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Graphene-based films with high toughness have many promising
applications, especially for flexible energy storage and portable
electrical devices. Achieving such high-toughness films, however,
remains a challenge. The conventional mechanisms for improving
toughness are crack arrest or plastic deformation. Herein we
demonstrate black phosphorus (BP) functionalized graphene films
with record toughness by combining crack arrest and plastic
deformation. The formation of covalent bonding P-O-C between
BP and graphene oxide (GO) nanosheets not only reduces the
voids of GO film but also improves the alignment degree of GO
nanosheets, resulting in high compactness of the GO film. After
further chemical reduction and π-π stacking interactions by conju-
gated molecules, the alignment degree of rGO nanosheets was
further improved, and the voids in lamellar graphene film were
also further reduced. Then, the compactness of the resultant gra-
phene films and the alignment degree of reduced graphene oxide
nanosheets are further improved. The toughness of the graphene
film reaches as high as ∼51.8 MJ m−3, the highest recorded to date.
In situ Raman spectra and molecular dynamics simulations reveal
that the record toughness is due to synergistic interactions of lu-
brication of BP nanosheets, P-O-C covalent bonding, and π-π stack-
ing interactions in the resultant graphene films. Our tough black
phosphorus functionalized graphene films with high tensile
strength and excellent conductivity also exhibit high ambient sta-
bility and electromagnetic shielding performance. Furthermore, a
supercapacitor based on the tough films demonstrated high per-
formance and remarkable flexibility.

graphene | black phosphorus | film | mechanical properties

Graphene-based films with exceptional strength and excellent
conductivity have been widely used in the fields of flexible

energy storage and portable electrical devices (1–3). Recently,
some representative methods have been reported to develop
graphene-based films, including layer-by-layer deposition, evap-
oration, hydrogel casting, and electrophoretic deposition (4).
However, it is difficult to design interfacial interactions between
graphene nanosheets with these methods, resulting in films
having poor stress transfer efficiency and low toughness. Like
bulk materials, 2D films can achieve high toughness via the
mechanism of crack arrest or plastic deformation (5). Recently,
inspired by the hierarchical microscale/nanoscale structure and
abundant interface interactions of natural nacre (6), various in-
terfacial interactions, such as hydrogen bonding, ionic bonding,
π-π stacking interactions, and covalent bonding, have been
demonstrated to enhance the toughness of graphene-based films
(7–10). These interfacial effects can not only inhibit the crack
propagation of graphene films but also effectively improve their
plastic deformation. Nevertheless, a great challenge remains: to
improve the toughness of graphene films by integration of plastic
deformation while at the same time inhibiting crack propagation.
Black phosphorus (BP) nanosheets, as a new 2D material with

high charge carrier mobility and a unique band gap (11–14), have

attracted a great deal of interest (15). Like sulfur, phosphorus
(P) demonstrates a special lubricating property (16, 17). Inspired by
the interfacial design of natural nacre, we fabricated BP functional-
ized graphene films. The combination of covalent bonding P-O-C
between GO and BP nanosheets and π-π stacking interactions by
the long-chain molecules (1-aminopyrene [AP]-disuccinimidyl sub-
erate [DSS] [AD]) achieves interfacial synergistic effect in the rGO-
BP-AD film, resulting in record toughness (∼51.8 MJ m−3) with the
high strain of ∼16.7%. Tensile strength and high conductivity were
also achieved as high as ∼653.5 MPa and ∼493.5 S cm−1, respectively.
The ultrahigh toughness is due to the high degree of orientation and
compactness of graphene nanosheets resulting from the synergistic
effect. In situ Raman spectra and molecular dynamics simulations
revealed that the record toughness of rGO-BP-AD film can be at-
tributed to the synergistic effect from P-O-C covalent bonding be-
tween BP and GO nanosheets, lubrication of BP nanosheets, and π-π
stacking interactions between AD molecules and rGO nano-
sheets. The mechanisms of crack arrest and plastic deformation
for improving the toughness of our films are combined via this
kind of synergistic effect. The rGO-BP-AD film also shows
high electromagnetic interference (EMI) shielding (∼29.7 dB).
The supercapacitor assembled using our rGO-BP-AD film
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demonstrated remarkable flexibility with no decline of capaci-
tance after 10,000 bending cycles at 180°.
The fabrication of bioinspired rGO-BP-AD film is illustrated

in Fig. 1A and SI Appendix, Fig. S1. The GO nanosheets are
assembled into resultant graphene film via vacuum assisted fil-
tration and hydriodic acid (HI) reduction. The small-angle X-ray
scattering (SAXS) was applied to obtain the porosity of resultant
graphene films, as shown in Fig. 1 B–D. The scattering intensity of
rGO-BP-AD film is decreased compared to that of rGO film. The
porosity of the rGO-BP-AD film is only 4.9%, which is much
lower than the pure GO film with porosity of 14.8%, as shown in
Fig. 1E. This is because the small size BP nanosheets are attached
on the surface of GO nanosheets through covalent bonding, filling
the voids of the lamellar graphene film and making the graphene
film much more compact (18). Moreover, the rGO-BP-AD film
also shows high orientation, which is confirmed by the decrease in
full width at half maximum (FWHM) in the wide-angle X-ray
scattering (WAXS) pattern, as shown in Fig. 1 F and G. The

FWHM of the rGO-BP-AD film is 25.6°, which is much lower
than pure rGO film with 33.5°. This is because of the strong in-
terfacial interactions, including P-O-C covalent bonding and π-π
stacking interaction between rGO nanosheets and AD molecules.
The GO nanosheet shows a thickness of ∼1.0 nm and lateral size
of ∼15.0 μm (Fig. 1H and SI Appendix, Fig. S2 A and B). The
exfoliated monolayer BP nanosheet thickness and lateral size
(∼0.5 nm and ∼1.2 μm, respectively) were confirmed by atomic
force microscopy (AFM) and scanning electron microscopy
(SEM) (Fig. 1I and SI Appendix, Fig. S2 C and D). In addition, as
presented in SI Appendix, Figs. S3 and S4, the lattice spacing of the
exfoliated BP nanosheet is 0.22 nm with the expected (200), (101),
and (002) planes confirmed by a high-resolution transmission
electron microscope (HR-TEM), which verified that the BP
nanosheet is a monolayer, consistent with previous reports (19).
The BP and GO monolayer nanosheets in mixing solution reacted
completely under ambient temperature, which was verified via the
zeta potential (SI Appendix, Fig. S5). The BP functionalized GO
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Fig. 1. Fabrication process of bioinspired rGO-BP-AD films. (A) Illustration of the manufacturing process of BP functionalized graphene films. SAXS patterns
of (B) pure rGO and (C) rGO-BP-AD films. (D) Corresponding intensity curves according to the SAXS patterns. (E) Porosity of the pure rGO and rGO-BP-AD films.
The WAXS patterns of (F) rGO and (G) rGO-BP-AD. AFM of (H) monolayer GO nanosheets, (I) BP nanosheets, and (J) covalently cross-linked GO-BP nanosheets.
(Scale bar, 5 μm.) (K) A digital photograph of rGO-BP-AD. (Scale bar, 2 cm.) (L) SEM of cross-sectional view of rGO-BP-AD films. (Scale bar, 2 μm.) (M) EDS
mapping of O, P, and N elements. (N) HR-TEM image of the cross-section of the bioinspired rGO-BP-AD films, which shows three to six layers of monolayer BP
nanosheets with the d-spacing of 0.54 nm and rGO nanosheets with the d-spacing of 0.34 nm. (Scale bar, 5 nm.)
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nanosheets (Fig. 1J) in the mixing solution were filtrated with the
assistance of a vacuum to obtain the free-standing GO-BP film
with stacking BP nanosheets in the layers of rGO nanosheets. After
reduction by hydroiodic acid (HI), the reduced GO-BP (rGO-BP)
films were immersed in the N,N-dimethyl formamide (DMF) so-
lution with long-chain AD molecules, and then the rGO-BP-AD
films were achieved via π-π stacking interactions of AD (Fig. 1K).
The mapping of P and N elements in the cross-section of rGO-BP-
AD film indicated uniform distribution of BP nanosheets and AD
molecules, respectively, as shown in Fig. 1 L and M. Moreover, an
HR-TEM image shows the alternatively layered structure with BP
and rGO nanosheets, and several BP nanosheets stacked together
into layers with thicknesses of 1.5 to 3.0 nm, as shown in Fig. 1N
and SI Appendix, Fig. S6. The resultant GO-BP films with different
weight ratios of BP nanosheets were prepared by the same method
and termed as GO-BP-I, GO-BP-II, GO-BP-III, and GO-BP-IV.
The other samples, such as GO, rGO, rGO-AD, and GO-BP-AD
(the weight ratio of BP nanosheets and AD molecules is consistent
with GO-BP-III and rGO-AD) films, were fabricated using the
same approach. The precise weight of BP nanosheets in the GO-BP
films was verified by thermogravimetry analysis (SI Appendix, Fig.
S7), and the corresponding data are listed in SI Appendix, Table S1.
X-ray diffraction (XRD) patterns show that the typical charac-

teristic peak of GO in GO-BP-III and GO-BP-AD at 2θ of ∼10.0°
disappeared and emerged at 2θ of 22.81° and 22.24° as shown in
Fig. 2A and SI Appendix, Fig. S8. This is due to in situ reduction of
GO by BP nanosheets. In addition, GO-BP-III and GO-BP-AD
films show lower d-spacing of 3.91 and 4.15 Å, respectively, lower
than the pure GO film with d-spacing of 7.50 but a little higher
than HI chemically reduced rGO-BP-III and rGO-BP-AD films
with d-spacing of 3.72 and 3.91 Å, respectively. These results in-
dicate the GO nanosheets are partly reduced by BP nanosheets via
the removal of oxygen-containing functional groups. Fourier transform
infrared spectrometry (FTIR) spectra show that the new peak
appeared at a wavenumber of ∼1,010 cm−1 for rGO-BP-III and
rGO-BP-AD films, indicating the formation of P-O-C covalent
bonding between BP and rGO nanosheets (20), as shown in Fig.
2B and SI Appendix, Fig. S9. Moreover, some new characteristic
peaks at wavenumbers of ∼1,252, ∼1,526, and ∼1,655 cm−1 for
rGO-BP-AD films are assigned to functional group -NH- and
-C=O of the AD molecules compared with rGO-BP-III films,
indicating that AD molecules have successfully chemically cross-
linked with rGO nanosheets via π-π stacking interactions (21).
Raman spectra show that the in-plane A2

g of exfoliated BP
nanosheets has shifted to a higher wavenumber due to phonon
confinement, indicating the monolayer BP (22), as shown in SI
Appendix, Fig. S10A. The ratio of ID to IG for GO-BP-III increased
to 1.3 as compared with the pure GO with the ratio of 0.9, indicating
GO nanosheets were reduced by BP nanosheets (23), as shown in
Fig. 2C. After reduction, the ratio of ID to IG for rGO-BP-AD and
rGO-BP-III films increased to about 1.5, which is due to the
reduction by BP and HI. In addition, the peak of G band for
GO-BP-III films at 1,604 cm−1 has shifted 18 cm−1 as compared with
that of pure GO film at 1,586 cm−1 (SI Appendix, Fig. S10B), in-
dicating the formation of P-O-C covalent bonding between BP and
GO nanosheets (24). X-ray photoelectron spectroscopy (XPS) spec-
tra (SI Appendix, Fig. S11A) revealed that the BP nanosheets and AD
molecules had been successfully introduced into the layer of rGO
nanosheets according to the appearance of P and N elements in
rGO-BP-AD films. Moreover, the intensity ratio of IC1s to IO1s of
GO-BP-III increased to 1.45 compared with GO films with the ratio
of 0.62 (SI Appendix, Table S3). The ratio of rGO-BP-III reached up
to 5.20, consistent with that of rGO-BP-AD (5.22), due to the re-
duction of GO by BP and HI. P 2p spectra of BP nanosheets (Fig. 2D
and SI Appendix, Fig. S11B) show that the two typical peaks at 130.0
and 130.9 eV belong to P-P bonds of P 2p3/2 and P 2p1/2 (22),
respectively. When BP nanosheets have been successfully in-
troduced into the layers of the GO nanosheets to obtain GO-BP-III

films, the increasing proportion of POx for GO-BP-III films is at-
tributed to the P-O-C covalent bonding (17) between BP and GO
nanosheets, consistent with the results of FTIR and Raman spectra.
Subsequently, 31P solid-state NMR (SNMR) and UV-vis spec-

troscopy were further employed to study the bonding structure of BP
and GO nanosheets. The characteristic peak at 21.9 ppm in BP
nanosheets shifted to 20.2 ppm in the spectrum of GO-BP-III film,
indicating a shielding effect with an increasing electron density of the
nucleus of O atom due to the P-O-C covalent bonding between BP
and GO nanosheets, as shown in Fig. 2E. There are several new
peaks at 8.8, 5.7, and 1.4 ppm (15) in the GO-BP-III film. They are
probably due to the functionalized P-O-C covalent bonding between
BP and GO nanosheets, leading to the low crystallinity of BP
nanosheets (25). The comparison of UV-vis spectra of the BP, GO,
and GO-BP-III films is shown in Fig. 2F. The observed signal peaks
at 230 and 300 nm are assigned to π-π* transition of the C=C and
n-π* transition of the carboxyl functional group (26) of GO spectra.
When BP nanosheets were introduced into the layer of GO
nanosheets, the typical peak at wavenumber of 230 nm showed
red-shift to 250 nm. The shoulder peak at about 300 nm disappeared.
The obtained results confirm the reduction with BP nanosheets and
the formation of P-O-C covalent bonding between BP and GO
nanosheets, consistent with the aforementioned characterizations.
Therefore, the P-O-C covalent bonding between BP and GO nano-
sheets is possibly formed via nucleophilic substitution (SI Appendix,
Fig. S12). The functional group of -C=OH+ and -C-OH2

+ is first
formed with H+ ion in solution due to the abundant oxygen-
containing functional group (-COOH and -OH) of GO nanosheets.
As the reaction continues, the in situ formed BP-O− in solution attack
the C of -C=OH+ and -C-OH2

+, resulting in the removal of H2O
from the GO nanosheets. Finally, the P-O-C covalent bonding is
formed, leading to the reduction of GO nanosheets (22).
The stress–strain curves are shown in Fig. 3 A and B and SI

Appendix, Fig. S13. Pure GO film shows a low tensile strength of
91.4 ± 8.8 MPa, strain of 2.6 ± 0.2%, and toughness of 1.3 ±
0.1 MJ m−3 due to the weak interfacial reaction between GO
nanosheets. When BP nanosheets are introduced, the obtained
GO-BP-III film shows a tensile strength of 208.7 ± 11.0 MPa and
toughness of 7.1 ± 0.2 MJ m−3, which are 2.3 times and 5.5 times
higher than pure GO film. This may be due to the P-O-C co-
valent bonding between BP and GO nanosheets and lubrication
of BP nanosheets. After reduction by HI, the tensile strength of
rGO-BP-III film reaches up to 296.1 ± 9.5 MPa with the strain of
12.6 ± 0.7% and high toughness of 15.6 ± 0.7 MJ m−3. The
tensile strength and toughness are 1.9 times and 2.6 times higher
than that of GO-BP-III. The rGO-BP-AD film shows the tensile
strength of 653.5 ± 21.4 MPa with the strain of 16.7 ± 0.3% and
toughness of 51.8 ± 2.7 MJ m−3; the toughness is 20.7 times higher
than pure rGO film. This record high toughness of rGO-BP-AD
film is attributed to the interfacial synergetic interactions of BP,
rGO nanosheets, and AD molecules. Furthermore, the weight
ratio of monolayer BP also influences the tensile strength and
toughness of the bioinspired film. SI Appendix, Fig. S14, shows
that the GO-BP-III and rGO-BP-III films demonstrate the highest
tensile strength and toughness with the content of 8.2 wt % BP
nanosheets (SI Appendix, Table S1). When the content of BP is
lower than 8.2 wt %, the rGO-BP film shows low tensile strength
and toughness due to the unsaturated interaction between BP and
GO nanosheets. With higher BP content than 8.2 wt %, such a
large number of BP nanosheets in the layers of GO nanosheets
hampers the dissipation of stress transfer when loading, thus also
resulting in low tensile strength and toughness. The corresponding
curves and detailed data of tensile strength and toughness are
listed in SI Appendix, Fig. S14 and Table S4.
For comparison, we also prepared graphene–BP film through

adding multilayer BP crystals, or a mixture of single layers and
multilayers for comparing their mechanical properties. When
the multilayer BP crystals or a mixture of single layers and

Zhou et al. PNAS | April 21, 2020 | vol. 117 | no. 16 | 8729

CH
EM

IS
TR

Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
12

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1916610117/-/DCSupplemental


www.manaraa.com

multilayers were added, the dispersity of solution is poorer than
addition of single-layer BP sheets. According to the AFM image in
SI Appendix, Fig. S15, the thickness of multilayer BP crystals is ∼5
nm, which is about 10 layers of BP nanosheets. Moreover, two
graphene–BP films including multilayer BP crystals (named as
rGO-mBP-III) or a mixture of single layers and multilayers
(weight ratio of 1:1) (named as rGO-hBP-III) were prepared
through same fabrication process. The obtained samples were
then cross-linked with AD molecules into rGO-mBP-AD and
rGO-hBP-AD film, respectively. The stress–strain curves and
fracture morphology of rGO-mBP-AD and rGO-hBP-AD films
are shown in SI Appendix, Figs. S16 and S17. The tensile strength
and toughness of rGO-mBP-AD and rGO-hBP-AD, listed in SI
Appendix, Table S4, are ∼242.2 and ∼503.1 MPa and 4.4 and 10.4
MJ m−3, respectively. The toughness and tensile strength are lower
than rGO-BP-AD film with tensile strength of ∼653.5 MPa and
toughness of ∼51.8 MJ m−3.

The study of the ambient stability of GO-BP-III film is first
conducted by analyzing UV-vis spectra for 7 and 14 d in ambient
atmosphere at room temperature as shown in SI Appendix, Fig. S18.
When the GO-BP-III film is kept in the ambient atmosphere for
14 d, the UV-vis spectra are consistent with fresh GO-BP-III film.
However, pure BP nanosheets easily suffered from the oxidation
degradation, according to the characteristic peak at 468 nm
which disappeared after 7 d in the atmosphere at room tempera-
ture. However, the mechanical properties of the rGO-BP-III and
rGO-BP-AD films did not change. In addition, the XPS spectra of
rGO-BP-III and rGO-BP-AD films were obtained after 40 d in the
atmosphere at room temperature (SI Appendix, Fig. S19). The re-
sults show that the atoms ratio of P 2p3/2, P 2p1/2, and POx was
almost kept constant, similar to the fresh samples (SI Appendix,
Table S5). The tensile strength of the rGO-BP-III and rGO-BP-AD
films was still kept at ∼275.0 and ∼622.1 MPa after 14 d (Fig. 3C).
The retention rate of toughness was up to ∼104.5 and ∼95.4%, with
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the toughness of ∼16.3 and ∼9.4 MJ m−3. The results further confirm
that the formation of P-O-C covalent bonding could prevent oxidation
of the BP nanosheets and improve their ambient stability. The water
stability of pure GO, rGO, GO-BP-III, rGO-BP-III, GO-BP-AD, and
rGO-BP-AD films was tested as shown in SI Appendix, Figs. S20 and
S21, which is treated by ultrasonic processing (100 W, 4.5 KHz) for
0 to 8 h. The pure GO film disintegrates on hydration suffered from
ultrasonic processing for 5 min and is completely redispersed after 1 h.
However, GO-BP-III and GO-BP-AD films start to disintegrate after
ultrasonic treatment for 1 and 1.5 h, respectively. Moreover, rGO film
disintegrates after ultrasonic treatment for 3 h, while the rGO-BP-AD
film remains intact in water suffer from ultrasonic processing for 8 h.
Therefore, the water stability of rGO-BP-AD and GO-BP-AD film is
superior to pure rGO and GO films.
Our bioinspired films show excellent electrical conductivity (SI

Appendix, Table S6) due to a special electronic transmission
channel between BP and GO nanosheets (23). With increasing
content of BP nanosheets, the GO-BP film shows increased
electrical conductivity from 8.5 ± 0.6 up to 22.7 ± 0.03 S cm−1, which
is due to the reduction of BP nanosheets inside GO nanosheets and
the contribution of the interfacial reactions. These results are con-
sistent with the data obtained by XRD, Raman, and UV-vis spectra.
After reduction, the electrical conductivity of rGO-BP film im-
proved to 367.1 ± 10.3 S cm−1. These results further prove that the
GO nanosheets are partly reduced by BP nanosheets. Furthermore,
the rGO-BP-AD film shows electrical conductivity up to 493.5 ±
15.2 S cm−1, which is 2.2 times higher than pure rGO film. In ad-
dition, our rGO-BP-AD film shows high thermal conductivity of 50.6
W m−1 K−1, higher than that of rGO with the thermal conductivity
of 22.7 W m−1 K−1. This is due to the synergistic interactions of the
P-O-C covalent bonding between BP and rGO nanosheets and the
π-π stacking interactions between AD molecules and rGO nano-
sheets, which accelerate electron transport (22). The comparison of
the resultant graphene–BP film with other reported graphene-based
films is listed in Fig. 3D. As presented in the image of comparison, our
rGO-BP-AD film demonstrates a record toughness of ∼51.8 MJ m−3,

higher than any other reported graphene-based films (27–53). The
corresponding tensile strength, toughness, and electrical conductivity
are listed in SI Appendix, Table S7.
To further investigate the toughening mechanism of the re-

sultant bioinspired graphene films, in situ Raman spectra were
conducted as shown in Fig. 4 A–D. The down-shift of G-band fre-
quency of graphene was utilized to detect the load transfer efficiency
(49). There is only 1.3 cm−1 G-band shift for pure rGO film at the
strain of 0 to 2.0%, indicating weak interfacial interactions (Fig. 4A).
The π-π stacking interactions between ADmolecules and rGO show
continuous load transfer at the strain of 0 to 7.0%, contributing to
the arrest of the propagating crack (Fig. 4B). The G-band shifts
continuously and reaches 7.8 cm−1 without a plateau, resulting in an
uninterrupted increase of the load transfer efficiency. Interestingly,
the G-band shift of rGO-BP-III increases to 2.2 cm−1 at the strain of
1.8% and stops for a plateau at the strain of 7.6% (Fig. 4C). Then,
the G-band shifts further increases to 4.0 cm−1 at a strain of 9.5%.
This unique G-band shift plateau starts from a strain of 1.8 to 7.6%,
indicating the lubrication of stacked BP nanosheets that results in
plastic deformation. Strong P-O-C covalent bonding between rGO
nanosheets and BP nanosheets further enhances the G-band shift
from 2.2 to 4.0 cm−1 until fracture. When introducing the combi-
nation of π-π stacking interactions and covalent bonding together in
rGO-BP-AD, the synergistic effect is achieved, resulting in contin-
uous improvement of the G-band shift to 15.3 cm−1 at a strain of
12.5% until break of the whole process of crack propagation (Fig.
4D). Then the tensile strength and the toughness of rGO-BP-AD
are simultaneously enhanced.
Recently, the degree of orientation of graphene nanosheets,

via fluidics-enabled assembly process or the introduction of π-π
stacking interactions and covalent bonding into the graphene
films with external molecules, has been enhanced to achieve high
tensile strength and toughness of graphene-based films (53, 54).
The orientation of the resultant films was investigated by WAXS
(SI Appendix, Fig. S22), which shows a decrease of FWHM of the
obtained azimuthal from 33.5° for the pure rGO films to 26.1° for
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rGO-AD, 26.4° for rGO-BP-III film, and 25.6° for rGO-BP-AD film.
According to WAXS patterns, the obtained rGO-AD, rGO-BP-III,
and rGO-BP-AD films show a high degree of orientation of 85.5,
85.3, and 85.8% compared with that of 81.4% of rGO films, as
shown in SI Appendix, Table S8. Moreover, the degree of the ori-
entation of rGO-BP-AD films is much higher than that of pure
rGO, rGO-AD, and rGO-BP-III. According to a recent reported
work (55), a mechanically strong graphene fiber could be fabricated
to promote the fiber compactness via intercalating small-sized GO
nanosheets into large-sized GO nanosheets. The compacted and
oriented fibers result in the decline of porosity to achieve high me-
chanical strength and high thermal conductivity (55, 56). Therefore,
when we introduce small-sized BP nanosheets (∼1.2 μm) into the
large-sized GO nanosheets (∼15.0 μm) (SI Appendix, Fig. S2), the
porosity of the resultant films is also reduced according the SAXS
patterns (SI Appendix, Fig. S23). The porosity of rGO-BP-III film
decreased to 5.8% with the introduction of BP nanosheets, indicating
that the small BP nanosheets fill the space and voids and make the
films more compact. The rGO-BP-AD film shows the lowest porosity
with only 4.9%, which is attributed to the synergistic interaction of
BP nanosheets and AD molecules, further condensing the resultant
films. As a result, highly oriented and compacted rGO-BP-AD films
via interfacial synergistic interaction achieve ultrahigh toughness of
∼51.8 MJ m−3 and high tensile strength of ∼653.5 MPa.
Molecular dynamics simulation was further applied to reveal the

synergetic toughening mechanism. As shown in Fig. 4I and SI Ap-
pendix, Fig. S24, compared with the rGO-BP and rGO-AD films, the
rGO-BP-AD films exhibit a unique synergetic toughening process: a
plastic deformation process assisted by the lubrication of BP nano-
sheets (elliptical region), inhibiting the crack propagation process of
π-π stacking interactions between AD molecules and rGO nano-
sheets (square region) and bridging of P-O-C covalent bonding be-
tween BP and rGO nanosheets (circular region). When the stretching
procedure starts, the microcracks of adjacent rGO nanosheets have
been initiated by the breakage of weak interactions along with mutual
sliding of the rGO nanosheets (step I). According to the first-principle

calculations in SI Appendix, Figs. S25 and S26, the energy barrier for
the BP/BP interface (9.78 kcal mol−1 nm2) is lower than that of the
BP/GO interface (14.74 kcal mol−1 nm2). This indicates the BP
nanosheets slide against each other first, and then P-O-C covalent
bonding breaks. Therefore, with increased loading to stretch the
film, the BP nanosheets slide against each other due to the lubri-
cation of BP nanosheets when the strong P-O-C covalent bonding is
bridged with rGO nanosheets. The plastic deformation mainly ari-
ses from the lubrication of BP nanosheets, which is consistent with
the result of G-band shift (Fig. 4C). Meanwhile, the long-chain AD
molecules cross-linking with rGO nanosheets via π-π stacking in-
teractions are stretched and further arrest the crack propagation
before final fracture. Then, the BP nanosheets are separated from
each other, and the π-π stacking interactions are broken (step II).
With further stretching, the P-O-C covalent bonding between BP
nanosheets and rGO nanosheets is broken; thus, it is difficult to
arrest the crack propagation, and the complete fracture of films
occurs (step III) (SI Appendix, Fig. S27). The fracture morphology of
rGO-BP-III film shows a smooth curvature of rGO nanosheets (Fig. 4
F and G), while the rGO-BP-AD film presents curled edges after the
pull-out of rGO nanosheets (Fig. 4 H and I) due to strong synergistic
interactions. The P element mapping by elemental spectral analysis
(EDS) characterization (Fig. 4 G and I, Insets) verified the BP
nanosheets on the surface of pulled rGO nanosheets due to
strong covalent bonding. The corresponding fracture morphol-
ogies of other films are listed in SI Appendix, Figs. S28 and S29.
In situ Raman frequency shifts during the loading–unloading

process were also studied as shown in SI Appendix, Fig. S30. The
reversible Raman frequency shifts of the G-band were observed
for all films when the applied strain was lower than ∼0.35%,
which is attributed to the elastic deformability owing to the
straightening of rGO nanosheets. Moreover, the strain-evoked
reversible Raman frequency shifts without hysteresis have oc-
curred for strains down to ∼4.9% for rGO-AD elongated to
∼5.6%, for strains down to ∼5.8% for rGO-BP-III elongated to
∼7.5%, and for strains down to ∼8.5% for rGO-BP-AD elongated
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to ∼10.5%. However, at a higher-strain region, no significant re-
versible shifts without hysteresis were observed for the strain-evoked
downshift of the pure rGO films during the loading–unloading
procedure. This generated elastic behavior at a high-strain region,
when the loading applied to the graphene platelets, is possibly at-
tributed to the elastic strain release because of the P-O-C covalent
bonding, lubrication of BP nanosheets, π-π stacking interactions, or
synergistic interactions.
Our ultratough BP functionalized graphene films also show

other excellent properties, including EMI shielding (EMS SE).
Fig. 5A and SI Appendix, Fig. S31, show the corresponding total
shielding effectiveness (SET), absorption shielding effectiveness
(SEA), and reflection shielding effectiveness (SER) of the pure
rGO, rGO-BP-III, and rGO-BP-AD films with the thickness of
∼5 μm. The SET of rGO-BP-AD and rGO-BP-III has reached
29.7 and 28.6 dB at the frequency of 8.0 GHz, which is 2 times
better than that of pure rGO film (14.8 dB). Moreover, the SEA
of rGO-BP-AD and rGO-BP-III reached 22.7 and 20.9 dB,
which are 2 and 1.9 times better than that of pure rGO film
(11.0 dB), respectively. Furthermore, all of the tested SEA was
higher than the SER, which means that the shielding dominant
mechanism is attributed to the absorption rather than reflection.
The proposed EMI shielding mechanism is described in Fig. 5B

as the laminated shielding materials (57). When the initial electro-
magnetic waves (EMWs) strike the surface of the resultant graphene-
based films, some EMWs are promptly reflected due to abundant
free electrons on the surface of highly conductive rGO nanosheets.
Sequentially, the residual EMWs pass through the lattice of BP
nanosheets, resulting in significant decline in energy of the EMWs
because of the developed electron density of BP nanosheets.
Moreover, the surviving EMWs would encounter the next barrier
layer of rGO nanosheets, and the attenuation of EMWs repeats. As a
result, the EMWs could be reflected and absorbed back and forth
between the layers. Therefore, the high EMI SE was reached via the
bioinspired alternant laminated structure and synergistic interactions.
Finally, the ultratough BP functionalized graphene films were

also assembled into the flexible all-solid-state supercapacitors
(FASs) using PVA/H3PO4 as gel electrolyte. The rGO-BP-AD and
rGO-BP-III films perform at much higher capacity than the pure
rGO films according to the cyclic voltammetry (CV) curves at the
scan rate of 10 mV s−1 (SI Appendix, Fig. S32A), which is attributed
to the inserted BP nanosheets preventing aggregation of rGO
nanosheets and interfacial synergistic interactions promoting en-
ergy storage. Meanwhile, CV curves of the rGO-BP-AD film at
scan rates from 10 to 300 mV s−1 show no obvious distortion, as
shown in SI Appendix, Fig. S32B, which indicates the good rate
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capability for the rGO-BP-AD film (58). Moreover, the FASs
based on rGO-BP-AD and rGO-BP-III both show ultralong cy-
cling stability with the capacitance retention of ∼100% after 28,000
(Fig. 5C) and 18,000 (SI Appendix, Fig. S33A) charge–discharge
cycles according to the galvanostatic charge–discharge (GCD)
curves at a current density of 4 A g−1. Furthermore, the CV curves
of FASs based on rGO-BP-AD show no fluctuations when bending
from 0° to 180° (SI Appendix, Fig. S33B). Furthermore, Fig. 5D
shows that the FASs based on rGO-BP-AD retain remarkable
dynamic mechanical stability with ∼100% retention of capacitance
when bending at 180° after 10,000 cycles compared with ∼97.6%
retention after 3,200 cycles for pure rGO and ∼85.6% retention
after 7,200 cycles for rGO-BP-III followed by destruction. The
obtained excellent cycling stability and exceptional mechanical
flexibility are ascribed to the synergetic interactions of P-O-C co-
valent bonding, lubrication, and π-π stacking interaction. To make
the material more practical for application, we also investigated
FASs assembled in series or in parallel to satisfy the power and
energy requirements through adjusting the discharge time and
voltage window (59–61). As shown in Fig. 5 E and F, the same size
FASs have been connected in parallel and in series. The in-parallel
connecting FASs enhance the discharge time three times more
than that of a single FASs with the same current density (Fig. 5E).
Compared with the voltage window of 0.8 V of a single FASs, the
voltage window of three connecting in-series FASs increases to 2.4 V
with almost the same discharge time presented in Fig. 5F.
Therefore, the ultratough BP functionalized graphene films
present the potential for practical application in flexible energy
storage devices.

Conclusion
We have successfully fabricated an ultratough BP functionalized
graphene film inspired by natural nacre. The BP nanosheets not
only partly reduce the GO nanosheets through P-O-C covalent
bonding but also fill the voids of resultant graphene film, making

the graphene film much more compact as well as improving the
alignment degree of rGO nanosheets in the resultant graphene
film. Meanwhile, the π-π stacking interaction between AD mol-
ecules and rGO nanosheets also reduces the porosity of gra-
phene film and enhances the alignment degree of rGO
nanosheets. The synergistic toughening effect from P-O-C co-
valent bonding, lubrication of BP nanosheets, and π-π stacking
interaction between AD molecules and rGO nanosheets results
in a record toughness of ∼51.8 MJ m−3, high tensile strength, and
excellent electrical conductivity of films. Meanwhile, the syner-
gistic interactions simultaneously enhance the electrical proper-
ties of the graphene films. The synergistic effect was verified by
in situ Raman spectra and molecular dynamics simulations,
which show the combination of crack arrest and plastic de-
formation. The ultratough BP functionalized graphene film also
shows high EMI shielding performance and demonstrates ex-
cellent performance when used for FASs supercapacitors.

Materials and Methods
GO nanosheets suspension was obtained via modified Hummer’s method. BP
crystal was purchased from Xianfeng Technology Co. Ltd. The 1-Aminopyrene
(AP) and disuccinimidyl suberate (DSS) were both obtained from Sigma-Aldrich
Co. Ltd. The solution of hydroiodic acid (HI, 57 wt%) was obtained from Sigma-
Aldrich Co. Ltd. All of the materials were used with no further purification.
More details on the materials and methods can be found in SI Appendix.

Data Availability. All data are included in the manuscript and SI Appendix.
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