene balls could improve the base lubricant oil performance and it would be
worthy of knowing if it could also improve the lubrication performance of commercial
lubricant oil. Commercial lubricant oil is more complicated because it contains various types
of lubricant additives to fulfill different functions such as anti-foaming, anti-oxidation, anti-
wear, demulsification, rust inhibition and friction / wear reduction. Base oil, the main
component of commercial lubricant oil, consisting of 60 to 70 percent of the product.
Although commercial lubricant oil is versatile in friction and wear reduction, crumpled
graphene balls might still have its own advantages. As mentioned before, we mainly focus on
wear and friction modifiers. Most friction and wear additives are molecular chemicals.
However, they have two main drawbacks: 1. Under harsh tribological environment,
molecular additives may desorb or deplete from the binding surfaces. 2. These molecular
additives may also intervene with other types of lubricant additives and results into a bad
dispersion of either or neither other additives. Therefore, it could compromise the
lubrication performance in general. That is why more and more nanoparticles were applied

into lubricant oil as lubricant additives. Because they could infiltrate into the surface contact
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and further reduce the friction and wear. On the other hand, nanoparticle materials are more

chemically and thermally stable than the molecular additives.

Experiments in Chapter 4 demonstrated that crumpled graphene balls reduce friction and
wear in base oil, showing enhanced performance over other carbon additives. Furthermore,
base oil modified with crumpled graphene ball and commercial lubricant oil 5W-30 exhibit
comparable performance in friction reduction, with crumpled-graphene-modified oil having
the added benefit of a more stable performance over time. 3D topography of a wear track
also indicated that the crumpled graphene balls can better protect a metal surface from wear

compared to the commercial lubricant oil.

However, all those experiments related with crumpled graphene balls were conducted in the
lubricant base oil previously. To further explore the lubrication potentials of this material,
we further disperse our crumpled graphene balls into the commercial lubricant oil and
further test its performance to see if there are any improvements on the friction and wear

reduction for commercial lubricant oil.

Although commercial lubricant oil contains various types of the additive molecular and
materials, the aggregation resistance property could enable crumpled graphene fully
dispersed in the commercial lubricant oil even under the higher oil temperature at 90-100
degree. Because the commercial lubricant contains the viscosity modifier and other additive

materials, the viscosity is higher than the PAO base lubricant oil, and the higher viscous
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lubricant oil enables crumpled graphene ball to maintain a more stable dispersion for at least
a week. The crumpled graphene balls were added into commercial lubricant oil at 0.01wt%.
And there were no significant improvements on friction reduction, however, it indeed could
further improve the wear reduction by 25% compared to commercial lubricant oil
themselves. And it further reveals the potential of crumpled graphene balls a potential

lubricant additive in the liquid lubricant for automobile and other industrial applications.

5.2 Experiment

Materials processing
Similar as the previous experiments, the crumpled graphene balls were made by the same
aerosol process with the same set-ups. The same batch of graphene oxide samples was used

to make the crumpled graphene particles for this dispersion and friction test.

Dispersion test

The commercial lubricant oil was bought from the market as the dispersion solvent in this
dispersion test. 3ml lubricant oil was used and 0.01wt% of crumpled graphene balls were
dispersed in the solvent through vigorous sonication. And dispersed sample will be kept in
oil staticly to observe its dispersion stability. To further investigate the dispersion condition
under the high temperature (90-100 C), a preheated oil bath was used to provide the

comparable and simulated high-temperature environment.
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Tribological test
A high-temperature tribo-tester was used for the all the friction test in this session. The
operating temperature was set up to 90 C. For the tribological test, the lubricant oil was well
spread onto the disk surface first and the equipment will raise the temperature to the target
temp and then, the friction test would start. The only difference between this tribometer and
previous one is the heating unit. For the testing disk, the hardness is lower for this session.
From the friction test, the coefficient of friction will be collected, and the wear track will be

further inspected with the white-light interferometer.

5.3 Results and discussion

In the real practical applications, lubrication usually operates in the environment within
various temperature ranges including low temp (-20C - 5C), room temp (10-35C), and high
temp (70C+). Lubricant and its additives should be able to work properly in the relatively
wide range of temperatures depending on lubrication requirements and objectives. In this
session, we will further explore the performance comparison between commercial lubricant
oil with the modified commercial lubricant oil sample containing the crumpled graphene

nanoparticles under the room temperature and high temperature.

Room temperature experiment
The dispersion of crumpled graphene nanoparticles in commercial lubricant oil is excellent

because the viscosity modifier enables a higher viscosity for commercial lubricant oil over
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the PAO base oil which makes crumpled nanoparticles more stably disperse in oil for at least

a week.

1 Days 2 Days

Commercial PAO 4

Figure 5.3.1 A week-long dispersion test between the modified commercial lubricant oil (left
side) and the modified PAO base oil with crumpled graphene nanoparticles (right side) at

same concentration at room temperature

The similar friction test was conducted with the same type stainless steel disk, a high-
temperature tribo-tester and commercial lubricant oil samples w/o crumpled graphene
balls. The experimental condition was the same compared to the friction test in Chap 4. In
this friction test, 0.01 wt% of crumpled graphene balls were sonicated into the commercial
lubricant oil until the additives were fully dispersed. The pure commercial lubricant oil and
the modified commercial lubricant oil with crumpled graphene balls were well spread onto
the steel disk and the fixed steel ball applies the 10N pressure on the rotating disk with
10mm/s linear velocity. As shown in the Figure 5.3.2, the results of friction coefficient for
this friction test at room temperature are comparable between pure commercial lubricant

oil and the oil modified with crumpled graphene balls. However, for the commercial
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lubricant oil, there was still a more typical running-in behavior at the very beginning of
friction test. And eventually, they all reached to relatively more stable lubrication

performance.
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Figure 5.3.2 The coefficient friction curve of friction test between commercial lubricant oil

and modified commercial lubricant oil with 0.01 wt% crumpled graphene balls.

For the wear reduction performance as shown in the figure 5.3.3, the wear tracks were
further investigated through the white-light interferometer which could give us a detailed
understanding of the surface profile data. The figure 5.3.3 (a) and (b) compare the surface

profile of the two wear tracks corresponding to two different lubrication samples. It is hard
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to observe the difference between the two wear tracks. And figure 5.3.3 (b) further extract
the cross-section profile of two wear tracks and could give a more intuitive sense of the
differences. The red curve corresponds to the wear track protected by the modified
commercial lubricant oil containing 0.01 wt% crumpled graphene nanoparticles. And its
wear track is shallower than the wear track protected by the pure commercial lubricant oil:
the deepest wear trenches for pure oil is about 140nm; on the contrast, the deepest wear
valley for the modified oil is about 80 nm. That is because crumpled graphene balls could
effectively protect the surface wear as a wear modifier. Its aggregation resistance property
enables it to infiltrate into surface contact and separate them from contacting each other and
therefore reduce the wear. Although it didn’t significantly improve or compromise the
friction reduction, it did improve the wear reduction performance. The chemical stability of
crumpled graphene balls prevents it from interfering with other lubricant additives
containing different surfactants. In general, crumpled graphene balls are more effective in

wear reduction when added into the commercial oil in the room temperature range.
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Figure 5.3.3 The comparison of the cross-section profile of wear track lubricated with
commercial lubricant oil and the modified commercial lubricant oil with 0.01 wt%. (a) The
3D profile image of wear track generated from white light interferometer (b) 2D Cross

section profile of the wear tracks

High temperature experiment

Sometimes, mechanical parts need to operate under the high temperature. For example, auto
mobile’s engine will rise to hundreds of degrees C after its cold start. Therefore, it is
important for lubricant oil to maintain a relatively stable lubrication performance in such a
wide temperature range. Especially, under the high temperature, the physical and chemical
property of lubricant oil might also change and potentially influence the performance of its
lubricant additives, for example, the viscosity. That is why it is also necessary to further test

crumpled graphene balls’ lubrication performance under the high temperature.

But first, it is important to test its dispersibility in the PAO base lubricant oil and commercial
lubricant oil. With the previous dispersion test at the room temperature, we know that the
0.1 wt% crumpled graphene could stably disperse in PAO base oil for more than a day. Here
we did the dispersion test in PAO base oil and commercial lubricant oil at the temperature
of 90C within a pre-heated oil bath. This temperature is comparable to the temperature of

cooling water for the engine. Because lubricant oil is also circulated inside of the engine.
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As shown in Figure 5.3.4, it is the dispersion test in PAO base oil. And the crumpled graphene
balls could only maintain the stable dispersion in 5 min. Why the particle sediment so fast
compared to the room temperature? Because of the high temperature, the viscosity of PAO
base oil significantly dropped, and the lowered viscosity could not hold the stable
nanoparticle dispersion anymore. On the other hand, for the commercial lubricant oil, as
shown in Figure 5.3.4, the dispersion test in hot oil bath indicated that crumpled graphene
balls could maintain a stable dispersion for at least 24 hours. The reason why crumpled
graphene nanoparticles have a much better dispersibility in hot lubricant oil is due to the
functional surfactant in the commercial lubricant oil. The commercial lubricant oils have
multiple lubricant additives deploying different functionality to maintain the stable
lubrication performance in varies environment including the viscosity modifier which could
maintain relatively stable viscosity even under high temperature and high speed. Further, it
also contains the dispersant chemicals to facilitate the stable dispersion of crumpled

graphene balls in commercial lubricant oil even under the high temperature.
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PAO Commercial

Figure 5.3.4 The dispersion test between the modified commercial lubricant oil (right side)
and the modified PAO base oil with crumpled graphene nanoparticles (left side) at same

concentration at room temperature

For the friction and wear test, the high temperature tribo-tester was used. The operating
temperature was set up to 90 C to compare with dispersion test temperature. And whole
friction test was also implemented for 4000 secs. From the friction coefficient curve, as
shown in Figure 5.3.5, the lubrication of the two groups including pure commercial lubricant
oil and the modified oil with crumpled graphene balls are comparable. Similar to the friction
test at room temperature, both testing groups have a stable lubrication performance.
Crumpled graphene didn’t significantly improve nor compromise the friction reduction

performance of commercial lubricant oil.
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Figure 5.3.5 The friction coefficient curve for the high temperature friction test between
commercial lubricant oil and the modified commercial lubricant oil with crumple graphene

balls
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Figure 5.3.6 The comparison of the cross-section profile of wear track lubricated with
commercial lubricant oil and the modified commercial lubricant oil with 0.01 wt% under the
high temperature at 90 C (a) The 3D profile image of wear track generated from white light

interferometer (b) 2D Cross section profile of the wear tracks

Moreover, for the wear test shown in the Figure 5.3.6, the modified oil with crumpled
graphene balls had better wear reduction performance than the pure commercial lubricant
oil. Although the wear tracks of two experimental groups have the comparable width, but
the wear track of the sample containing crumpled graphene balls has shallow profile than
the other pure commercial lubricant oil sample, which indicates that crumpled graphene
balls have a great potential in wear reduction for the commercial lubricant oil even under

the higher oil temperature.

5.4 Conclusion and Future work

In this session, the high-temperature tribology test was fulfilled within the commercial
lubricant oil system. The comparison between the pure commercial lubricant oil and the
commercial lubricant oil modified with crumpled graphene balls further help us explore the
lubrication performance of crumpled graphene balls. Considering the well-established
formula and performance of commercial lubricant oil we used, crumpled graphene balls
could further improve the wear reduction performance by being added into the commercial

oil without any functionalization or any other steps. Although crumpled graphene balls could
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not further boost the performance of friction reduction of commercial oil, it didn’t hurt its
original lubrication performance, which indicates its compatibility with the formula system
of commercial oil.

The reason why crumpled graphene balls could not further improve the friction reduction
performance is due to the contained friction modifier molecular in the commercial lubricant

oil. The fully formulated commercial oil is versatile already.

Further, to understand why crumpled graphene balls are more stable in commercial oil. It
would be better to make a dispersion test comparing PAO 10 base oil with commercial
lubricant oil, which have a comparable viscosity so that it could check if it is the high viscosity
or the other dispersants in the commercial oil. For the surface wear, it would be better to do
the EDX or Raman spectra to check if there is any tribo-film formed from the anti-wear
molecular in the commercial oil, like ZDDP. Besides, lubrication application is not limited to
the liquid form. Other applications including lubricant grease and extreme high-pressure
lubricant also could take the advantage of crumpled graphene balls’ lubrication potentials.

And it would be interesting to further explore the possibility in those areas as well.
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Chapter 6

Making 1D Structure

Besides the project related with crumpled graphene for lubrication application, I also had
the chances to work on the other two projects. The first project was related to the templated-
assistant gold nanowire growth based on imprinting technique without using any
surfactants. The gold nanowire project explored the possibility of synthesizing the high
aspect ratio Au nanowires within a confined physical geometry. And the second project was
about strain induced curling polymer strip. The curling polymer strip further explored how
the strain induced helical structure was formed due to the stretching and different strain

property distributed in the polymer cross-section.

Part I: Template-assisted, surfactant-free synthesis of gold nanowires on substrate

6.1.1 Introduction

Long Gold (Au) nanowires have promise as multifunctional conduits that couple plasmonic,

electronic, mechanical and surface chemical functions for probing small area samples. Such



95
nanowires, usually with multiple twinned inner structure and single crystalline surface have
been very difficult to make without the traditional surfactant mediated syntheses. Because
those surfactants could cap the surface of gold seed nanoparticles and further guided them
to grow into the various structures like nanowire or star shape. They are essential elements
for size/shape control synthesis and stabilization of as-synthesized nanoparticles. For these
purposes, excessive surfactants or capping agents should be used. However, the excessive
amount of surfactants120.127-132 [jke CTAB and PVP are hard to remove after the synthesis33-
134 As a result, these residues can bring much difficulty to subsequent material processing
steps and degrade the material performance in some applications such as catalysis, surface
enhanced Raman spectroscopy (SERS), and electronic devices, in which the surface of metal
nanoparticles is directly related to their applications. Even during the removal or post-
removal process, the nanowires will form into agglomeration and other potential problems.
Therefore, there is a need to use non-surfactant method to synthesize the gold nanowire.
And luckily, it is possible to achieve this objective by using a new gold precursor developed
by my previous colleague Dr. Kwonnam Sohn, the principle of this gold precursor is because
it contains the NMP and H202, the hydrogen peroxide could reduce the reduce the Au (3+)
into Au (1+). And NMP will further stabilize the hydrogen peroxide by forming the NMP-
H202 adduct. Under certain external experiment condition including heating, UV lighting, etc.
The reduction of Au (1+) to Au will initiate and gold seed particles would be formed. In this
section, the gold nanowire growth will be further refined in the microchannels and it is now
possible to make such wires with unprecedented length up to tens of microns by simply

drying the precursor solution confined in the replicated microfluidic channels.
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Moreover, the resulting wires have clean surfaces. TEM was used to further inspect the gold
nanowires’ crystallization and its surface. The surfactant free property making them ready

to be used for surface sensitive studies and applications.

6.1.2 Experiment

Make micro-meter sized nanoarray

In order to make micro-meter sized PDMS mold, the imprinting technique would be used as
below: We firstly used CD-R disk and peel it off to get the disk surface with micro channel
structure on it. Then, put it into the petri dish and pour the PDMS into the petri dish. The
whole petri dish was put into the pre-heated oven (at 60C) for 40min. This process will make
PDMS cure into solid to further replicate the micro-structure. And after curing, the negatively

replicate of CD-R disk’ microstructure will transfer on to PDMS mold.

Preparation of gold nanoparticle precursor (NMP-based Au(1+) growth solution)

Typically, 39.4 mg HAuCl4-3H20 was dissolved in 10 ml NMP to prepare 0.01 M Au
concentration in the 20 ml vial with a polypropylene cap. 2.3 ml H202 (30 wt. %) was added
into the solution. The mixture solution was dipped in the preheated oil-bath of 110 °C with
vigorous stirring. As the heating reaction proceeded, the initial yellow color of the mixture
solution from Au(3+) was pale yellow. Finally, the solution color was clear and colorless after

around 20 minutes of heating. The reaction was immediately terminated by taking out the
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reactor from the oil bath. The clear and colorless solution was naturally cooled down to room
temperature. The growth solution was stored at room temperature for further uses.
Preparation of clean wafers
The wafer was cut into the same size which will match the PDMS mold. And further use the
piranha solution to clean the small wafer pieces. Piranha solution would be prepared by
adding hydrogen peroxide to sulfuric acid slowly. Mixing the solution is extremely
exothermic. It must be allowed to cool reasonably before it is used. The sudden increase in
temperature can also lead to violent boiling of the extremely acidic solution. Once the
mixture has stabilized, it can be further heated to sustain its reactivity. The hot (often
bubbling) solution cleans organic compounds off substrates and oxidizes or hydroxylates
most metal surfaces. Cleaning usually requires about 60 minutes, after which the substrates
can be removed from the solution. And they will further be rinsed with the clean water for

future usage.

Template-assisted gold nanowire growth

After the precursor and substrate with micro-channels are prepared, the template-assisted
gold nanowire synthesis will further proceed by using the soft lithography experiment. The
general experiment setup is shown in Figure 6.1.2. The PDMS mold with the replicated
microchannels would cover a pre-cleaned silicon wafer. And the gold precursor solution will
spread along the one side of channel entry. The capillary force will suck the solution into the
microchannels. Then put the whole sample into the pre-heated oven and the reaction would

start. After overnight, the sample will be taken out and the PDMS mold will be removed.
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TEM sample preparation

In order to prepare the TEM sample, the gold nanowires on the substrate will be washed into
the ethanol by sonication. And the nanowire sample will be further transferred onto TEM
grid by drop casting the ethanol solution containing gold nanowires. HITACHI SEM 8300 and

JOEL TEM 2100 were used for the characterization.

6.1.3 Results and discussion

The Principle of surfactant-free Au precursor (NMP-based Au (1+) solution)

In order to synthesize gold nanowire without any surfactant, our group developed a
surfactant-free route for gold nanoparticle synthesis. We introduced H202 into NMP solvent,
in which Au(3+) ions are dissolved. The H202 will further reduce the Au(3+) into Au(1+)13.
As a reduction agent, H202’s byproduct should be water or gaseous molecules. In addition,
NMP could effectively stabilize H202 in liquid solution as forming NMP- H202 adduct!36-137,
This precursor solution could be reduced by thermal treatment. The H202 will be released

and further reduce the ion into gold.
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Figure 6.1.1 (A) The process of making surfactant-free NMP based precursor (B) Thermal

reduction of precursor

Make micro-meter sized nanoarray

As mentioned in the experiment section, a soft lithography was used to get the microchannel
space for the gold nanowire growth. Because PDMS was covered on the peeled CD-R disk,
the structure on the PDMS replicated the negative structure on the CD-R disk. The hill on the
CD-R would be the valley on the PDMS mold. For the CD-R bump, it has a width of Tum. And
similarly, the PDMS mold will replicate this structure as trenches with the width of 1um for

gold nanowire growth.
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Figure 6.1.2 The top view and the AFM scan of CD-R disks. The Height is in the 100 nm scale
and the width of the groove is 1um scale, which indicates that the width of trenches on the

PDMS mold should be around 1um as well

Template-assisted gold nanowire synthesis
With the replicated PDMS mold, the one-dimensional confined channel will be formed by
covering the silicon wafer with the PDMS mold as shown in Figure 6.1.3. The precursor

solution will be absorbed into the channels with the capillary force.

Drop precursor solution Fill channels by

Heat the sample at

3 80 degree overnight,
along one edge capillary forces and peel the PDMS

afterwards
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Figure 6.1.3 The template-assisted gold nanowire growth channel - the replicated PDMS
mold will cover the silicon wafer to generate a more confined growth space. The micro-
channel will further suck the precursor into the channel. And gold nanowire starts to grow

under proper condition

Different as surfactant assisted gold nanowire synthesis, the template-assisted gold
nanowire’s growth was confined by the micro-channel geometry instead of the surfactant.
Due to the capillary force of micro-channel, the gold precursor will be absorbed into the
channel and further react inside of it. Their growth will not exceed the geometry confinement
of the microchannels, especially the lateral direction, and the channel will further guide the
growth along the channel longitude direction. After the reduction reaction overnight, the
PDMS mode would be removed. The synthesized gold nanowires will align on the silicon
wafer substrate as shown in the Figure 6.1.4. Gold nanowire and nanoparticles were
scattered on the substrate, and they were all grown inside the micro-channels with a
unidirectional distribution pattern. It is clear to observe that long gold nanowire could be
made with this method: some wires even have a length of 80 um. It also generated some gold
nanoparticles spreading inside the aligned grooves. Due to the non-continuous supply of
precursor solution, some solution reacted and turned into gold nanowire and others only
transformed into gold nanoparticles probably due to the lack of precursor’s supply. That is
why gold nanoparticles are all well spread on the silicon substrate. To further magnify the
gold nanowire, it is clear to see that the gold nanowire was laid inside the channel as shown

in Figure 6.1.5. From the mark of the channel, we could tell that the channel width is about
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800nm. During the channel replication, there was some geometry lose to the original trench
width of 1 um, which is reasonable. The width of the nanowire is 350nm, and we could tell
that the channel could confine the growth of gold nanowire to further facilitate the wire
growth instead of particle growth. If there is no channel under the similar condition, the
precursor could only transform into gold nanoparticles without any nanowire with such

length.

Figure 6.1.4 The SEM image of gold nanowire array made by the imprinted micro sized
groove pattern. The gold nanowire has the uniform aligned direction due to the aligned

grooves
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Figure 6.1.5 The SEM image of a single gold nanowire array grown inside a channel. The

width of nanowire is about 350nm, the channel width is about 800nm

Characterization of template-assisted grown gold nanowires

In order to further inspect the crystallization of template-assisted grown gold nanowire,
TEM was used as shown in Figure 6.1.6. There were two wires corresponding to (A-B) and
(C-D). Firstly, from the high-resolution TEM image of two wires (A and C), the images show
a clear surface of gold nanowire without any surfactant. Secondly, the diffraction pattern of
these two wires (B and D) indicated that gold nanowire made by this template-assisted
method has Penta-twinned crystal structure. However, the width of this nanowire is way
smaller than the one shown in the Figure 6.1.5. This further indicated that some of the gold
nanowire didn’t get enough precursor solution to support the continuous growth of longer
and wider gold nanowire. And this would be worthy to be explored as the next step in the

future.
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Figure 6.1.6 The TEM image of two gold nanowires (A and C) indicate a very clean surfaces
without any surfactant. The diffraction pattern (B and D) of two wires further indicate that

two wires have a Penta-twinned crystal structure

6.1.4 Conclusion and outlook
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For the template-assisted grown gold nanowire, it could achieve high aspect ratio nanowires
(length 40-80um, width 300-500nm) with the NMP-based surfactant free gold precursor
solution. And this method provides another way to make surfactant free gold nanostructure.
TEM image and diffraction pattern further identified that the pristine of the gold nanowire
and its Penta-twined crystal structure. For the next step, it would be interesting to further
explore that if it would be possible to further fulfill the continuous growth of gold nanowire
by continuously suppling the precursor solution into the micro-channel. And also, the gold
nanowire collection process would be a challenge, a washing process might be applied to

remove the gold nanowires from those substrates.

Part II: Stretching induced formation of helical polymer ribbons

6.2.1 Introduction

For this helical polymer strip project, stretching the printed PVC polymer strip could
automatically form into a helical curling structure after it was released from stretching. And
stretching process is necessary to induct this deformation process. During the following
elastic experiment, it is interesting that only the polymer strips which were dried 3-8 hours

after printing could form into helical curling structure, and other samples within other time
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ranges have different deformation behavior. Multiple repetitive tests were conducted, and

the experiment results were consistent.

Why there is different elastic behavior within different time ranges? The reason for forming
the helical structure was further explored by conducting experiments with different control
factors. And different time length after the printing process turned out to be the determining
factor. Similarly as other research works done by others!38-144 that was due to the
asymmetric distribution of different strain properties during the evaporation of DMF solvent
in the printed polymer strip, since dried PVC has different elastic property comparing to the
wet PVC. Once the polymer strip was stretched, the inner layers at different levels relaxed at
a different rate. The asymmetric elastic property further induces the formation of the helical

structure during the relaxation stage.

6.2.2 Experiment

PVC solution

PVC powder (55,000 MW) was mixed with DMF solvent at 200mg per ml on the magnetic
stirring stage. During the mixing, the water bath at 70C degree was used to further facilitate
the dissolving and mixing process. The speed of the stirring bar was set at 500 rpm/min.

About 45min later, the PVC powder could fully dissolve into the DMF solvent.

Glassware preparation
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The microscopic glass slides were used as the substrate for the PVC strip printing process.
In order to get the clean glasses, Piranha solution was used. The solution would be prepared
by adding hydrogen peroxide to sulfuric acid slowly. Mixing the solution is extremely
exothermic. It must be allowed to cool reasonably before it is used. The sudden increase in
temperature can also lead to violent boiling of the extremely acidic solution. Once the
mixture has stabilized, it can be further heated to sustain its reactivity. The hot (often
bubbling) solution cleans organic compounds off substrates and oxidizes or hydroxylates
most metal surfaces. Cleaning usually requires about 60 minutes, after which the glass slides
can be removed from the solution. And they will further be rinsed with the clean water for

future usage.

Printing process

In order to make the polymer strip, a syringe pump was used. Firstly, transfer the PVC in
DMF solvent into the 5 or 10mL syringe. The PTFE tube connected the syringe on the one
side with the flat top syringe needle on the other side. Set the pumping speed at the
appropriate range and glass substrates were used to take the printed polymer strip. After
printing, some DMF will be spread out on the substrate and let the printed PVC strip dry for
a bit. After those DMF on the substrate dry out, the PVC strip could be easily removed from

the substrate.

6.2.3 Results and Discussion
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Strain-induced helical PVC strip
After the PVC strip was printed on the glass substrate, it could be easily removed from the
substrate as shown in Figure 6.2.1 (a). Then, use the hands to stretch the polymer strip, it
was elastic and could extend to 3-5 times of its original length as shown in Figure 6.2.1 (b).
However, when the force is gradually released, the polymer strip would self-propagate into

a helical curling structure. The whole relaxation process corresponds to Figure 6.2.1 (c-d).
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Figure 6.2.1 The whole stretching - relaxation process is recorded through those pictures.
(a) Originally, the polymer strip was removed from the substrate; (b) the strip was stretched
at relatively large extend to its original length; (c) after stretching, the polymer strip was

released, and it started to relax into a helical curling shape (d) at full relaxation state

Self-propagated deformation varied by the time after printing
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Once the PVC dispersed in DMF was printed on the substrate, the DMF will start to evaporate.
During this process, the printed structure is transparent at the very beginning and DMF
would start to evaporate, the color of printed structure turned to white and formed into PVC
stripe. For the stretch tests, they were conducted at three different stages and different
results were achieved. The three stages correspond to different time length - short term (10-
30 min after printing), mid-term (3-8 hours after printing), long term (2-4 days after

printing).

The printed polymer strip is stretchy but could not form into a helical structure upon
releasing. Couple hours later, the polymer strip could form into the helical structure after
stretching. And days later, the polymer strip would not be stretchy anymore and would break

into half (as shown in Figure 6.2.3).

Short term

Elastic
(still immersed in DMF) “ >

half Elastic + half Plastic

Plastic
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Figure 6.2.2 The different deformation behavior corresponding to the PVC polymer strips’
different drying stages (from short term to long term). For the short term, the PVC polymer
strip is pretty elastic and could maintain or recover to its original state. For the mid-term,

the polymer strip will generate into helical curling structure

The reason why it has different deforming behavior is due to the evaporation of DMF. PVC
itself was not elastic (as shown in Figure 6.2.3 below), however, DMF acted as a plasticizer
to make it more elastic. For the original state, DMF didn’t evaporate yet, the whole polymer

strip was elastic. And days later, the DMF fully evaporated and only PVC left, which makes

(A) Printed PVC strip on substrate

\ -_ :.: , f/, Dried, plastic

~ " wetted, elastic

(B) Free standing PVC strip
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Figure 6.2.3 The cross-section of PVC strips showing in the evaporation process, which
further explains the asymmetric elastic property distribution for the printed PVC strip (A)
The PVC strip printed on the substrate - the outer shell tends to evaporate more than the
inner shell which makes the PVC strip have the different mechanical property at different
inner site. That is the reason why the PVC will self-propagate into a helical structure upon
stretching. (b) the free-standing PVC strip without any substrate - it has a symmetric
evaporation condition, which results into a symmetric elastic property distribution. No

helical structure will be formed after the release of the stretching.

the polymer strip non-elastic. And fully dried PVC could be broken into parts easily upon the
pull force. For the middle stage, the polymer strip could form into helical deformation upon
force release because DMF was evaporating and therefore formed different concentration
level inside the polymer strip. This concentration variation further caused a varied
distribution of different elastic property. Because of the asymmetry of mechanical property
inside the stripe at different spots of the cross-sections, it enables the polymer strip not only
to bend but also to twist itself, which generated helical structure in general. To further prove
that, a comparison test was made between the PVC strip printed on the substrate and the
free-standing printed PVC strip (as shown in in Figure 6.2.3 B). And because of their different
geometry and different evaporation process. They were used to further validate that the
helical structure was caused by the asymmetry of the mechanical property. The PVC strip on

the substrate will only evaporate the surface part first which exposed to the air (as shown in
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Figure 6.2.3 A), and it created different elastic properties from outside to inside. And it is
asymmetrically distributed compared to the free-standing PVC strip. Although it also had the
same evaporation process, it has the symmetric elastic property distribution because the

strip was all exposed to the air.

Just printed Completely dried

Figure 6.2.4 The PVC strip on the substrate (without stretching) (A) The PVC strips which
was just printed on the substrate, and they were still immersed in the DMF solution. The
width of the PVC strip is not uniformed either. (B) The PVC strips which was dried for 2
weeks. And they had already formed the buckled structure due to the asymmetric

evaporation process
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In the Figure 6.2.4, it further indicates the extreme condition for the asymmetric evaporation
for the printed PVC strip. For the Figure 6.2.4 (A), the freshly printed PVC strip still have
some DMF leaked out of the strip and make the whole PVC strip immersed into the DMF
solution. The PVC strip under this state is completely elastic. Because the DMF was regarded
as a plasticizer. However, after the PVC strip was completely dried out, it will further self-
propagate into a big curve buckled structure.
The reason for the buckled structure is due to the asymmetric evaporation of the DMF
solution. As mentions before in the Figure 6.2.3, the drying process start from the top surface
of the printed PVC strip. It worked the same for the dried PVC strip in the Figure 6.2.4 (B),
and in this process, the PVC will shrink when the DMF will further evaporate. It will also form
into the different elastic property distribution inside the drying PVC strip. At a certain critical
time or point, the upper part of the PVC stripe is more dried PVC and bottom or inside PVC
strip is more elastic due to the remaining DMF. And at this point, the upper surface tends to
shrink and at the same time, the bottom part does not tend to shrink, but it was more elastic.
That is why the whole PVC tend to buckle and eventually, all the buckled strip dries out
completely. This process further indicates the influence of the varied DMF concentration

variation inside the PVC strip.

In addition, even for the helical deformed PVC strip itself, it will generate different helical

micro-structure as well (as shown in the Figure 6.2.5 below).
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Figure 6.2.5 The different helical structure on the same stretched PVC strip. (A) and (B) show
the different the helical structure from left to the right of the PVC strip. The left side has more
smooth edges and right side also has wavy edges. (C) represents the transition from the
smooth edge to the wavy edge (bi-fringes) in the middle which connected the left and right

side of the PVC strip

The reason why there would be two different types of the helical structures on the same PVC
strip is probably due to the non-uniformity of the printed PVC strips. From the previous

Figure 6.2.2, those printed PVC strips were not uniform from left to right. Even being
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stretched with the same load, the two different ends would have different height and width
which might contribute to the different helical structures with different deformation pattern.
And those structures with bi-fringes might be caused by the drying process of different edges
caused by the non-uniformity of the printed PVC stripe as shown in the Figure 6.2.2. Because
the different PVC strip edges will have the different geometry (cross-section shape and
thickness), therefore the following drying process will result into the different mechanical

properties comparing the two ends.

Left s Middle I Right

Figure 6.2.6 There are also perversions in the helical structure as shown in the (B), labeled

with yellow arrows. The (A) and (B) are the left side and right side of the helical PVC strip.
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The (C) is the middle part to connect (A) and (B) together. Because there are three
perversions in this PVC strip, it changes the helical orientation and you could find the

different orientation direction by comparing (A) and (B)

As the Figure 6.2.6 shown above, the perversion connected two oppositely handed helices.
The reason why it generates the perversion after the stretching is because both ends of the
PVC strip are fixed and cannot rotate during and after the stretching. This constrains the
energy release at the end. If the box ends are fixed, the helical coiling will happen in the same
direction which increases the writhe, which needs to be compensated by the twist. In order
to minimize the twisting energy, the helical strip combines two helical coils into an opposite

writhe and form the perversion.

6.2.4 Conclusion

The straight printed PVC strip could self-propagate into the helical structure after stretching.
The reason why it has this different deformation behavior was due to the different
evaporation condition of DMF. Because the PVC was dissolved into the DMF and the
evaporation of DMF further created different concentration distribution of DMF content
inside of polymer strip, which further results into different elastic properties at the different
spots in the cross-section direction since DMF was regarded as a plasticizer. After the
stretching, the asymmetric elastic property distribution in the cross section further resulted

into the different elastic respond. This different elastic respond further results into the



117
helical structure. Because some of the parts could relax to the original state and some of the
parts could not, however, they were bundled together and had to generate the twist and
writhe to further release the energy stored in this asymmetric property distribution.
However, once the DMF completely evaporate off, the PVC strip will be brittle. Therefore, it
will be possible to mix PVC with other non-evaporative plasticizers with different
concentration level to generate a stable strain induced PVC strip without the influence of the

evaporating of DMF.
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