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Graphene oxide (GO) is a classic two dimensional (2D) building
block that can be used to develop high-performance materials for
numerous applications, particularly in the energy and environmental
fields. Currently, the precise assembly of GO nanosheets into macro-
scopic nanohybrids of superior strength and toughness is desirable,
and faces challenges and trade-offs. Herein, we exploited the freshly
established polycationitrile method as a powerful molecular cross-
linking strategy to engineer ultratough and ultrastrong GO/polymer
hybrid films, in which a covalent triazine-based network was con-
structed in a mild condition to reinforce the interface between GO
nanosheets. The tensile strength and toughness reached 585 + 25 MPa
and 14.93 + 1.09 MJ m~3, respectively, which, to the best of our
knowledge, are the current world records in all GO-based hybrid
films. As an added merit of the tailor-made polymer crosslinker, the
high mechanical performance can be maintained in large part at an
extremely high relative humidity of 98%. This emerging interface-
engineering approach paves a new avenue to produce integrated
strong-and-tough 2D nanohybrid materials that are useful in aerospace,
artificial muscle, energy harvesting, tissue engineering and more.

Introduction

Nature provides tailor-made materials, such as nacre, bone,
and wood, whose distinct mechanical properties, e.g. high
stiffness, strength and toughness, stem from their intrinsic
building blocks joined exquisitely by interfacial forces at
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New concepts

Graphene oxide (GO) is a classic example of a two-dimensional (2D)
material, and one of its key properties of interest is the mechanical
behavior. The aim of this study was to advance the mechanical
performance of graphene oxide-based hybrid films to a new level by a
tailor-made polymer crosslinker termed ‘“‘polycationitrile” that carries a
unique functionality sequence in its repeating unit. The common
supramolecular interactions, such as hydrogen bonding, m-m and
cation-n interactions, were used to associate the polycationitrile to the
GO nanosheets. A unique polytriazine network was then introduced via a
base-catalyzed, room-temperature cyclization reaction of the nitrile
groups that critically improves simultaneously both the tensile strength
toughness. The simplicity in applying
polycationitrile chemistry in engineering polymer-inorganic interfaces

and effectiveness and

makes them valuable for construction of high-performance functional 2D
materials.

multiple length scales.' Inspiration from the wisdom of nature
has boosted scientific enthusiasm and passion in assembling two-
dimensional (2D) materials, e.g. graphene oxide (GO),>* MXene,*
graphene nanosheets,”® nanoflakes,” and layered double hydro-
xides,® into synthetic high-performance nanohybrids via
covalent,”™ ionic'®?° and/or supramolecular interactions.*' >
As one of the most intensively studied 2D materials so far, GO
nanosheets possess rich and tunable oxygenated functionalities
on a surface that are accessible to engage via interfacial
interactions with other materials ranging from polymers to metal
ions;'67202433343647 and they hold huge potential in a variety
of fields, such as water treatment,*® smart devices,” and gas
separation.>

In GO-based nanohybrids, an inherent trade-off of strength
and toughness exists all along their development history as a
crucial problem to be tackled. As crosslinkers, small organic
compounds and multivalent metal ions are popular and can
enhance the tensile strength and modulus of the resultant
hybrid films, adversely at the price of compromised toughness,
because these short and dense bridging units lack sufficient
plastic deformation.”® In view of this issue, polymers with
linear chain conformation were introduced to crosslink the
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nanohybrids and meanwhile maintain and transfer their syner-
gistic toughening effects to the nanohybrids to buffer the
stretching force.>"*”¢ 394146 [ ately, a macromolecular coupling
concept termed ‘‘polycationitrile” has been introduced as an
enabling tool to engineer polymer/inorganic interfaces,”> where
“polycationitrile” stands for a heterocyclic cation-methylene-
nitrile functionality sequence that is coded into a polymer
repeating unit. Such structural motifs are often seen in
poly(ionic liquids) (PILs) and are also designable in general ionic
polymers.>* > This macromolecular crosslinking tool is capable
of cyclizing nitrile groups into triazine-based networks very
efficiently under ambient conditions via a mild NH; vapor
treatment.”® We envision that the newly established polycationi-
trile concept is a game-changer to address abundant molecular
or nanoscale interfaces, particularly in 2D hybrid materials.

In this contribution, the power of polycationitrile in engineering
ultratough and ultrastrong 2D material-based hybrid films has
been demonstrated. As exemplified with GO nanosheets, the tensile
strength and toughness of the as-prepared GO-PIL hybrid films
outperform the state-of-the-art GO-based hybrid films. As a dis-
tinctive advantage, the mechanical properties of our GO-PIL hybrid
films have a fabulous tolerance against moisture as an added merit
of this polymeric crosslinker.

Results and discussion

GO nanosheets employed in this study were synthesized at
room temperature via the oxidation of natural graphite according
to a modified Hummers’ method.>” The model polymer involved
to assemble GO was poly(1-cyanomethyl-3-(4-vinylbenzyl)
imidazolium chloride) (termed PIL1, chemical structure shown
in Fig. 1a); its repeating unit carries the imidazolium-methylene-
nitrile structural motif as the mandatory functionality sequence to
operate the polycationitrile crosslinking reaction.>® PIL1 was
obtained via the radical polymerization of its ionic monomer
(Fig. S1 and S2, ESIt). The preparation procedure of the GO/PIL1
hybrid film is schematically illustrated in Fig. 1a. In brief, two
individual aqueous dispersions of GO and PIL1 were mixed upon
sonication, and then their mixture dispersion was deposited into
a film on a support via a pressure-assisted filtration method. The
obtained film was annealed in NH; vapor (0.2 bar, 24 h, 20 °C) to
crosslink PIL1, after which the target hybrid film was peeled-off
easily from the support. Here, a series of the hybrid film samples
with varied PIL1 contents were designed and termed as GO/PIL1-
x%, where x% denotes the relative amount of PIL1 to GO. The
NH;-treated films as the target product are termed GO/PIL1-x%-
NH;. Such hybrid films are mechanically flexible, and a represen-
tative cross-sectional scanning electron microscopy (SEM) image
displays a typical laminated profile (Fig. 1b).

The covalent crosslinking reaction of polymer chains
involves an NH;-catalyzed room temperature cyclization reac-
tion of the distal nitrile groups in PIL1 into a s-trizine-based
network.>® Besides this inter-chain covalent linkage, PIL1 also
provides multiple synergistic non-covalent interfacial interac-
tions with GO nanosheets. As suggested in Fig. 1b, the aromatic
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Fig. 1 (a) Schematic of the preparation procedure of the NHsz-treated
GO/PILL hybrid films (GO/PIL1-x%-NHs, x% denotes the relative content of
PIL1 to GO) via the polycationitrile approach. (b) The digital photograph
of GO/PIL1-3%-NHs, its cross-sectional SEM image, and the schematic of
different types of covalent and non-covalent interactions in it.

phenyl groups and the imidazolium cations of PIL1 interact
with adjacent GO nanosheets via n-x, electrostatic and cation-n
interactions. In addition, the counter anions (C1™) in PIL1 can
build up hydrogen bonding with hydroxyl groups on GO
nanosheets.”® These multiple inter-/intra-molecular interac-
tions engineered by PIL1 into the hybrids are crucial and join
together to better the mechanical properties of nanohybrids, as
discussed later.

The as-synthesized GO nanosheets were optimized and
screened out the larger sized sheets with average area and
thickeness of 10.33 & 26.43 um” and 0.75 & 0.12 nm, respec-
tively, as determined by SEM and atomic force microscopy
(AFM) measurements (Fig. 2a and Fig. S3c, Table S1, ESI}),
respectively. These GO nanosheets carry intrinsic wrinkles on
their basal planes as a result of the sp>-hybridized structural
defects.>>*>%° At the micron scale, GO/PIL1-3%-NH; is
observed to be particularly rich in wrinkled textures (Fig. 2b
and Fig. S4, ESIt), possessing ca. three times larger roughness
(53 + 12 nm in an area of 5 x 5 um?) than that of the pristine
GO film (18 £ 2 nm, Fig. S5, ESIT). This is because intercalating
PIL1 into laminated GO sheets could change the interlayer
spacing and induce more disordered alignment during filtra-
tion and assembly, which was observed by the X-ray diffraction
(XRD) analysis (Fig. 2c). A strong reflection peak in the range of
10°-12° was spotted in the XRD patterns of all samples,
corresponding to the interlayer spacing. As expected, adding
PIL1 stepwise into GO nanosheets shifts this diffraction peak
towards smaller angles as a result of broadening of their
interlayer spacing from 7.83 A (for GO/PIL1-1%-NH;) to
8.09 A (for GO/PIL1-5%-NH;) with respect to the pristine GO
film (7.76 A, Table S2, ESI+). In addition, the broader plateaus

This journal is © The Royal Society of Chemistry 2021
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Fig. 2

(a) A representative AFM image of the as-prepared GO sheet and its corresponding height profile. (b) 3D AFM images of the pristine GO film (top)

and GO/PIL1-3%-NHs (bottom). (c) XRD patterns of the pristine GO film and GO/PIL1-x%-NHz, x = 1 to 5. (d) FT-IR spectra of PIL1 and its NH3-treated
sample PIL1-NHs. (e) XPS spectra of the pristine GO film, PILL-NHz and GO/PIL1-3%-NHs. (f) The high resolution spectrum of N 1s of PIL1-NHs.

were observed with the increasing content of PIL1 in the GO
hybrid films, indicating a more disordered structure of these
nanohybrids. Therefore, the PIL1 chains that are intercalated
into adjacent GO nanosheets impact the layered microstructure,
and in turn their mechanical properties, as discussed later.

Fourier transform infrared spectroscopy (FTIR) was per-
formed to monitor the NH,-triggered covalent crosslinking of
PIL1. As shown in Fig. 2d, upon the NH; vapor treatment, two
IR bands at 1656 cm ™' and 1079 cm™ " emerged with respect
to the untreated state, which correspond to the »(C—=N) and
1(C-N) IR bands in the s-triazine rings, respectively.®® In the
X-ray photoelectron spectroscopy (XPS) tests, the pristine GO
film displays two typical intense peaks at 287 (C 1s) and 532 eV
(O 15).°" Both GO/PIL1-3%-NH; and NH;-treated PIL1 (termed
PIL1-NH;) exhibit broad nitrogen signals around 400 eV (N 1s,
Fig. 2e). Through peak deconvolution, the distinct N 1s peaks at
401.4 eV and 399.1 eV were identified, corresponding to the
imidazolium N* and imidazolium N.>° In addition, a peak at
399.9 eV is found and ascribed to the N species in the s-triazine
rings (Fig. 2f), supporting the NH;-catalyzed cyclization of the
nitrile groups.’*®

The mechanical properties are the key goal of this study. The
pristine GO film displays a tensile strength of 253 + 16 MPa
and a toughness of 5.19 + 0.43 MJ m >, both of which are
higher than those of conventional GO films prepared directly by
the classic Hummers’ method (tensile strength: 103 + 20 MPa
and toughness: 1.34 &+ 0.52 MJ m >, Fig. S6a and Table S3,
ESIt). This difference may stem from fewer structure defects

This journal is © The Royal Society of Chemistry 2021

and larger graphitic domains of our GO sheets that enable
stronger inter-sheet interactions than that in conventional GO
sheets prepared by the Hummers’ method (Fig. S6b-e and
Fig. S7, ESIT).”” By depositing PIL1 chains into the GO film
(even without NH; treatment), there appears immediately a
mechanical improvement, e.g. the tensile strength and toughness
of GO/PIL1-3% are 511 + 43 MPa and 11.41 £ 1.01 MJ m’3,
respectively (Table S3, ESIT).

Upon NH; treatment, the inter-molecular crosslinking net-
work of PIL1 via the cyclization of the nitrile groups further
reinforces the interfacial interactions within GO nanohybrids.
To note, the mechanical property of GO/PIL1-3%-NH; is a
function of the exposure time towards NH; vapor (Fig. S8 and
Table S4, ESIt). The tensile strength increases with the expo-
sure time till 24 h, reaching a maximum of 585 + 25 MPa, and
so is same with the toughness of 14.93 & 1.09 MJ m >, defining
a modulus of 19.95 + 2.60 GPa. These values are 2.3, 2.9 and
1.7 times those of the pristine GO film, respectively (Fig. 3a-c
and Fig. S9, S10, ESIT). To stress, the tensile strength of GO/
PIL1-3%-NH; is even as high as that of AISI 304 stainless
steel,>®* but favorably with more flexibility and light weight.
Care should be taken that although adding PIL1 to GO films is
beneficial, overloading of PIL1 above 3 wt% weakens hybrid
films mechanically. The detailed mechanical property data are
listed in Table S3 (ESIT). The adverse overloading effect of PIL1
is obvious as excess PIL1 forms in the nanohybrids some bulk
polymer micro-domains having less strength and toughness
than GO, and such polymer micro-domains will deteriorate the

Nanoscale Horiz., 2021, 6, 341-347 | 343
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(a) Tensile stress—strain plots of the pristine GO film (black), GO/PIL1-3% (blue), and GO/PIL1-3%-NHs (red). The comparisons of the tensile

strength (b) and toughness (c) between GO/PIL1-x% (blue) and GO/PIL1-x%-NHs (red) with varied PIL1 contents, x = 0 to 5. When x = 0, GO/PIL1-0% is
the pristine GO film and GO/PIL1-0%-NHjs is the pristine GO film after the NH3 treatment. (d) Schemes showing that PIL1 and a control polymer PIL2 were
designed as crosslinkers into GO-based nanohybrids. (e) The tensile strength and toughness of hybrid films using different PILs (PIL1 and PIL2) before and

after the NHz vapor treatment.

regular packing of GO nanosheets and cause a more disordered
alignment (Fig. 2c). Besides, the pressure-assisted filtration
method unavoidably forms some defects inside films with
increasing thickness,** while there is negligible impact on the
mechanical enhancement of the GO hybrid films caused by the
polycationitrile crosslinking (Fig. S11 and Table S5, ESIY)

The polycationitrile effects of PIL1 on GO nanosheets can be
elucidated by comparing the mechanical properties of nanohy-
brids prepared in a similar way via using a control polymer PIL2
(Fig. S12, ESIf). As shown in Fig. 3d, PIL2 holds a similar back-
bone to PIL1 but misses the distal nitrile group to undergo
covalent crosslinking. As a proof, the NH; vapor treatment
initiates the crosslinking of nitrile groups while little-to-no impact
on nitrile-free PIL2, which was further confirmed by the FT-IR
spectra of PIL2 and its NH;-treated sample PIL2-NH; (Fig. S13,
ESIt). As tested in Fig. 3e, the tensile strength and toughness of
GO/PIL2-3%-NH; are 478 + 58 MPa and 11.32 + 1.56 MJ m™ 3,
respectively (Fig. S14 and Table S6, ESIt), which are higher than
those of the pristine GO film but less than those of the GO/PIL1-
3%-NH; sample. The detailed mechanical property data are listed
in Tables S3 and S6 (ESIt). Fair to say, the nitrile group in PIL1 is
crucial to the hybrids’ mechanical properties via polycationitrile
effects. In general, the observed superior mechanical properties of
GO/PIL1-x%-NH; (x = 1 to 5) systems are synergistically brought
by (i) the nano-/microscale-layered packing of GO sheets that
amplifies inter-GO interactions,® (ii) the multiple supramolecular
interactions between PIL1 and GO sheets, and (iii) the covalent
crosslinks of individual PIL1 chains that add extra merits. These
three efforts add up together to the overall mechanical profile of
the hybrid film.

344 | Nanoscale Horiz., 2021, 6, 341-347

Next, the stress-strain experiments under cyclic loading-
unloading processes were conducted to reach an in-depth view
of the key factors dictating their mechanical performance
(Fig. 4a-c). In the initial stretching process, GO/PIL1-3%-NH;
shows an elastic deformation within a strain of 0.5% reversible
deformation (Fig. 4a), which stems naturally from the stretching
and elongation of polymer chains along the force direction to
buffer the stress. Upon further stretching, GO/PIL1-3%-NH; was
elongated with a permanent deformation of 0.23% after five
successive loading-unloading cycles within a strain of 1.0%, which
exhibits a plastic characteristic, as shown in Fig. 4b. Continuous
slippage occurs between adjacent GO nanosheets, followed by the
breakage and partly rebuilding of supramolecular interactions
between PIL1 chains and GO nanosheets to dissipate a large
amount of energy. At an even higher strain of 5.0% (Fig. 4c), the
permanent deformation increases to 0.58%, obtaining a high
fracture strength at further increased force. Based on these
analyses, a proposed fracture process of GO/PIL1-3%-NHj is
presented in Fig. 4d. The polycationitrile crosslinks for absorbing
energy could improve both the tensile strength and toughness.
The fracture morphology of GO/PIL1-3%-NH; by SEM imaging in
Fig. S15 (ESIt) visualizes, as we expected, the pulling-out of
individual GO nanosheets caused by a high stretching force.

For the polymer-free pristine GO film, the NH; treatment
decreases both tensile strength and toughness, as proven
experimentally (Fig. S16a and Table S3, ESIt), although its
modulus increases. This adverse effect ascribes presumably to
two aspects: first, NH; can react with carboxylic acid groups on
GO nanosheets and weaken hydrogen bonding between adja-
cent GO sheets. Second, NH; may react with the residue epoxy

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Stress—strain curves of GO/PIL1-3%-NHs with strain of 0.5% (a), 1.0% (b) and 5.0% (c) under five successive loading—unloading cycles.

(d) Schematic of the corresponding fracture process of GO/PIL1-3%-NHs.

groups on GO nanosheets to slightly expand their interlayer
spacing and construct rigid crosslinks between adjacent GO
nanosheets (Fig. S16b-e, ESI1).°® By contrast, NHz-induced
polycationitrile crosslinks endow GO-based hybrid films with

integrated superior mechanical properties. To the best of our
knowledge, in terms of strength and toughness, our GO/PIL1-3%-
NH; sample is the best among GO-based nanohybrids ever
reported (Fig. 5a and Table S7, ESIt).
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(a) Comparison of the mechanical property of GO/PIL1-3%-NHz with a pure GO film and other GO-based nanohybrids known in literature.

(b) The effects of environmental relative humidity on the mechanical properties of pure GO film and GO/PIL1-3%-NHs. Tensile strength (bottom) and

toughness (top).
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The pristine GO film with oxygenated functional groups
could bond between adjacent GO sheets directly via hydrogen
bonds mediated by water molecules from moisture.®”*® The
gap between adjacent GO nanosheets would accommodate
excessive water molecules at high RH, which could increase
hydrogen bonding between water molecules but not bridge
adjacent GO sheets. Not to forget, water as a Lewis base can
nucleophilically attack GO with different oxygenation degrees,
and weaken the plane-to-plane interaction, causing an unfavor-
able interlaminar swelling of GO sheets.* As a result, excessive
moisture could swell the structure and facilitate lateral slippage
of adjacent GO naonsheets, weakening the mechanical proper-
ties of GO and GO-based hybrid films.”® The tensile strength,
modulus and toughness of pure GO and GO/PIL1-3%-NH; films
were found to gradually decrease with the increasing environ-
mental RH from 20% to 98% (Fig. 5b and Fig. S17, ESIt). In this
circumstance, GO/PIL1-3%-NH; can favorably maintain
largely its tensile strength of 390 + 38 MPa and toughness of
7.78 + 0.75 MJ m ® at an extreme RH of 98%, respectively,
corresponding to almost 200% and 250% improvement
in comparison to the pristine GO films at the same RH
(137 + 32 MPa, 2.19 + 1.01 MJ m ™2, Table S8, ESIt). The significant
retention of mechanical performance at RH = 98% in our opinion
relies on the chemical stability of n-n stacking against moisture
plus the covalent crosslinks in PIL1 that are more inert towards
high RH. GO/PIL1-3%-NHj; can keep its structure integrity after
soaking in water for at least one week (Fig. S18, ESIY).

Conclusions

In summary, an ultratough and ultrastrong GO hybrid film was
designed and produced via the polycationitrile strategy. Owing
to the synergistic noncovalent and covalent interactions, such a
film shows extraordinary mechanical performance, far beyond
the pristine GO film. In particular, in terms of strength and
toughness the tailor-made GO/PIL1-3%-NH; is the best among
ever reported GO-based hybrid film. This superiority in
mechanical performance has been further brought into the
harsh condition, here at an extremely high RH of 98%, being
the best in its kind at this RH. Such simple and novel design
rationale enabled by interface engineering via the molecular
crosslinking chemistry is expected to be generally applicable to
other 2D materials; it will expedite and broaden the application
spectrum of 2D hybrid films in the fields of aerospace, artificial
muscles, energy harvesting, and more.
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