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Disordered wrinkles inevitably appear in the fluid assembly process of graphene and heavily depress perfor-
mances of assembled graphene papers. Achieving high plasticity enables the post modulation to rearrange
wrinkles by stretching. Here, we obtain an over 100% improved plasticity by intercalating oligomer into gra-
phene oxide (GO) laminates and fabricate strong, stiff and conductive graphene papers (GPs) via post stretching.
The intercalated oligomer activates the mobilization of GO sheets and achieves high plasticity of solid GO papers.
The improved plasticity allows high stretching ratio and the post-stretched GP features regular orientation (0.95)
of graphene sheets and aligned fine wrinkles. The crystalline GPs have a high tensile strength up to 1.3 GPa,
Young’s modulus of 92.9 GPa and highly electrical conductivity (1.05 x 10° S m™1). The greatly improved
plasticity by oligomer extends the processing capability of graphene materials and the strong and conductive GP
can be assembled in high performance nanocomposites with excellent electromagnetic interference shielding

effectiveness (EMI SE).

1. Introduction

Graphene has unprecedented in-plane mechanical and electrical
properties, including fracture strength of 130 GPa, Young’s modulus of
1 TPa and high electrical conductivity [1,2]. Macroscopic graphene
materials have been designed by directly assembling single-layer gra-
phene-derivatives (such as graphene oxide, GO) through a simple
wet-assembly approach and a post chemical/thermal reduction. For
example, graphene papers (GPs) can be prepared by solution casting
[3-101, vacuum-assisted filtration [11-20], and spray coating [21,22].
Graphene fibers can be fabricated by wet-spinning of GO liquid crystals
[23]. A vital goal is to realize the properties of single-layer graphene on
the nanoscale into these macroscopic graphene materials, whereas
limited by inevitably generated disorders in the wet-assembly process
[24-26]. The low bending rigidity of GO sheets aggravates the formation
of massive disorders during wet-assembly process [27,28], driven by the

slow dynamic motion, skinning effect, and capillary contraction in
drying [25]. How to eliminate these random disorders in macroscopic
graphene materials has become a persistent challenge.

Several efforts have focused on reducing the random disorders in
graphene papers. For instance, weakly oxidized graphene fabricated by
a modified Hofmann’s method has a higher bending rigidity and its
paper exhibits enhanced sheet alignment of 0.84 with high tensile
strength of 445 MPa and stiffness of 52.3 GPa [29]. By improving the
pre-order of GO sheets in the liquid state, Zhong et al. reported a cen-
trifugal spray method and prepared strong graphene papers with a high
tensile strength of 660 MPa [22]. Very recently, a phenomenon of sol-
vent intercalation plasticization was found to make GO papers (GOPs)
with a near-solid plastic processing state, which allows the
post-stretching to efficiently eliminate random wrinkles [30]. In the case
of ethanol as intercalator, the ultimate strain was improved to 10% and
the post-stretched GP exhibited a tensile strength of 1.1 GPa and a
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Young’s modulus of 62.8 GPa. In principle, the higher plastic deforma-
tion is achieved, the higher stretching-ratio can be applied to fully
eliminate structural disorders and improve performances. How to pro-
mote the plastic deformation of solid GOPs and even exceed that of
polymers still waits to be explored [30-33].

Here, we achieve an enlarged plasticity in GOP with plastic defor-
mation exceeding 20% by intercalating oligomer into the interlayer of
GO laminates. The ultimate strain of GOP by intercalating oligomer is
twice as much as that by intercalating solvents at the same interlayer
distance. We demonstrate that the improved plastic deformation mainly
arises from the high inner friction of oligomer chains between adjacent
GO sheets, which dramatically increases the energy-dissipation during
stretching. The enhanced plasticity allows improved stretching ratio
(SR) to adequately eliminate the disorders in the GP with a high sheet-
orientation of 0.95. Massive aligned fine wrinkles in highly stretched
GPs afford efficient stress-transfer under tension. The GP displays
improved mechanical properties, including a high tensile strength of 1.3
GPa and Young’s modulus of 92.9 GPa. Moreover, the electrical con-
ductivity reaches 1.05 x 10° S m™! after chemical reduction at room
temperature. We also show a strong and functional composite with a
layer-by-layer structure. The composite exhibits a high tensile strength
and attractive electrical conductivity, extending the potential uses of
graphene in EMI shielding.

2. Experimental section
2.1. Materials

Aqueous GO dispersion (11.7 mg g~ ') was purchased from Hangzhou
Gaoxi Technology Co. Ltd (www.gaoxitech.com). The average size of GO
was measured as 11.9 pm (Fig. S1). Polyethylene glycol (PEG, average
molecular weight = 150, 200, 1000, 2000, 4000, 10000 Da) and ethanol
were purchased from Macklin Biochemical Co. Ltd. Hydroiodic acid was
purchased from Sinopharm Chemical Reagent Co., Ltd.

2.2. Preparation of GOP-i-PEG

PEG was mixed with diluted GO dispersions with a concentration of
6.5mg g~ . With a fixed GO mass of 0.1 g, we prepared six solutions with
different GO and PEG concentrations: (1) 100 wt% GO and 0 wt% PEG;
(2) 90 wt% GO and 10 wt% PEG; (3) 70 wt% GO and 30 wt% PEG; (4)
50 wt% GO and 50 wt% PEG; (5) 70 wt% GO and 30 wt% PEG; (6) 10 wt
% GO and 90 wt% PEG. The GOP-i-PEG was prepared by casting the GO/
PEG complex solutions on a polyethylene terephthalate (PET) substrate
at ambient temperature and relatively high humidity for slow
dehydration.

2.3. Plastic stretching of GOP-i-PEG

The plastic GOP-i-PEG was stretched at different SR (0%, 8%, 15%)
with a speed of 5 mm min~ L. Then, in the tension state, stretched GOP-i-
PEG was immersed in ethanol for at least 10 min to remove the PEG.
Finally, the plastic-stretched GOP was obtained after drying under ten-
sion at ambient temperature.

2.4. Preparation of GP

Followed by reduction with the mixture of hydroiodic acid and
ethanol (the volume ratio of 1:3) at room temperature for 24 h, GP was
obtained after being washed repeatedly with ethanol five times, and
completely dried under tension at ambient temperature.

2.5. Fabrication of GP/epoxy resin laminated composites

GPs and epoxy resin were alternatively put on a flat Teflon plate.
Then, a fixed pressure of 10 MPa was applied and the temperature was
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kept at 80 °C. After 12 h, the GP/epoxy resin laminated composite was
obtained.

2.6. Characterization

Mechanical tests were taken on Instron 2344 at a loading rate of 5
mm min . The size of tested samples was 15 mm x 1 mm and the gauge
length was 10 mm. The dynamic mechanical analysis was performed on
a DMA 242E (NETZSCH Instruments) at a varied frequency at room
temperature. For stress relaxation experiments, samples were stretched
to the same strain, followed by maintaining the strain while the evolu-
tion of stress with time was recorded. Scanning electron microscope
(SEM) images were taken on a Hitachi S4800 field-emission SEM system.
Polarized optical microscopy (POM) characterizations were performed
using Nikon, E600POL. 3D-Profile images were taken using an optical
profilometer (Wyko NT9100). XRD profiles were collected on a X’Pert
Pro (PAN analytical) diffractometer using monochromatic Cu 17 Kal
radiation (1 = 1.5406 A) at 40 kV. Electrical conductivity was measured
using a four-probe method on a Keithley 2400 multiple-function source-
meter. Thermal Gravimetric Analyzer (TGA) tests were carried out using
a thermogravimetric analyzer (PerkinElmer Pyris 1). UV-vis absorption
spectra of GOPs were collected using an ultraviolet spectrophotometer
(UV 2450, Shimadzu, Japan). Wide-angle X-ray scattering (WAXS)
measurements were carried out on the BL16B1 beamline station in
Shanghai Synchrotron Facility (SSRF). Samples were prepared by
aligning papers on the side of quartz plate for the transmission test
mode. Raman measurements were performed on a Renishaw in Via-
Reflex at an excitation wavelength of 532 nm. High resolution trans-
mission electron microscope (HR-TEM) images were taken on a JEM-
2100F field-emission TEM system. The Fourier transform infrared
spectroscopy (FT-IR) was taken by Nicolet iS20. X-ray photoelectron
spectroscopy (XPS) characterization was operated at 14.0 kV with a PHI
5000 C ESCA system and all binding energies are referenced to Cys
neutral carbon peak at 284.8 eV. The electromagnetic interference
shielding effectiveness (EMI SE) was tested by a vector network analyzer
(ZNB-40, Rohde & Schwarz, Germany). EMI SE was calculated with
those scattering parameters (Sji, S22, Si2, S21) obtained by vector
network analyzer:

R=S}, =5, @
T=5,=853 (2)
A=1-R-T 3
SEr= —101log,, T @
SEg= — 10 log,,(1 —R) )
SE, =SEr — SEg (6)

where R, T and A represent the reflection, transmission and absorption
power coefficients, respectively. SEt, SEg, and SE,4 represent the total,
reflective, and absorptive SE, respectively.

3. Results and discussion
3.1. Oligomer enhanced plasticity

Generally, GOPs are brittle because of the strong interlayer interac-
tion (Fig. 1a). They show a typically elastic deformation with an elon-
gation at break of only 3.8%, which indicates the brittle fracture feature
(Fig. 1la, Model I). This intrinsic elastic deformation and fracture
behavior of GO make it impossible to eliminate the random disorders in
GOPs. A new state of plasticity was invented by intercalating ethanol
into GOPs [30]. As the interlayer spacing increases, the van der Waals
interaction between adjacent GO layers is severely reduced (denoted as
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Fig. 1. Plasticization of GO laminates. (a) Schematic of the three tensile behavior of GO laminates. (b-d) Tensile curves (b), plasticity comparison (c), XRD patterns
(d) of the plasticized GOP-i-PEG, GOP-i-EtOH and pristine GOP, respectively. The inset of (b) is the magnified tensile curve of GOP-i-PEG. (e, f) Fracture morphology
of GOP-i-EtOH (e) and GOP-i-PEG (f), respectively. (g) DMA profiles of GOP, GOP-i-PEG and GOP-i-EtOH, respectively. (A colour version of this figure can be

viewed online.)

GOP-i-EtOH). In this situation, the near-solid laminate (Fig. 1a, Model
II) allows the GO sheets to move freely, giving the GOP an ultimate
elongation of less than 10%.

We indicate that intercalating an oligomer, such as PEG, into the
interlayer of GOPs will improve plastic deformation (denoted as GOP-i-
PEG). The ultimate strain exceeds 20%, which is almost five times higher
than that of pristine GOP, yet the tensile strength inversely decreases
from 217 MPa to 4 MPa (Fig. 1b). When the interlayer distance of these
two GOPs is approximately the same (around 1.49 nm) according to the
XRD spectra in Fig. 1d, the ultimate elongation of GOP-i-PEG is 123%
higher than that of GOP-i-EtOH (Fig. 1c). This indicates a hidden new
mechanism for the plasticity of GOP aside from the increased interlayer
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spacing.

To uncover the mechanism of enhanced plasticity, fracture mor-
phologies of pristine GOP, GOP-i-EtOH, and GOP-i-PEG were carefully
compared. As shown in Fig. 1e and f, the plasticized GOP exhibits clear
slide feature [34]. The slide distance of GOP-i-PEG is around 60.2 pm,
almost twice as much as that (32.7 pm) of GOP-i-EtOH. In contrast,
pristine GOP has negligible sheet-sliding of GO sheets (Fig. 1a, Model I
and Fig. S3). Notably, the surface of GOP-i-PEG shows aligned texture
and the crack tip becomes thinner, indicating the efficiently activated
sheet-sliding and improved plasticity (Fig. S4). We attribute the
improved plasticity to the higher inner friction of PEG chains between
adjacent GO layers. Compared with GOP-i-EtOH and pristine GOP, the
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GOP-i-PEG has a greater loss factor (Fig. 1g), indicating that there is
more internal friction between the GO layers (Fig. 1a, Model III). These
results demonstrate the enhanced inner friction in GOP-i-PEG, which
dissipates large amount of energy and affords an efficient sliding
deformation during stretching (Fig. 1a, Model III).

3.2. Critical interlayer distance and strong inner friction

To further optimize the plasticity and illustrate the plasticization
mechanism, we investigated the plasticity of GOP-i-PEG with different
PEG content. Fig. 2a shows typical tensile curves of GOP-i-PEG. With the
intercalation of PEG, GOP displays a transition from the brittle state to
the plastic state, showing reduced tensile strength and increased ulti-
mate strain. The ultimate strain reaches a highest value of around 20%
when PEG content is 70 wt%, yet begins to decrease at higher content. A
critical interlayer distance d. and optimized inner friction mutually
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determine the plasticity as shown in Fig. 2b and c. The interlayer dis-
tance d calculated by (001) peak of GOP-i-PEG in XRD is linear with the
content of PEG (Fig. 2d and e) [32]. According to Lifshiz’s formula [35],
the van der Waals interaction between adjacent GO sheets is strongly
determined by the interlayer distance as follows:

H (1 1 2
Waaw(d) = =T <E+—(d FET i Z)2> %!

where, H is Hamaker constant (determined by intercalator), d is the
interlayer distance, and t is the thickness of GO sheets. When PEG
content is lower than 70 wt%, the interlayer distance d is smaller than d_,
endowing GO sheets with poor movability. GOP-i-PEG at a high PEG
content up to 90 wt% has a larger interlayer distance. Although the GO
sheets could move freely, excess PEG inversely lubricate the adjacent GO
sheets, yielding a weak inner friction and a decreased plastic deforma-
tion. A critical interlayer distance d. of 1.49 nm occurs when PEG
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Fig. 2. Plasticization mechanism of oligomer intercalation. (a, b) Typical tensile curves (a) and statistical tensile strength and strain (b) of GOP-i-PEG with varied
content of PEG (To clarify, GOP-in-PEG means GOP with n wt% PEG). The inset tensile curves of (a) corresponds to GOP-i70-PEG and GOP-i90-PEG, respectively. (c)
Schematic diagram illustrating the plasticization mechanism determined by interlayer distance and inner friction of PEG chains between GO sheets. (d-f) XRD
patterns (d), interlayer distance (e) and loss factor (f) of GOP-i-PEG with varied content of PEG. (A colour version of this figure can be viewed online.)
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content is 70 wt%. In this condition, GOP-i-PEG also has the largest loss
factor (Fig. 2f), indicating the strong inner friction. Overall, expanded
interlayer distance enables GO sheets to move, at the meantime, a strong
inner friction dissipates massive energy during stretching, which jointly
contribute to the improved plasticity.

In addition, GOPs intercalated with PEG of different molecular
weight (Mw) were tested (Fig. S5). PEG with lower Mw, such as 150,
200, and 600, enables GOPs to show higher plastic deformation. PEG
with higher Mw has a poor chain moveability, which immobilizes the
sheet-sliding of GO at room temperature, and thus yields limited plas-
ticity [32].

The enhanced plasticity affords the efficient post-processing of GOPs.
For instance, the nanoimprinted sample shows accurate size control of
the uniform and aligned solid columns with average diameter reaching
260 nm due to the increased plasticity (Fig. S6). In this study, we
emphasize that the mobilized GO sheets with doubled plastic deforma-
tion can effectively eliminate the disorders in GPs by stretching.

3.3. Plasticization-stretching process

An improved plasticization-stretching process to reduce the random
disorders in GOPs includes three vital steps (Fig. 3a): (1) Directly casting
papers (GOP-i-PEG composed of 30 wt% GO and 70 wt% PEG, GOP-i70-
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PEG). (2) Stretching the GOP-i-PEG to a specific ratio. Given the
improved plasticity, the GOP can be stretched with a SR from 0% to
15%. The stress is rapidly relaxed in the stretching process, thus main-
taining the extended GO sheets in the stretched GOP (Fig. S7). (3)
Removing PEG by immersing stretched GOP-i-PEG in ethanol for at least
10 min and drying under a tension to immobilize the extended GO sheets
(Fig. S8). The thickness of GOP clearly decreases as the SR increases
(Fig. S9 and Fig. S10). After chemical reduction, GPs exhibited bright
silver and aligned surface texture (Fig. 3b), labeled as SR-GPs. The post
plasticization-stretching method completes the structural control of GPs
starting from the liquid state to the solid state, and thus produces high-
quality GPs. To investigate the structural evolution and property
enhancement, 8%-GP (the highest SR in previous report) was also
fabricated to be a control sample.

3.4. Stretching induced high crystallinity and aligned fine wrinkles

Through the enhanced plasticization-stretching, the random disor-
ders are largely reduced, affording a highly crystalline GP. From XRD
spectra, the full-width at half-maximum (FWHM) of the (002) crystalline
plane gradually decreased from 1.98°for pristine GP to 0.98° for 15%-GP
and the corresponding crystalline thickness was calculated from 4.4 nm
to 8.8 nm (Fig. 3c and d), indicating the improved crystallinity [36]. We
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Fig. 3. Structural analysis of GPs at different SR. (a) Process of plasticization stretching. (b) Photograph and SEM image of 15%-GP. (c) XRD profiles of GPs at
different SR. (d) FWHM of (002) peak in (c) together with corresponding crystalline thickness (L., inset). (¢) WAXS patterns and the corresponding azimuthal scan
curves of GPs at different SR. (A colour version of this figure can be viewed online.)
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further evaluated the orientation order of graphene sheets calculated
from azimuthal integrated curves in WAXS tests (Fig. 3e) [37,38]. The
orientation order parameter of 15%-GPs is 0.95, 16% higher than that of
pristine GP, reaching the reported highest value of neat GP [17,18,20,
29,30,37,38]. XPS and FT-IR results reveal that after chemical reduc-
tion, substantial oxygen-containing functional groups, such as the hy-
droxyl group, had been eliminated, and the sp? structure had been
highly restored (Fig. S12 and Fig. S13). TEM images intuitively show the
aligned graphene sheets in 15%-GP, distinct from the random arrange-
ment in pristine GP (Fig. S14) [39].

The wrinkle morphology on the surface also reflects the crystalline
order of graphene sheets [26,40]. We revealed that the random wrinkle
network on the pristine GP is stretched to be aligned along the stretching
direction in both 8%-GP and 15%-GP (Fig. 3b and Fig. S18). The
wavelength (4,) of aligned wrinkles is gradually reduced with higher SR
(Fig. 4a). The surface height profile image (at a high magnification of x
100) shows distributed aligned fine wrinkles on the 15%-GP, whereas it
exhibits thick and relatively random wrinkles on the 8%-GP (Fig. 4b and
Fig. S19). The corresponding average power spectrum density (PSD)
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from height profiles of wrinkles was calculated (Fig. 4c and Fig. S20). A
peak positioned at higher frequency occurs in 15%-GP, which means a
smaller 1, of adjacent fine wrinkles [24,40]. The average 4,, of wrinkles
of 15%-GP is less than 9.9 um, 35% and 67% narrower than that of
8%-GP (15.3 pm) and 0%-GP (29.8 pm), respectively (Fig. 4d). We
further concluded the fractal wrinkle structure by analyzing the surface
height profile images at varied magnifications (Fig. 4e and
Figs. S21-22). The wrinkle 1,, of 15%-GP at any magnification is smaller
than that of pristine GP and 8%-GP. The orientation is also calculated
from the azimuthal angular integral of 2D FFT images (Fig. 4f and
Fig. §23) [41], which can be equivalent to be the orientation order of
wrinkles with specific 4,,.. As shown in Figs. 4g and 15%-GP shows the
same high orientation order of fine wrinkles with the 1, ranging from
9.9 pm to 127.2 pm. As a comparison, 8%-GP has large wrinkles of
169.4 pm with an orientation order of 0.90. But the orientation de-
creases to 0.69 for minor wrinkles, indicating that insufficient plastici-
zation SR cannot fully eliminate the random disorders. Overall, the
highly improved plasticity enables the accurate control of the GP
microstructure and achieve higher crystalline order.
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Fig. 4. Wrinkle analysis of GPs at different SR. (a) Schematic depicting the variation of wrinkles of GOPs after stretching. (b) Profile images of 8%-GP (top) and 15%-
GP (bottom) and their typical height profiles (middle) at a high magnification of 100 ( x 100). (c) PSD spectra with a function of frequency of GPs at different SR ( x
100), averagely calculated from 1D FFT of the height profiles in (b). (d) The statistical wavelength 4, and height (h) of wrinkles in GPs ( x 100). (e) The wrinkle
wavelength 4, of GPs at varied magnifications, showing finer wrinkles generated in 15%-GPs at any magnification. (f) 2D FFT images and the corresponding
azimuthal scan curves of GPs at different SR ( x 100). (g) Orientation order of wrinkles in GPs at different SR. (A colour version of this figure can be viewed online.)
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3.5. Mechanical and electrical properties of the GPs

The increased plasticization stretching provides GPs with highly
aligned fine wrinkles and enhanced crystalline order, which improves
mechanical properties. As shown in Fig. 5a and b, with the increasing
SR, the tensile strength and Young’s modulus are synergistically
increased. The modulus of 15%-GPs reaches 92.9 GPa, 868% and 88%
higher than those of pristine GPs (9.6 GPa) and 8%-GPs (49.4 GPa),
respectively. Compared with previous crystalline GP via stretching the
plasticized GOP by intercalating ethanol [30], the oligomer intercalated
GOP shows enlarged plastic deformation and has a higher SR of 15%,
thus improving the stiffness by 48%. We revealed that the high Young’s
modulus comes from the improved orientation of graphene sheets. As
shown in Fig. 5c, the modulus has a positive correlation with the
orientation order of graphene sheets calculated from WAXS patterns.

The tensile strength of 15%-GP was measured as 1.3 GPa, 397% and
69% higher than that of pristine GPs (261.5 MPa) and 8%-GPs (769.2
MPa), respectively. The high tensile strength mainly results from the
highly aligned fine wrinkles, which average the load under tension and
enhance the load transfer. We demonstrated that 15%-GP with highly
aligned fine wrinkles (4, = 9.9 pm) has a higher efficiency of load
transfer. Rapid downshift of G-band to lower frequency indicates the
higher load transfer when tensile strain is applied [42-44]. As shown in
Fig. 5d and Fig. S24, 15%-GP has a remarkable downshift of G peak
reaching 14.5 cm ™! per 1% strain, much higher than that of pristine GP
(1.4 cm! per 1% strain) and 8%-GP (8.7 em! per 1% strain) as the
applied strain increases.

The high stiffness and superior tensile strength enable the GP to be a
potential candidate of structural materials (Fig. 5e) [45,46]. The highly
extended graphene sheets immobilized during drying also endows
15%-GP with a dramatical advantage in resistance to stress relaxation
(Fig. S25). Furthermore, because of the highly crystalline order, the
15%-GP displays a dramatically enhanced electrical conductivity by
about 891% compared with the pristine GP (Fig. 5f). 15%-GPs also show
excellent EMI SE (24.4 dB in 2-18 GHz), with SE4 accounting for roughly

a
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70% of SE7 (Fig. S26). The contribution of relaxation loss to SErt is
negligible, because abundant polar oxygen-containing groups are
removed after chemical reduction (Fig. S12 and Fig. S13) [47,48].
Therefore, conduction loss driven by high electrical conductivity mainly
contributes to the high EMI SE [49].

3.6. High-performance GP-based composites

Using GP as a component, we further fabricated a laminated com-
posite of epoxy resin with an alternatively layered structure by the
thermal-compression technique [50,51]. As shown in Fig. 6¢, GP spreads
out the whole composite and few destructive interfaces, such as voids,
are observed. Therefore, the merit of high performance of crystalline
GPs has been achieved in the prepared GP/epoxy resin composite. For
example, the composite shows a high tensile strength of 766.7 MPa and a
modulus of 52.2 GPa, 534% and 965% higher than those of pure epoxy
resin, respectively (Fig. 6d). Given the highly electrical conductivity of
the crystalline GP, the composite also displays a superior electrical
conductivity of 6.6 x 10* S m! (Fig. 6d). We demonstrate that the
GP-based composite exhibits an outstanding EMI shielding performance
with average effectiveness of 43.9 dB in 2-18 GHz, which is much higher
than that (5 dB) of pure epoxy resin (Fig. 6e). Benefiting from the
layered structure of the conductive composite, electromagnetic waves
are reflected repeatedly after their interaction with the carriers on the
surface of graphene. The remaining electromagnetic waves pass through
the interior of the conductive composite and are largely absorbed by
multiple reflection and scattering inside the layered structure. In addi-
tion, the decreased electrical conductivity of GP/epoxy composite
compared with pure GP weakens impedance mismatching between the
electromagnetic wave and the composite, thus resulting in lower SEg. As
aresult, SE4 made up nearly 93% of SEr, much higher than that (70%) of
GP with single layer (Fig. 6f and Fig. 526).

We systematically investigated the effect of the number of stacked
layers, the pressure and temperature on the EMI shielding performance
(Fig. S31). A positive relationship between the EMI shielding
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Fig. 5. Mechanical and electrical properties of GPs. (a) Typical tensile curves of GPs at different SR. (b) Tensile strength and Young’s modulus of GPs at different SR.
(c) Relationship between Young’s modulus and orientation order of graphene sheets calculated from WAXS patterns. (d) The downshift of Raman G-band frequency
versus applied strain for 0%-GP and 15%-GP, respectively. (¢) Comparison of strength and modulus of 15%-GP with previous reported GPs. (f) Electrical conductivity

of GPs at different SR. (A colour version of this figure can be viewed online.)
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colour version of this figure can be viewed online.)

performance and the number of stacking layers is revealed. But the
pressure and temperature in the hot-pressing process have little influ-
ence on the EMI SE, yet affect the solidifying time and structural porosity
(Fig. $31 and Fig. $32).

The integration of superior mechanical strength, low density (1.50 g
cm™3), electrical conductivity and high EMI SE of the GP-based com-
posite makes it a potential structural and functional material in elec-
tromagnetic devices. Previous reports on preparing graphene-based
electromagnetic shielding composites mainly adopt two strategies
including directly blending graphene sheets to matrix and infiltrating
polymer into a graphene framework [52-61]. Although the direct
blending is the most convenient method, it has a disadvantage of poor
connection of graphene sheets. The resulting composites show inferior
EMI shielding performance and mechanical properties. Infiltrating
polymer into a well-connected graphene network (even annealed over
1000 °C) improves the electrical conductivity and EMI shielding per-
formance. However, the fragile graphene aerogel fails the expectation of
simultaneously strengthening the composites. Our layer-by-layer struc-
tured composite by using strong, stiff and conductive GPs as assembly
units successfully integrates high tensile strength and superior EMI
shielding performance (Fig. 6h). These GP-based nanocomposites will
greatly broaden the realistic uses of graphene and its macroscopic

materials.
4. Conclusion

In summary, we achieved an over 100% improvement of plasticity of
GOP by intercalating oligomer than that of GOP intercalated with
ethanol, which originates from the combination of activated sheet-
mobility at a critical interlayer distance and strong inner friction be-
tween GO layers. Such a good plasticity guarantees to fully eliminate the
random disorders and improve the orientation order of GPs by efficient
stretching. Massive aligned fine wrinkles generated during the stretch-
ing process, largely promoting the stress transfer under tension. There-
fore, GPs composed of neat graphene sheets show a record-high tensile
strength, Young’s modulus and superior electrical conductivity. GP-
based nanocomposites with the layer-by-layer structure also achieve
high EMI SE originating from the excellent properties of the GPs,
extending the realistic uses of graphene in structural materials, engi-
neering and EMI shielding. This work could not only enhance the un-
derstanding of the plasticity nature in GO assemblies but also guide the
preparation of high-performance GPs for future industrial application.
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