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ABSTRACT: Graphene nanoplates are hoped-for solid lubricants to reduce friction and energy
dissipation in micro- and nano-scale devices benefiting from their interface slips to reach an
expected superlubricity. On the contrary, we propose here by introducing engineered wrinkles of
graphene nanoplates to exploit and optimize the interfacial energy dissipation mechanisms between
the nanoplates in graphene-based composites for enhanced vibration damping performance.
Polyurethane (PU) beams with designed sandwich structures have been successfully fabricated to
activate the interlaminar slips of wrinkled graphene-graphene, which significantly contribute to the
dissipation of vibration energy. These engineered composite materials with extremely low graphene
content (~0.08wt%) yield a significant increase of quasi-static and dynamic damping compared to
the baseline PU beams (by 71% and 94%, respectively). Friction force images of wrinkled graphene
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oxide (GO) nanoplates detected via Atomic Force Microscope (AFM) indicate that wrinkles with
large coefficients of friction (COFs) indeed play a dominant role in delaying slip occurrences.
Reduction of GO further enhances the COFs of the interacting wrinkles by 7.8% owing to the
increased effective contact area and adhesive force. This work provides a new insight on how to
design graphene-based composites with optimized damping properties from the microstructure
perspective.

KEYWORDS: wrinkled graphene, interfacial friction, coefficient of friction, sandwich structure,

damping properties

INTRODUCTION

Graphene is widely used as a solid lubricant in micro- and nano-scale mechanical devices, and
decreasing the friction of graphene modified surfaces to reach superlubricity is currently a constant
effort to improve the lubricating performance of MEMS (micro-electromechanical) and NEMS
(nano-electromechanical) systems.!-> This involves frictional slips between graphene nanoplates and
two major factors are proposed to influence their interfacial friction behavior. The first is the
presences of interlaminar interactions (Van der Waals force,® electrostatic attraction,” and interlayer
radial loading®) and the second pertains to the conditions of the surface (defects,” !° roughness,!!

2 and pucker morphology!3-1%). The weak interlaminar interactions and less complex

edge steps,!
surface conditions have been demonstrated to decrease the friction in graphene systems. For
examples, Wang ef al. have proposed to decrease interlayer interactions by using
hydrogen-passivated graphene, featured with a decreased friction.!® '7 Similar results have also

been reported by using fluorine-passivation in Sen’s work.'® Zeng et al. have suppressed graphene

puckering by strengthening interactions with the substrate to decrease friction."”
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There is a keen interest to develop technologies for reducing the friction of graphene surfaces. By
contrast, the activities described in this work focus on increasing the friction to optimize the
interfacial energy dissipation mechanisms between graphene nanoplates in graphene-based
nanocomposites for enhanced damping performance. Graphene nanomaterials serve the purpose
very well for the following reasons. (i) The extreme large surface area and high strength make
graphene a suitable filler for polymers to provide enhanced damping performance.??! (ii) The low
mass density avoids weight penalty, which is crucial in particular for aerospace applications. The
graphene-graphene interfacial friction is an important energy dissipation mechanism,*> 23 yet it is
scarcely reported and the most work relating to this behavior found in the open literatures focus on
the simulations between ideal flat graphene sheets.? 2% 25 We describe here how to enhance the
interlayer friction behavior of graphene nanoplates by introducing wrinkles through oxidization and
therefore provide high frictional energy dissipation, as the puckering of graphene is capable of
increasing friction.!> ' 15 By further adjusting the interlaminar interaction via the reduction process,
we can obtain remarkable enhancement in damping performance of graphene nanocomposites since
the relative slips between wrinkled graphene nanoplates are engineered. The potential of wrinkling
graphene as a method to tailor multifunctional properties, such as super-hydrophobicity, capacitive,
sensing, adsorbing, has been explored in several studies.?®?° Despite of some studies on engineering
wrinkle for controlling friction of graphene,'> 3% 3! to the best of our knowledge, no work has so far
focused on the effect of wrinkles in graphene on the damping properties of their composites and
elucidated the damping mechanisms from the nanofriction perspective with the aid of atomic force
microscope (AFM).

As a demonstrator of a material substrate that would increase its energy dissipation and damping

performance by using engineered wrinkled graphene, beams structures made of polyurethane (PU)
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have been used here due to its intrinsic high viscoelastic properties.’? Increased damping properties
can be obtained when the beams are in a sandwich form.’*3> A dip-coating method is adopted to
fabricate the sandwich beams, in which graphene or graphene oxide (GO) coatings are represented
as the damping core layers. Within the configuration of these designed beams, their quasi-static
energy dissipations and damping loss factors exhibit remarkable 71% and 94% increases compared

to pristine PU beams, respectively.

RESULTS AND DISCUSSION

Design of The Wrinkled Graphene and Their Sandwich Nanobeams. The formation of
wrinkled graphene can be achieved through various methods.?® Figure 1a depicts how engineered
wrinkled graphene has been produced in this work through a facile oxidization and reduction
process. The oxidization of graphene nanoplates (GnPs) can produce wrinkles in the nanoplates and
the further reduction can adjust the properties of the wrinkles, i.e. the shrinking of the wrinkles. By
sandwiching damping layers (wrinkled GO coating layers, for example) between two constrained
layers of PU matrix (Figure 1b), we can create an efficient molecular damping mechanism that
dissipates mechanical energy into heat through the nano-scale deformation of the graphene sheets
with relative displacements. The fabrication of the sandwich nanobeams is based on the use of PU
beam substrates combined with a dip-coating method (Figure 1c¢). The critical process is represented
by the coating of the damping core layers (especially the one for GO coating). Evaluating the
quality of the coating entails three critical factors. (i) The coating morphology: the GO nanoplates
should be unfolded, overlapped and evenly attached to the surface of the PU in order to maximize
the benefits of their large specific surface area for the GO interface friction. (ii) The number of

wrinkles: large numbers of wrinkles are present in GO nanoplates and they could contribute to the
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energy dissipation through interface friction. (iii) The bonding strength of the GO-PU interface: this
should be sufficient to transform load from the PU matrix and activate the GO-GO slip mechanism

when the sandwich nanobeams are subjected to mechanical cyclic deformation.

a. Engineered wrinkles

Wrinkling Shrinking

Graphene nanoplates (GnPs) Wrinkled graphene oxide (GO)

Oxidization

Wrinkled reduced graphene

Reduction

Overlapped

50 pm < PU constrained layer inkled GO
‘wrinkle
1200 pm - Damping core layer Coupli !
pling agents
l PU constrained layer - C 0 *H
Sandwich structural nanobeams Interfacial slippage of wrinkled GO Interaction of wrinkles
C. Fabrication of sandwich nanobeams
O: plasma O: plasma
treatment treatment
Drying Curing
PU beam Ink coating PU layer coating Sandwich nanobeam

Figure 1. a) Schematics of the engineered wrinkled graphene (oxide) and their corresponding SEM images, scale bar: 5
um. The oxidization process can wrinkle the GnPs and the wrinkles shrink due to the further reduction progress. b)
Ilustration of the interfacial slippage energy dissipation of wrinkled GO sandwiched by PU layers. The strong chemical
bonds formed by the coupling agents transform the shear load from the PU matrix to the overlapped GO core layer, the
interfacial slip between wrinkled GO nanoplates is activated and causes the interactions of wrinkles. ¢) Flow chart of
the fabrication of the sandwich PU nanobeams. The O» plasma treatment applied here is to create oxygen contained

groups on the pre-coating surface and assist in forming chemical bonds with coupling agents in the PU/GO interfaces.

The as-produced GnPs possess a smooth surface with 5~10 pm in size and ~3.5 nm in thickness
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(Figure 2a). After being oxidized, the GO nanoplates assume a rough surface with wrinkles, and
their thicknesses increases to ~6.3 nm due to the introduction of oxygen-contained groups on the
nanoplates (Figure 2b). The GO nanoplates contain approximately six single sheets of GO, since
each one is close to Inm in thickness.*® Samples coated with GnPs and GO nanoplates were
prepared (Figure 2c-e). Both the flat GnPs and the wrinkled GO nanoplates are uniformly coated on
whole smooth pristine PU surface in an unfolded and overlapped manner by using our fabrication
processes. Ultrasonication has confirmed the presence of strong GnPs and GO attachments due to
the chemical bonds between the PU and the GnPs (GO) created by the coupling agent (Figure S1 in
the Supporting Information). All these demonstrate that the pre-conceived damping coatings are
successfully obtained by using our ink dip-coating processes. The reasons are multiple and the key
one is the preparation of a proper ink coating solution. The dispersion and solubility of the GO are
dependent on the polarity and surface tension of the solvent, and the uniform dispersions can be
obtained in water.>’-*° Ethylene glycol (EG) was selected as the solvent because of its close polarity
and surface tension to water (Table S1 in the Supporting Information). The as-prepared GO
nanoplates dispersed in EG with the assistance of 2.5 h ultrasonication are ~ 6 nm in thickness,
which are stiff enough to guarantee the nanoplates in an unfolded status and meanwhile maintaining
plenty of wrinkles and crumples. A silicane coupling agent was also added to further improve the
stability of the ink®” 4* (Figure S2 in the Supporting Information) and to obtain a strong GO
attachment by building chemical bonds between the GO and the PU (combined with O> plasma
treatment).*! In addition, the wrinkled morphology of the flexible GO nanoplates also contributes to
the good quality of the coating because of the desired undulations**** (wrinkles, crumples) that can
simultaneously impede the self-curling and the reaggregation of the GO.*+4¢

After the GO coating, the beams were dip-coated with the PU acting as a top constraining layer.
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SEM images (Figure 2f, g) show that the PU fully wraps the GO-coated beams and produces a
uniform layer of thickness ~50 um. The interfaces of the sandwich beams present high-quality, as
the PU layers contact directly with the GO core layer. The GO coating layer is ~100 nm in thickness,
which consists of multiple overlapped GO nanoplates. In addition, the PU attached to the GO
nanoplates also contributes to the overall thickness of the GO core layers, as their morphology
differs from that of pure GO coating membranes (Figure S3 in the Supporting Information). The
separated PU phases show that the GO nanoplates are still attached to both sides of the PU surfaces
(Figure 2h and Figure S4 in the Supporting Information). This is due to the strong chemical bonds
between the PU-GO interfaces created by the coupling agents,*’*° which are stronger than the
interlaminar Van der Waals force between GO nanoplates.’® The overlapped GO nanoplates in the

core layers are therefore exfoliated and delaminated as the PU layers are separated from each other.
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Figure 2. AFM images of as-prepared a) flat GnPs and b) wrinkled GO nanoplates and their corresponding height
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profile patterns derived from line 1 and line 2, respectively. SEM images of c) pristine PU surface and morphologies
after coating with d) GnPs and e) GO nanoplates. The flat GnPs and wrinkled GO nanoplates are firmly coated on the
smooth PU surface in an unfolded and overlapped manner. f-h) Cross-sections of the sandwich nanobeam samples with

GO as the core layer and the delaminated GO nanoplates as the PU layers separate from each other.

Most of previously reported simulations of the nanofriction effects in graphene fail to consider
large-scale wrinkles occurring on the surface and reveal that the graphene interlaminar shear force
is dependent on the interlayer distance, which is related to the number of oxygen-contained
functional groups on the graphene sheets.”* The GO nanoplates after oxidizing the GnPs in this
work are however wrinkled, and we have performed an additional reduction process to tailor the

properties of the wrinkles by using hydroiodic acid (HI) reductant.>!->2

Raman spectra (Figure 3a)
show an increase of the /(D)/I(G) intensity ratio, which confirms the reduction of the GO and the
presence of more defects generated by the increase of the HI treatment time. That is because the
removal of the oxygen-contained functional groups usually leave defects at the original locations
and that can be reflected in the Raman signals.!® The (D)/I(G) ratio increases rapidly during the
first 30 s (1.27 to 1.53) and slows down afterwards (1.53 to 1.55), showing an overall “fast-slow”
reduction process. The XPS results (Figure 3b, ¢) further confirm the progress of the removal of the
functional groups experiencing this type of process. The increase of C/O ratios and the weakened
peaks of oxide-contained groups indicate that hydroxyl and epoxy groups are significantly reduced
during the first 30 s, and reach lower contents when the time of the treatment is prolonged (60 s).
Damping Properties. The effect of the designed damping core layer on the energy dissipation of

the beams has been evaluated using dynamic mechanical analysis (DMA) under temperature and

frequency sweeps. Both storage modulus and loss factors (tan §) of the samples before and after
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only coating PU constrained layers remain no obvious difference (Figure 3d-g). The storage
modulus of samples with GnPs core layer (Figure 3d, f) decreases in comparison to virgin PU,
which may be ascribed to the relatively slips between flat graphene nanoplates. The storage
modulus further decreases after GnPs oxidization, which may be due to the soft and wrinkled GO
nanoplates that less contribute to the modulus of the beams than the stiff and flat GnPs. For samples
with reduced GO (rGO), their storage modulus however increases and larger enhancements are
achieved with the reduction time increasing (although the storage modulus of samples after 60 s
reduction is still lower than that of samples with GnPs). On the contrary, the loss factors (tan d) of
samples with GnPs (Figure 3e, g) initially increases by 7% at glass transition (7%) and 40% at room
temperature (R7, 1 Hz) due to the interlaminar friction of GnPs in comparison to virgin PU. The tan
0 is enhanced by 11% at 7T, and 70% at RT owing to the introduction of wrinkles on graphene after
oxidization, and picks up further to reach enhancements of 21% at 7, and 94% at RT for samples
after 60 s reduction compared with pristine PU beams. Quasi-static energy dissipation properties
(Figure 3h, Data processing in the Supporting Information) show that the energy dissipation
coefficient () of samples with GnPs increases by 4% compared to the baseline PU beams, 30% due
to the introduction of wrinkles in graphene nanoplates, and further reach 71% for samples with 60 s
reduction. The increasing 7 is in agreement with the variation trend of tan 9, and both of them show
a “fast-slow” increasing trend versus the HI treatment times, which is consistent with the removal
process of functional groups as elucidated from the Raman and XPS analyses. Importantly, the loss
factors (tan 9, 0.10~0.25) and storage modulus (£’, 150~300 MPa) from the DMA at 1 Hz (RT) are
a touch higher than the energy dissipation coefficients (#, 0.07~0.15) and Young’s modulus (E,
100~160 MPa) in quasi-static tests (Figure 31), respectively. This confirms the consistency of our

measurements.
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Figure 3. a) Raman spectra of GO and rGO with different reduction time. b) XPS full spectrums of GO (rGO) and c)

their C1 spectrums. Dynamic damping properties as storage modulus and tan & obtained by the DMA under d-e)

frequency sweep (1-30 Hz) at RT and f-g) temperatures sweep (-100-150 °C) at 1 Hz. h) Quasi-static energy dissipation

properties obtained from quasi-static three-point bending cycle tests. i) Stress-strain curves under uniaxial tension tests

and their corresponding Young’s Modulus derived from the slopes within the linear elastic range at 2%~3% strain.

Damping Mechanisms. To explore in depth the damping mechanism under frictional behavior,

we have measured the friction forces of GnPs and GO nanoplates by AFM under Lateral Force

Mode (see the details in the Supporting Information). The force profile patterns (Figure 4c) derived

from the line 1 traced in the force image (Figure 4b) show that the force variations are in both trace

and retrace modes, which are typical of mirror symmetry.! The friction forces of the GnPs feature a

more stable pattern because of their smooth surfaces and are smaller than those produced in GO
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nanoplates, even when measured on flat areas. This is due to the oxygen-contained groups that
strengthen the out-of-plane elastic characteristics of the GO, with larger deformation being caused
during the slips.> In contrast, large friction forces of the GO occur at the wrinkle sites whereas little
evident friction is observed on the flat areas. The friction forces measured along the scanning
direction present large values (“ridge”) on the face side of the wrinkles, and small values (“valley”)
on the back side (Figure 4c, e, f). This behavior can be explained by the nature of stick-slip
phenomena: the probe moving forwards is stuck by the puckered wrinkles and hence results in the
increased friction force, then suddenly slips and causes the minor force when the wrinkles are
overcome.'> Some published articles have reported that the layers of GO sheets affect the friction
force, with fewer layers providing larger friction.>* Our work shows that the friction forces provided
by three layered GO nanoplates are indeed ~1 nN higher than those of 7(10) layered GO nanoplates
(Figure 4d). Those different forces are however one order of magnitude smaller compared with the
ones measured in the wrinkles (10~20 nN) and therefore can be ignored during the analysis. In short,
the wrinkles mainly contribute to the overall friction of the graphene sheets that provide topological
mechanical barriers and cause the majority of the energy dissipation when the GO nanoplates are

experiencing a mutual slip.

11 / 33



(b)

4218 3505

[nm] [nN]

000 A — 1892
( ) 2.00 um 500 x 500 um (d) 2.00 um 500 x 500 um

[
o
T

—
o
T

-10
e Wrinkles il
-20
_30 1 1 1 0 L 1 N 1
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0

Horizontal Position (um)

50781 x50781 [nm] Z 000 - 1473 [nm 50781 x50781 [nm] Z -1539 - 2867 [N

Figure 4. a) Scanning probe GO morphology and b) corresponding friction force image measured simultaneously by

AFM under Lateral Force Mode (LFM). The high spot lines on the GO nanoplates are the ridgy wrinkles and their

corresponding high friction force. c) Friction force profile patterns derived from GnPs force image and line 1 in image

b). The ultra-high friction forces are located at the wrinkle areas. d) Friction force profile pattern and its corresponding

height profile pattern derived from line 2 in image b). e) The morphology of a wrinkle and f) its 3D displayed force
12 / 33



image.

At this point let us discuss the damping mechanism observed in the sandwich nanobeams. The
wrinkled GO nanoplates are overlapped to form the core layer, and the GO close to the PU phase
are connected to the matrix with strong chemical bonds formed by the silicane coupling. When the
beams are subjected to external bending, the outer constrained PU shells induce a shear load
transfer on the inner PU phases, and their interfaces slide with a relative motion to match the
deformation. In this sense, the GO nanoplates close to PU matrix move together with the matrix,
the inner interfacial slips of overlapped GO nanoplates are activated under the shear effect and
contribute to the global damping properties of the structure. The results of the in-situ SEM under
tensile loading identify the existence of this interface slip (Figure 5a-c). The interfacial friction
mechanism of the wrinkled GO nanoplates starts at Point 2 and gradually ends when reaching Point
3. The main slip is provided by the shift of the interface within a 0.6%~2.0% strain range and the
applied damping strain is ~1%, which well locates within this area. The existing wrinkles play the
main interactions while the GO nanoplates slip in relative motion (Figure 5d). As a result of the
random orientation of the wrinkles, one can observe the presence of three types of interaction
motions: (1) parallel between wrinkles, (2) wrinkle-flat GO and (3) transverse between wrinkles.
All these interactions could cause severe distortion of the wrinkles due to the large friction forces
involved and present high energy dissipation under the mutual slip of GO nanoplates. As the applied
strain increases, no further obvious interfacial slip is observed, and this may result from the
self-locking of the wrinkled GO nanoplates due to the presence of large numbers of interactions
between wrinkles. Cracks initially generate in the PU matrix (Point 5) and propagate to the

interfaces (Point 6), this indicates that the GO core layers provide an additional and beneficial effect
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as a reinforced transitional phase of the PU interfaces at a large applied strain. Here the 0.6%~2.0%
strain range is termed as a ‘functional zone’. Once an applied strain is in this zone, the interfacial
slip mechanism of wrinkled GO nanoplates is activated, if lower than 0.6%, the shear force of the

interface is not enough to drive the slip, and if beyond 2.0%, the self-locking of wrinkled GO

nanoplates ends the slip.
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Figure 5. The mechanism of the interfacial slip observed under in-sifu tension SEM. a) The evolution of the interfacial
slip marked as the shift of red line, scale bar: 20 um. b) The corresponding stress-strain curves and c) the enlarged graph
d) Schematic illustrating the energy dissipation mechanism of interlaminar slips of wrinkled GO nanoplates. Three main

motions between wrinkles are present: (1) parallel between wrinkles, (2) wrinkle-flat GO, and (3) transverse between

wrinkles. (Just shown the top sheets of GO nanoplates here)
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How the GO Reduction Affects the Damping Mechanism. We have ascertained that the
wrinkles mainly contribute to damping, hence they are chosen to probe how they impact the
damping mechanism. Yang ef al. has clarified that the reduction process can induce crumples on
rGO nanoplates,>® the almost indistinguishable morphologies of the GOs before and after reduction
in our work however indicate that the reduction process does not contribute to the formation of
wrinkles on the coated GO nanoplates (Figure S6 in the Supporting Information). The GO
nanoplates presented are chemically coated on the PU surface because of the coupling agent, and
this may be the reason for inhibiting their puckering. The COFs of the wrinkles are increased with
the increase of their orientation angle (Figure 6a). This relationship has been also observed in Long
and coworker’s work, whereby the anisotropy of COFs reaches as high as ~194%, and it is
attributed to more deformation of the graphene produced when probing along a perpendicular
direction to the ripple lines.!> The observed wrinkled GO-GO slip behavior presents however
isotropic characteristics when considering the whole amount of GO nanoplates. Most importantly,
the COFs of the identified wrinkles present a growth trend with the reduction time prolonging, and
a 7.80% increase achieved after 60 s.

To investigate the underlying mechanism of the increased COFs, we have considered the size of
the wrinkles firstly. The results show that the wrinkles shrink as the reduction process narrows their
width and increases their height (Figure 6b, d-f). According to Lerf-Klinowski’s GO model, the
basal planes of GO sheets are mainly functionalized by hydroxyl and epoxy groups and the edges
by carboxylic and hydroxyl groups.®’ The groups present in the basal planes significantly contribute
to the interlayer distance in GO nanoplates.’® The XPS results (Figure 3¢) confirm that the epoxy,
hydroxyl and keto groups are the main groups attached on GO and the reduction process leads to

the decrease of the groups. The XRD results (Figure 6¢) show a characteristic peak for the GO at
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about 9.7°, which corresponds to an interlayer spacing of 9.2 A attributed to the existence of large
numbers of oxidative groups. The restacking of the rGO sheets caused by the removal of the basal
plane groups leads to the appearance of the (002) diffraction peaks (~23.7°, d-spacing = 3.8 A), and
the peaks become stronger since more groups are eliminated with the reduction time increasing. The
smaller diffraction peak angles and broader spans are an indicative of a disordered stacking
resulting from the highly wrinkled graphene sheets compared with the sharp characteristic peak of
GnPs (~26.5°, d-spacing = 3.5 A). The increased interlaminar force (i.e. Van der Waals force) of the
rGO nanoplates ascribing to the decreased interlayer spacing distance (from 9.2 A to 3.8 A) is the
driving factor behind the shrinking of the wrinkles (see the inserted schematic in Figure 6b). It has
been proved by both Tripathi and Ye’s works that the higher wrinkles yield larger friction as the
higher bending flexibilities and tractions would be triggered while the probe tip is scanning over the
wrinkles.?® 3! Moreover, the introduction of defects (vacancies) proved by the Raman analysis can
reduce the stiffness of GO nanoplates.’® The shrunken and more flexible wrinkles resulted from GO
reduction therefore conspire to produce a larger deformation near the contact edge, and also an

increased effective contact area, which leads to an enhanced friction behavior of the wrinkles.!? 3%

31,59
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Figure 6. a) COFs of the wrinkles under different orientations and their HI reduction times. b) The variation of the
wrinkle size as a function of the reduction time and the visualized shrinking process of a wrinkle (inserted graph). c)
XRD patterns of rGO coatings collected under different reduction times. d-f) Cross-section diagrams of the wrinkles
derived from the morphology images and their corresponding 3D display (inserted) under different reduction times (0 s,

30s, 60 s).

The viscosity and adhesive forces are also considered and measured by AFM under Force
Modulation Mode and Force Curve Mode (see the details in the Supporting Information). The
viscoelasticity (magnitude and phase images) of the wrinkled GO nanoplates (Figure 7a, b) shows
that the wrinkles present larger viscoelastic effects than flat areas. Along the scanning direction
(from right to left) a large elasticity is observed on the face side of the wrinkles and a large viscosity
on the back side, resulted from the scanning mode of “uphill” on the face side and “downhill” on
the back side. The elasticity of the wrinkles decreases while the viscosity increases with the increase
of the HI treatment time (Figure 7c). In addition, the larger adhesive forces are obtained in the

wrinkles compared to flat areas (Figure 7d-f). That is because the ridge-like wrinkles present higher
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bending flexibilities and tractions than the flat areas of graphene when the probe tips approach and
release the graphene surfaces.’® The results also show that the adhesive force in the wrinkles
increases as the GO reduction time increases. The main reason behind this is the introduction of
defects caused by the reduction process, which makes wrinkles softer.>* > This matches well with
the observed decreased elasticity of the wrinkles, and also justifies the increase of viscosity and the
adhesive force. To explain the strengthened interactions between the wrinkles, they can be identified
as interactions between the GO-GO interfaces. The basal plane oxygen functional groups (hydroxy
and epoxy) generate high repulsive electrostatic forces that lead to low interfacial friction.” As
fewer functional groups are left with the increase of the reduction time, the reduced interlayer
distance and repulsive forces are conducive to stronger Van der Waals forces and electrostatic
attractions, which result in an increase of the equivalent viscosity and the adhesive forces exerted by
the wrinkles.® In conclusion, both the increased effective contact area and adhesive force (viscosity)
contribute to the enhancement of the friction force between the wrinkles, and thus to higher energy
dissipation and damping properties of the nanocomposites (Figure S7 in the Supporting

Information).
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Figure 7. a) Elasticity (amplitude) and b) viscosity (phase) images of a wrinkled GO nanoplate. ¢) The viscoelasticity of
the wrinkles as a function of the HI reduction time. d) A wrinkled GO shown with wrinkles and flat areas, and e) their
adhesive forces as function of the HI reduction time. f) The contribution of the wrinkles adhesive force derived from the

difference between wrinkles and flat areas values.

Further Discussion in Context. Damping properties of the present polyurethane-based graphene
nanocomposites compared with results from open literatures are summarized in Table 1. In general,
traditional graphene (oxide) nanocomposites with distributed nanofillers show a limited
enhancement (less than 10%), or even a decrease in terms of damping properties. An accepted
explanation for this behavior is the non-uniform dispersion of the fillers proposed, as the
re-aggregation and self-scrolling of the graphene sheets in nanocomposites limit their high surface
area advantage.*®> % 61 A second explanation is related to the strong interface bonds between
chemically modified graphene and the matrix, enhancing the load transfer and restricting the

graphene-matrix interfacial slip mechanism.*’** The last accepted explanation is about the
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confinement of the polymeric chains between the graphene particles, which inhibits the natural
damping performance of the polymer matrix.** Remarkably, the damping properties of the
composites with rGO content as low as ~0.08wt% in this work provide a very unusual enhancement
of 94% by introducing the interfacial friction mechanism presenting in wrinkled rGO-rGOs. The
dip-coated GO nanoplates are in an unfolded and overlapped form that possess large surface area,
and the interfacial friction mechanism of the GO nanoplates can be triggered in an easier way under
the sandwich structure configuration of the nanobeams. The introduced wrinkles play the main role
in enhancing the damping, with the wrinkled GO-based nanocomposites by dissipating 75% more
energy compared with the nanocomposites with GnPs. The size, viscoelasticity and adhesive force
of the wrinkles can be engineered by GO reduction to adjust the COFs. With COFs of the wrinkles
only enhanced by 7.8%, the damping of rGO-based composites is however further increased by 34%
due to the accumulation of energy dissipation within the weight fraction of the rGO nanoplates. It is
also worth pointing out that by tailoring the dispersion of extremely low contents of engineered
graphene particles in polyurethane, our work provides valuable indications on how to significantly
increase the damping of nanocomposites in an environment - room temperature (under different

frequency) - that is relevant to many technological applications.
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Table 1. Damping properties of present composite material compared with reported results

Composites Content Enhancement Reference
PU/GO 0.5wt% ~4% (Tg”, 10 Hz) Yu et al.®2
PU/GO 1.0wt% ~7% (Tg, 1 Hz) Shamsi et al.%
PU/GnPs 0.5wt% ~6% (Tg, 1 Hz) Aida et al.®
PU/GnPs 0.5wt% ~2% (Tg, 10 Hz) Samsook et al.%
PU/rGO 2.0wt% Decrease (T,, 1 Hz) Chen et al.¥

PU/G nanoribbons series Decrease (T,, 1 Hz) Xiang et al.*®
PU/Graphene 2.0wt% Decrease (Ty, 1 Hz) Pokharel et al.¥’
PU/GnPs ~0.08wt% 7% (T, 1 Hz)
PU/GO ~0.08wt% 11% (T, 1 Hz)
PUAGO ~0.08wt% 21% (T, 1 Hz)
Our work
PU/GnPs ~0.08wt% 40% (RTY, 1 Hz)
PU/GO ~0.08wt% 70% (RT, 1 Hz)
PU/GO ~0.08wt% 94% (RT, 1 Hz)

T,: glass transition temperature (~ -42 °C); YRT: room temperature (under frequency sweep).

CONCLUSIONS

In the work, sandwich structure beams with unfolded and overlapped GO (rGO) nanoplates as the
core layers are designed and successfully fabricated by dip-coating method. The damping properties
of composites are both investigated under quasi-static and dynamic states. By capitalizing on the
damping mechanism of GO-GO interfacial slips, wrinkles are confirmed to play a pivotal role in
energy dissipation due to their large coefficients of friction. We demonstrate that the damping
performance after GO reduction is further enhanced resulted from the increased effective contact
area and adhesive force of wrinkles. rGO-contained nanocomposites, featured with sandwich
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structures, afford higher damping properties under the damping mechanism of interface slips of
wrinkled rGO nanoplates compared with traditional distributed nanocomposites. This work
provides an in-depth understanding of the structural mechanism for establishing the design protocol
of nanocomposites for damping applications. Yielded by the dip-coating process merely repeated
once, the composites reveal such high enhanced damping capabilities (94%). It is reasonable to
predict that the damping performance will be further enhanced as more rGO core layers are
introduced in the matrix by further repeating the dip-coating process. Relevant works are under

way.

METHODS

Preparation of Dip-Coating Ink. Graphite flakes (3.6 g, particle size<30 um) were expanded
using a solution of K»S>04 (3 g) and P05 (3 g) in concentrated HoSO4 (15 ml) at 80 °C for 72 h.
After 2 h ultrasonication, the solution was carefully poured into water before being filtered through
a 0.45 um PTFE filter and washed thoroughly with water three times, then dried in an oven at 50 °C
for 48 h, the GnPs powders were obtained. GO was produced using a modified Hummer’s method
from GnPs.% GnPs (2.00 g), NaNO; (1.00 g) and H,SO4 (46 mL) were first mixed together in a
three-neck beaker which was kept in an ice bath whilst being stirred. After 30 min, KMnO4 (6 g)
were added to the suspension stepwise kept reacting for 2 h. Then the suspension was heated to 35 °C
and held for 3 h. Distilled water (46 mL) was slowly poured into the beaker and the temperature
quickly reached 98 °C. After maintaining 10 min, another distilled water (100 mL) and H>O> (36
mL, 30%) were slowly added to cease the reaction. For purification, HCI (53 mL, 36%) was needed
and the suspension was washed by deionized water several times with the assistance of

centrifugation. The washed suspension was condensed in an oven (50 °C) for 60 h to yield dried GO
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membrane, followed by grounding into powders. Finally, the GnPs and GO powders were
re-dissolved in ethylene glycol with ultrasonication (3 h) and agitation (12 h) at room temperature,
an ink of 0.4wt% solution was produced for dip-coating process. All reagents were purchased from
Sinopharm Chemical Reagent Co. Ltd and used as received without further purification.
Preparation of Sandwich Structure Nanobeams. The pristine PU beams were first fabricated
using a water-based aliphatic polyurethane dispersion (PUD, 715) from Jining Huakai Resin Co.
Ltd, China. In order to build strong chemical bonds between PU and GO (GnPs), PU beams were
treated by O plasma, and silicane coupling agents (KH-550) were added into the ink. In addition,
acetic acid was added and the pH of ink solution was kept in 3.5, which can accelerate the
hydrolysis of coupling agent. Then PU beams were immersed in the ink and taken out 10 min later
to dry at 50 °C for 40 h. For GO reduction, the GO coated beams were immersed fully in HI
solution (45%) and allowed to proceed at 80 °C for 15 s, 30 s, 45 s, 60 s, respectively, which
resulted in the different reduction degree of GO nanoplates. Then alternately rinsed with deionized
water and alcohol three times, dried at 50 °C for 2 h. Following the similar dip-coating process,
PUD was used again to seal the GO or rGO coating as a top coating.

(In-Situ) SEM Measurements. Surface morphologies were investigated by a cold Field
Emission Scanning Electron Microscopy (FE-SEM, Hitachi S-4800) operating at 3.0 kV. The in-situ
tension of samples was realized by a Scanning Electron Microscopy (SEM, Quanta650) equipped
with a homemade tensile stage. Before observation, the samples were sprayed with Au for 90 s.

Characterization of Lateral Force, Viscoelasticity and Adhesive Force. Scanning probe
images of GO (rGO) morphologies and friction force images were simultaneously measured under
the Lateral Force Mode (LFM) with a Scanning Probe Microscope (SPM-9700, SHIMADZU). In

addition, Force Modulation Mode (FMM) and Force Curve Mode (FCM) were employed to
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characterize the viscoelasticity and adhesive force of wrinkled GO (rGO) nanoplates. All the
measurements were conducted at room temperature.

Raman, XPS, XRD and Contact Angle Measurements. Raman spectrum registered on a DXR
Smart Raman spectrometer (irradiation wavelength: 532 nm) and X-ray photoelectron spectroscopy
(XPS) equipment supplied by Kratos Analytical Ltd were employed to analyze the precise process
of GO reduction and the progress of removing oxygen-contained functional groups. The X-Ray
Diffraction (XRD Empyrean 200895 PANalytical B.V.) was used to define the lamellar distance of
GO sheets. The GO coatings were dried in an oven under 50 °C more than 40 h, so as to eliminate
the influence of solvent. The contact angles of GO and rGO coatings were measured by Contact
Angle Meter (DCA20) under room temperature.

Measurement of Mechanical Properties. Tension tests were performed at room temperature by
using Zwick/Roell Z5.0 universal testing machine with SkN load cell. Tests were taken under stroke
control with a maximum strain of 18% at a crosshead speed of 3 mm min'!. Quasi-static three-point
bending cyclic tests were performed by INSTRON 5943 universal testing machine with 1kN load
cell. Tests were taken under stroke control with a maximum strain of 10% at a crosshead speed of 5
mm min! under the standard measurement of ASTM D790.

Characterization of Dynamic Damping Properties. The dynamic damping properties as both
frequency and temperature dependent viscoelastic properties (storage modulus £’ and tan §) of the
designed composites were evaluated by Dynamic Mechanical Analyzer (DMA, TAQ800). The
specimens were subjected to a frequency scan of 1 Hz~30 Hz at room temperature and a
temperature scan of -100~150 °C with fixed frequency of 1 Hz under dual cantilever mode, the
amplitudes were setting 40 um (~1% deformation).
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