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Scalable Assembly of High-Quality Graphene Films via

Electrostatic-Repulsion Aligning

Wei Qian, Huagiang Fu, Yi Sun, Zhe Wang, Han Wu, Zongkui Kou, Bao-Wen Li,*

Daping He,* and Ce-Wen Nan

Assembling pristine graphene into freestanding films featuring high electrical
conductivity, superior flexibility, and robust mechanical strength aims at
meeting the all-around high criteria of new-generation electronics. However,
voids and defects produced in the macroscopic assembly process of gra-
phene nanosheets severely degrade the performance of graphene films, and
mechanical brittleness often limits their applications in wide scenarios. To
address such challenges, an electrostatic-repulsion aligning strategy is dem-
onstrated to produce highly conductive, ultraflexible, and multifunctional gra-
phene films. Typically, the high electronegativity of titania nanosheets (TiNS)
induces the aligning of negatively charged graphene nanosheets via electro-
static repulsion in the film assembly. The resultant graphene films show fine
microstructure, enhanced mechanical properties, and improved electrical
conductivity up to 1.285 X 10° S m~'. Moreover, the graphene films can with-
stand 5000 repeated folding without structural damage and electrical resist-
ance fluctuation. These comprehensive improved properties, combined with
the facile synthesis method and scalable production, make these graphene
films a promising platform for electromagnetic interference (EMI) shielding
and thermal-management applications in smart and wearable electronics.

oxide is used as the precursor for syn-
thesis of graphene films, since the good
dispersion and processability of graphene
oxide benefit for the fabrication of layered
films. However, its electrical insulating
and defect-rich features largely limit the
realization of high-performance films.
Major research interest of graphene prepa-
ration, therefore, lies in the reduction of
graphene oxide by chemical or thermal
treatment.’¢l Nevertheless, these treat-
ment methods not only fail to remove
the oxygen-containing functional groups
to a large amount but also suffer from
inevitable environmental pollution and
prohibitive cost. In addition, various gas
molecules such as water vapor, carbon
monoxide, and carbon dioxide are gen-
erated during the reduction process,>“7]
which usually leave a large amount of
microsized voids in the films, decreasing
their innate electrical and mechanical

1. Introduction

The macroscopic assembly of graphene-based nanomaterials
into freestanding films that possess excellent electrical con-
ductivity, flexibility, and mechanical properties has attracted
tremendous interest for various applications, such as electro-
magnetic interference (EMI) shielding,!! energy storage,?! sen-
sors,l’l and wearable electronics devices.™ Currently, graphene

properties. Based on the above problems,

it is necessary to find out an effective way
to prepare high-performance graphene films with different raw
materials.

In comparison with graphene oxide, pristine graphene (PG)
with low fraction of defects exhibits satisfying electrical con-
ductivity, low density, and outstanding mechanical properties.®!
It has been demonstrated that planar carbon bonding of gra-
phene exhibits extremely high electrical conductivity® and ten-
sile strength.l'% However, these remarkable innate properties of
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graphene are limited at the nanoscale. When PG nanosheets are
assembled into macrostructure such as graphene films, their
electrical and mechanical properties are several orders of mag-
nitude lower than those of individual PG nanosheet. This dis-
crepancy is mainly due to the agglomeration of PG nanosheets
caused by van der Waals attraction and 77 stacking,™ which
leads to structural defects in the assembly process, including
lamellar dislocation, numerous wrinkles, and voids, which
ultimately lead to the brittleness of graphene films and limit
the improvements of their electrical and mechanical proper-
ties. Therefore, removing the structural defects is essential to
improving the overall properties of graphene films. Various
approaches have been reported previously to obtain stable gra-
phene dispersions, including introduction of covalent and non-
covalent functionalization of graphene nanosheets,'? selecting
of organic solvents with a low enthalpy,¥ and generating elec-
trostatic repulsion between graphene nanosheets by adding
surfactant™ or protonation.™ However, these approaches also
have their drawbacks. For example, organic solvents are poten-
tially hazardous to users and the environment. Surface func-
tionalization and surfactants reduce mechanical and electrical
properties of products. Hence, high concentration and stable
aqueous graphene dispersions are highly desirable without
complicated chemical reagents and processes.

In this work, we fabricate highly aligned and densely packed
graphene hybrid films by adding only a small amount of unila-
mellar titania nanosheets (TiNS). High electronegativity of TiNS
improves the electrostatic interaction between PG nanosheets
and enhances the fluidity of suspensions, which is beneficial to
suppress the re-stacking and improve the ordered arrangement
of PG nanosheets, thereby promoting ordered self-assembly of
PG nanosheets. The obtained graphene hybrid films exhibit
significantly improved mechanical flexibility and electrical
properties due to the decrease of the internal structure defects.
These comprehensive improved properties, combined with
the facile synthesis method and scalable production, make
the assembled graphene films a promising platform for EMI
shielding and thermal management applications in smart and
wearable electronics.

2. Results and Discussion

The suspension of few-layer PG nanosheets of about 2.8 nm in
thickness and several micrometers in lateral size was mechani-
cally exfoliated from expandable graphite (Figure S1, Sup-
porting Information). Unilamellar TiNS were synthesized as
before,®l and detailed procedures are described in the Experi-
mental Section (Figure S2, Supporting Information). As shown
in the transmission electron microscopy (TEM) image, the lat-
eral sizes of unilamellar TiNS were in the range of 0.1-1 pm
(Figure S3a,b, Supporting Information). The atomic force
microscopy (AFM) image shows that the thickness of the
obtained TiNS was about 1.5 nm (Figure S3c,d, Supporting
Information).

The freestanding graphene hybrid films were fabricated by
tape casting the dispersion of few-layer PG nanosheets with
a low loading of TiNS, as illustrated in Figure 1a, which is a
simple and promising manufacturing technology for mass
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production at low cost. We obtained various PG-TiNS hybrid
films by changing the weight ratio x of TiNS, denoted as
PG-TiNSx.

The morphological features of hybrid films are investi-
gated in Figure 1. Compared with the light black of PG dis-
persion, the color of hybrid PG dispersion exhibits dark black
(Figure S4, Supporting Information). This change in appear-
ance also implies a difference in inner structure and compo-
sitional characteristics. In the subsequent drying process,
there were many cracks appearing on the surface of the PG
film, while the PG-TiNS5 film can keep its structural integrity
without any cracks. Cross-sectional scanning electron micros-
copy (SEM) observation clearly demonstrates that randomly
undulating and loosely layers gradually transform into parallel
and dense lamellar structures with the increase of TiNS content
from 0% to 5% (Figure 1b,c; Figure S5, Supporting Informa-
tion). It is worth noting that the nanosheets in the PG-TiNS5
film adhere to each other to form a continuous parallel lamellar
structure, which is obviously distinct from the individual sepa-
ration of the nanosheets in the PG film. Accordingly, the thick-
ness of the PG-TiNS5 film (48 um) is nearly half of the PG
film (95 um), indicating that the voids in the PG hybrid films
are effectively eliminated. Top-view SEM images clearly show
that with the increase of the TiNS content, the microcracks
and voids on the surface of the hybrid film gradually decrease
until they are almost invisible (Figure 1d; Figure S6, Supporting
Information). Meanwhile, the surface roughness of samples
was examined using both a super large depth of the field 3D
microscopic system and AFM (Figure le,—f,; Figure S7, Sup-
porting Information). It can be clearly seen that the PG-TiNS5
film is flatter than the PG film (Figure lej,e;). The surface of the
PG film is hill like with a root-mean-square (RMS) roughness
value of 466 nm, while the PG-TiNS5 film exhibits a relatively
smooth surface with RMS roughness reduced to 160 nm. These
results consistently demonstrate that the PG-TiNS5 film has a
more compact and flatter structure than the PG film. Therefore,
the apparent density of the PG-TiNS5 film increased from 0.49
to 1.43 g cm™ due to the decrease of thickness in the vertical
and decrease of cracks in the parallel. Moreover, cross-sectional
SEM images and the corresponding elemental mapping of C,
O, and Ti confirm that TiNS is uniformly dispersed throughout
the hybrid film volume without obvious localized agglomera-
tion (Figure 1g).

The orientation degree of the nanosheets was further
investigated quantitatively by small-angle X-ray scattering
(SAXS) and wide-angle X-ray scattering (WAXS) tests. The
PG-TiNS5 film exhibits a higher equatorial streak scattering
and a narrower intensity distribution in the azimuthal angle
direction! (Figure 2a). The calculated Herman’s orienta-
tion factors (f) from SAXS and WAXS scattering are as high
as 83.1 and 80.3, respectively, higher than those for the PG
film (81.1 and 79.1) (Figure S8, Supporting Information). As
illustrated in Figure 2b, we demonstrate that the thickness,
porosity, and density of hybrid films can be precisely regulated
by means of adjusting content of TiNS, and the results show
that the thickness and porosity diminish linearly and the den-
sity increases linearly with the increasing TiNS content. Taken
together, these results consistently confirm that TINS promotes
such neat and compact stacking of PG nanosheets, resulting
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Figure 1. Fabrication and characterization of PG and PG-TiNS5 films. a) Schematic of the fabrication procedure and the morphological comparison
between PG and PG-TiNS hybrid films. b,c) Cross-sectional SEM images of b) PG and c) PG-TiNS5 films. d—f;) Top-view SEM, optical, and AFM
images of PG-TiNS5 (d,—f;) and PG (d,—f,) films, respectively. g) Cross-sectional SEM image of PG hybrid film and corresponding elemental maps of

C, O, and Ti.

in greatly improved layer alignment. Ultimately, highly aligned
and dense hybrid films were obtained.

The presence of agglomeration and wrinkles of PG
nanosheets would generate irregularly aligned and loosely
stacked lamellar structures,®™® which severely degrades the
electrical conductivity and mechanical properties of graphene
films. In sharp contrast to the disordered phase of PG suspen-
sion, after adding a small amount of TiNS, the PG suspension
evolves into long-range ordered lamellar liquid crystal phases
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with characteristic bright and dark stripes in its polarized
microscope (POM) image (Figure 2c,d; Figure S9, Supporting
Information). Meanwhile, as shown in Figure 2e, consider-
able wrinkles and edge folding appear on the surface of PG. In
contrast, we observe a significant wrinkle-flat transition in PG
nanosheets after adding a small fraction of TiNS (Figure 2f). By
such a design, additionally, as depicted in Figure 2g, the zeta
potential values of PG, TiNS, and PG-TiNS5 were —11.2, —40.8,
and -26.9 mV, respectively, which indicates that TiNS can
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Figure 2. Morphological and structural analyses of PG and PG-TiNS5 films. a) 2D SAXS patterns and corresponding azimuthal angle plots of PG and
PG-TiNSS5 films. b) Linear relationship of density, porosity, and thickness with TiNS content. ¢,d) POM images of PG (c) and PG-TiNS5 (d). e,f) TEM
images of crumpled PG (e) and flat PG-TiNS5 (f). g) Zeta potential valuesof PG, TiNS, and PG-TiNS5 solutions.

improve the electrostatic repulsion between PG nanosheets and
enhance the fluidity of PG suspensions. Driven by external stir-
ring and entropy effects,'® the PG nanosheets become easier
to assemble parallel to each other, thereby forming an ordered
lamellar structure.

The microstructure and compositional characteristics of gra-
phene films were demonstrated by X-ray photoelectron spec-
troscopy (XPS), energy-dispersive X-ray spectroscopy (EDS),
X-ray diffraction (XRD), and Raman spectroscopy. The XPS
spectra show that the C/O ratio in PG-TiNS5 film was 16.8,
while 30.7 in the PG film (Figure S10, Supporting Information).
The increase in oxygen element and the characteristic signal of
Ti element appearing jointly confirmed the presence of TiNS.
Sharp and intense diffraction peaks were both observed in PG
and PG-TiNSS5 films, with a nearly identical interlayer spacing
of dyp, = 0.34 nm, suggesting the formation of lamellar structure
in the resulting films (Figure S1la, Supporting Information).
Raman spectroscopy was employed to further characterize the
defects including sp* hybridization and kinks!"! (Figure S11b,
Supporting Information). The ratio of peak intensity for D peak
and G peak (Ip/Ig) of PG film was about 0.11, two times higher
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than that of the PG-TiNS5 hybrid film of 0.06. This result fur-
ther indicates that there are a fewer structural defects in the
PG-TiNS5 film.

The densification and orientation enhancement of the gra-
phene films significantly improve the mechanical properties
and flexibility. The tensile strength and elongation at break
of the PG-TiNS5 film are as high as 8.18 + 0.88 MPa and
2.24 £ 0.38%, =3.8 and =2.2 times higher that than those of PG
film (2.13 + 0.16 MPa, 1.03 £ 0.16%), respectively (Figure 3a,b).
As shown in Figure 3c, closer inspections reveal a jagged edge
in the fracture of PG-TiNS5 film, which is supposed to arrest
the crack propagation and dissipate more energy. In contrast,
the PG film exhibits a straight crack similar to an “H” shape
(Figure 3d), implying a brittle fracture. It can be observed
from the folded PG-TiNS5 and PG films, when being folded
in half, PG-TiNS5 film remains tightly stacked with an intact
structure (Figure 3e), while PG film is broken in the bended
region (Figure 3f). Furthermore, the cross-sectional SEM image
of the PG-TiNS film clearly presents a more ordered structure;
thus, the degree of overlapping and interaction force between
2D nanosheets are significantly stronger. Obvious voids and a
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Figure 3. Mechanical properties of PG and PG-TiNS5 films. a) Representative stress—strain curves of PG and PG-TiNS5 films. b) Calculated tensile
stress and elongation at break. c,d) Fracture morphology of top-view SEM of PG-TiNS5 (c) and PG (d) films. e,f) Cross-sectional SEM images of

PG-TiNS5 (e) and PG (f) films folded at 180°.

cluttered structure appear in PG film, while negligible voids
are observed on the surface of PG-TiNS5 film. Our observa-
tions suggest that the hybrid film presents better mechanical
strength, excellent flexibility, and mechanical stability, which
should be ascribed to highly aligned and compact structures
induced by TiNS.

Such a compact stacking structure in the highly aligned
hybrid film not only contributes to the increase of mechanical
strength but also significantly improves the electrical conduc-
tivity. The prepared the PG-TiNS5 film shows high electrical
conductivity reaching up to 1.285 x 10° S m™, nearly seven
times larger than that of the PG film (Figure 4a; Figure S12a,b,
Supporting Information). As illustrated in Figure 4b and
Table S1 (Supporting Information), the electrical conductivity of
the PG-TiNS5 film is higher than that of almost all previously
reported PG-based films. Such a high electrical conductivity is
mainly attributed to the compact structure and high orientation
of the hybrid film, which is beneficial for the charge transfer. In
addition, after 5000 cycles of compressing and stretching, the
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electrical resistance of the PG-TiNS5 film is nearly unchanged
(Figure 4c,d), indicating its remarkable stability and flexibility.
The folding angle used for the flexibility test is 180°. Meanwhile,
the structural integrity of the PG-TiNS$ film was maintained in
water and phosphate-buffered solution (PBS) for 1 week (Figure
S13, Supporting Information), demonstrating excellent stability.

The electrical conductivity is the dominant factor in deter-
mining the EMI shielding effectiveness (SE) of a material.?%
Compared with PG film, the excellent electrical conductivity
endows PG-TiNS5 film with a thickness of 54 um, and a high
EMI SE of 74 dB at 8.2-12.4 GHz (Figure 5a; Figure S12c, Sup-
porting Information), which indicates that almost 100% of the
incident radiation can be blocked, therefore fully meeting the
requirements of EMI shielding for commercial applications.?!
The EMI SE results of PG-TiNS5 film are obviously higher than
PG film with the same thickness (57 dB). Moreover, the meas-
ured EMI SE value of the 54 um-thick PG-TiNS5 film is highly
consistent with the theoretical value calculated using Simon’s
formula (Figure S12d, Supporting Information).l?2l The Simon’s
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Figure 4. Electrical performance of PG and PG-TiNS5 films. a) Electrical conductivity of PG and PG-TiNS5 films. b) Comparison of the electrical
conductivity of PG-TiNS5 film with other PG-based films under different treatment temperatures. The numbers in (b) are the reference numbers listed
in Table S1(Supporting Information). c) Variation in resistance of the PG-TiNS5 film to show its long-term durability. d) Changes in resistance of the

PG-TiNSS5 film during 5000 folding times.

formula can be expressed as SE = 50 + 10log(o/f) + 1.7t(cf)/?,
where ois the electrical conductivity (S cm™), fis the frequency
(MHz), and t is the thickness of the film (cm). To further ana-
lyze the EMI shielding mechanism, the relationship of power
coefficients of reflection (R), absorption (A), and transmission
(T) of PG-TiNS5 film was investigated (Figure S12e, Sup-
porting Information). The value of R was significantly higher
than that of A, which indicates that reflection is the dominant
EMI shielding mechanism, rather than absorption. This is
mainly because of the relatively large electrical conductivity of
the films, which leads to impedance mismatch, and therefore,
only a small part of EM can penetrate the film. As a result, over
99% of the EM is reflected at the surface of films. The overall
EMI shielding effectiveness (SEy), microwave reflection (SEg),
and microwave absorption (SE,) are collected at 8.2 GHz
(Figure S12f, Supporting Information). The value of SE, is
greater than SEg, which means that only a very small amount
of the EM penetration of the material surface is attenuated
by multiple internal reflection and Ohmic loss.?3l Moreover,
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the specific reliable parameter (SSE/t), defined as the EMI SE
divided by density and thickness (t), is introduced to evaluate
the EMI SE performance of PG-TiNS5 film. The SSE/t value
of PG-TiNS5 film is 13 482 dB cm? g7, superior to most solid
EMI shielding nanocomposites reported previously (Figure 5b;
Table S2, Supporting Information).

The infrared (IR) thermal images of PG-TiNS5 film show
that when the applied voltage is 1-3.5 V, the temperature
increases uniformly (Figure S14, Supporting Information).
Figure 5c shows the measured data and linear fitting between
the current and the applied voltage. The current linearly
increases with the applied voltage, indicating excellent stability
at low resistance. In addition, the saturation temperature of the
graphene films presents the nearly linear relationship with the
square of the applied voltage (Figure S15a, Supporting Infor-
mation), which is in accordance with Joule laws in theory. The
cyclic heating tests of PG-TiNS5 film are performed by repeat-
edly applying a DC voltage of 3 V. Steady-state temperature
remained stable after more than 20 cycles of the on—off heating
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Figure 5. EMI shielding and Joule heating performance of PG-TiNS hybrid films. a) EMI SE of the TiNS, PG, and PG-TiNS5 films plotted as a function
of frequency, with the same thickness of 54 pum. b) Comparison of SSE/t values of PG-TiNS5 film with other solid EMI shielding nanocomposites.
Detailed SSE/t date are listed in Table S2 (Supporting Information). c) I-V curves PG and PG-TiNS5 films. d) Cyclic stability test of PG-TiNS5 film by
repeatedly applying a DC voltage of 3 V. e) A radar plot showing overall physical characterizations of PG and PG-TiNS5 films, including Joule heating,

electrical conductivity, strength, strain, and EMI SE.

tests (Figure 5d; Figure S15b, Supporting Information). The
surface temperatures of PG and PG-TiNS5 films increase from
room temperature to 80.8 and 91.9 °C at the applied voltage
range of 1.0-3.5 V (Figure S15c,d, Supporting Information),
respectively, and the saturation temperature drops immediately
after turning off the applied voltage. It can be seen that PG-
TiNS5 film presents an excellent stable temperature at about
85 °C within the long duration of 2000 s, indicating the excel-
lent long-term heating stability and reliability for the wear-
able heater (Figure S16, Supporting Information). A radar plot
shows a direct visual comparison of the overall performances
of PG-TiNS5 and PG films (Figure 5e). The PG-TiNS5 film
exhibits superior performances in the aspects of electrical con-
ductivity, tensile strength, breaking elongation, EMI SE, and
Joule heating, demonstrating enormous potential for applica-
tion in flexible and wearable electronic devices.

3. Conclusions

A well-confined graphene hybrid film has been realized by
adding a small amount of TiNS to suppress the re-stacking of
PG nanosheets and improve the ordered arrangement of PG
nanosheets. The material preparation strategy reported here can
well optimize the orientation and porosity of graphene films,
and is easily scalable. As a result, significant improvement
in the overall properties has been observed in the resultant
films, including ultrahigh electrical conductivity, outstanding
flexibility, robust mechanical performance, and excellent EMI
SE. Such excellent comprehensive performances enable the
PG-TiNS films enormous potential for many applications
such as wearable electronics and next-generation portable
devices.

Adv. Mater. 2022, 34, 2206101 2206101

4. Experimental Section

Materials: PG nanosheets were purchased from Harbin wanxin
graphite valley Co. Ltd., mixed with polyvinyl pyrrolidone K60 (PVP60)
and ultrapure water with a weight ratio of 1:0.2:30. TiNS was synthesized
according to the previously reported method."l Typically, a layered
compound of Ky gTiy73Lip 2,04 was synthesized by calcining the mixed
chemicals of K,COj3, TiO,, and Li,CO;3 at 900 °C for 20 h. The layered
titanate was then converted into H;o;Ti; 7304 in HCl solution. Colloidal
suspension of unilamellar TiNS was obtained by delaminating
Hq07Ti17304 crystals in an aqueous solution of tetramethylammonium
hydroxide ((CH3)4,NOH, TBAOH) with a solid-to-solution ratio of
4 mg mL™".

Fabrication of PG-TiNS films: The PG-TiNS hybrid films were
produced by a blade casting method. Typically, PG nanosheets and TiNS
were mixed into PG-TiNS solution. Five samples were prepared with
different mass fractions of the TiNS such as 0, 1.5, 3.0, 5.0, and 7.0 wt%,
respectively. The PG-TiNS dispersions were first stirred at 1000 rpm
min~ for 8 h to obtain their homogeneous dispersions. The dispersions
were then bar-coated onto the poly(ethylene terephthalate) (PET)
substrate with controllable thickness by changing the concentration and
height of the dispersion followed by heating at 60 °C for 24 h to form
the PG-TiNS hybrid film. Finally, the freestanding PG-TiNS hybrid films
were obtained by peeling of the film from the PET substrate.
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Supporting Information is available from the Wiley Online Library or
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