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fabrication of a robust and functional graphene
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A strong and functional artificial nacre film is developed by using polyethyleneimine-functionalized GO
(PEI-GO) and pyrogallol (PG) inspired by insect exoskeleton sclerotization. PEI-GO is macroscopically
assembled into the laminated films and then reacted with PG under the optimized condition for their
efficient cross-linking through Schiff-base reactions. The internal structure and physicochemical
properties of PG-treated PEI-GO (PG@PEI-GO) films are systematically explored with various analytical
tools. The optimized PG@PEI-GO films exhibit excellent tensile strength, modulus, and toughness of
216.0 + 12.9 MPa, 17.0 = 1.1 GPa, and 2192 + 538.5 kJ m~> which are 2.7, 2.8, and 2.3-fold higher than
those of GO films, respectively. Furthermore, silver nanoparticles (AgNPs) are densely immobilized on
the PG@PEI-GO films harnessing their abundant amine groups, and the AgNPs immobilized PG@PEI-GO
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Accepted 20th February 2024 films exhibit a high catalytic activity in the conversion of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP)
with maintaining structural integrity. Based on the results, we demonstrate that the rational design of

DOI: 10.1035/d3ra08932k interfaces, inspired by natural materials, is an efficient approach to achieving strong and functional GO
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1 Introduction

Biomimetic nanohybrid structures have gained significant
interest due to their hierarchical structures, resulting in
outstanding mechanical properties. Thus, numerous natural
materials with excellent mechanical strength have been exten-
sively studied to develop high-performance composite
materials."*® A material that shows promise for various
purposes is nacre, which has a brick-and-mortar structure. The
high mechanical properties of nacre come from its unique
laminated structure consisting of inorganic platelets (CaCO;) as
a hard component and biopolymers as a soft component.**?
Graphene oxide (GO) is a promising material for mimicking
natural nacre. It possesses unique physicochemical properties
such as strong mechanical strength, flexibility, extremely high
aspect ratio, aqueous processability and chemically-tailorable
surface.'**

The presence of oxygen-containing functional groups on the
surface of GO is particularly important in developing a high-
performance composite material, especially when it comes to
nacre-mimetic structures. This is because the mechanical
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properties of such structures are mostly influenced by chemical
interactions at the interfaces between their hard and soft
components. Therefore, there have been numerous
attempts to create strongly interactive interfaces by cross-
linking the oxygen-containing functional groups of GO sheets
through various chemical interactions. For example, An et al.
have utilized borate ions as an intercalator to produce a robust
and stiff nacre-like GO film. They achieved this by forming
borate orthoester covalent bonds between interlayers of the
laminated GO films. These bonds are commonly found in
higher-order plants.*® Cui et al. synthesized polydopamine-
functionalized GO sheets and fabricated strong, tough nacre-
like GO films with cross-linked structures based on mussel-
inspired universal adhesiveness.”* Chen et al. demonstrated
that phytic acid can cross-link nacre-like GO films, resulting in
comprehensively reinforced mechanical properties through
chelating interactions commonly found in biomaterials.*
Recently, phenol-amine chemistry found in insect exoskele-
tons has been widely explored to develop a strong and universal
adhesive layer.”>** This phenol-amine chemistry is inspired by
the sclerotization process of insects to form their hard cuticle
layer. The crucial chemistry involved in the sclerotization
process is cross-linking reactions of amine-rich polymers with
quinone, which is an oxidative form of phenol.>>** Since this
cross-linking process not only quickly occurs under mild
conditions but also results in highly cross-linked structure, we
aimed to incarnate this simple process in the rational interface
design and fabrication of GO composite films with strongly
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enhanced mechanical properties.>® However, to the best of our
knowledge, this interesting bio-inspired phenol-amine chem-
istry has been not fully harnessed to fabricate a high-
performance artificial nacre despite its strong potential.
Therefore, the hybridization of interfacial chemistry in insect
sclerotization and hierarchical structure in a nacre can be
a novel and efficient bio-inspired strategy to fabricate a robust
composite material based on the evolutionary strategies of
living organisms. For the realization of this bio-inspired fabri-
cation strategy, amine-rich GO derivatives and polyphenol
analogues are utilized as a chemically-reactive brick-and-
mortar, respectively.

Herein, polyethyleneimine functionalized GO (PEI-GO) was
synthesized by the ring-opening reaction between amine groups
of PEI and epoxy groups of GO, and the synthesized PEI-GO
sheets were vacuum-filtered to construct a free-standing film
mimicking a nacre-like laminated structure. The PG treated PEI-
GO (PG@PEI-GO) films were prepared through two different
methods for mimicking sclerotization process. First, the PEI-GO
suspension, which is being filtered, was mixed with PG when it
turned to gel-like state, and the resulting films were named
PG@PEI-GO (wet) films. Second, the dried PEI-GO films were
incubated in an aqueous solution of PG, and the resulting films
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Fig. 1 (a) Schematic diagram for the fabrication of PGQPEI-GO (wet)
and PG@PEI-GO (dry) films. (b) UV-vis spectra of GO, PEl, and PEI-GO
with inset of the optical images of GO and PEI-GO suspensions. (c)
Raman spectra of GO and PEI-GO, (d and e) FT-IR spectra of GO, PEI-
GO, and PEI with different spectral regions.
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were named PG@PEI-GO (dry) films (Fig. 1a). The prepared
PG@PEI-GO films were thoroughly analysed using various
analytical tools to explore their internal structures and physi-
cochemical properties. The results clearly revealed that PEI-GO
sheets were efficiently cross-linked with PG through Schiff-base
reactions, and the degree of cross-linking was higher in the case
of PG@PEI-GO (wet) films than PG@PEI-GO (dry) films.
Consequently, the PG@PEI-GO (wet) films presented the
significantly enhanced overall mechanical properties including
tensile strength, modulus, and toughness compared to GO, PEI-
GO, PG treated GO (PG@GO), and PG@PEI-GO (dry) films.
Furthermore, silver NPs (AgNPs) were densely immobilized on
the surface of PG@PEI-GO (wet) films, and the AgNPs immo-
bilized PG@PEI-GO films showed a high catalytic activity and
structure stability in the conversion of 4-nitrophenol (4-NP) to 4-
aminophenol (4-AP). The results clearly demonstrate that by
mimicking natural materials, the rationally designed interfacial
chemistry of GO films can not only reinforce their overall
mechanical properties but also endow a novel functionality
such as catalytic activity through the incorporation of catalytic
nanomaterials. The catalytic nanocomposite films can be
utilized as a versatile platform for the synthesis of valuable
compounds and decomposition of environmental pollutants
owing to their catalytic activity, strong mechanical properties,
and recyclability. In addition, the PG@PEI-GO (wet) films can be
diversely hybridized with other functional nanomaterials by
simple dip- or spray-coating through electrostatic interaction
and hydrogen bonding based on their surface properties.
Furthermore, the high robustness of PG@PEI-GO films can
provide recyclability of AgNP/PG@PEI-GO films for application
as a bulk heterogeneous catalytic material without loss of their
structural integrity and catalytic activity. This robustness is also
prerequisite for various industries including aerospace, auto-
mobile, flexible electronics, and packaging/protective
materials.”

2 Experimental section
2.1 Materials

Graphite was purchased from Kropfmiithl AG (Herzenberg,
Germany). Potassium permanganate, sodium nitrate, sulfuric
acid, hydrogen peroxide (30%), pyrogallol, and hydrochloric
acid (35-37%) were purchased from Daejung Chemicals
(Siheung, Korea). Polyethylene imine (MW: 750000) was
purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2 Preparation of GO

1.5 g of graphite and 0.5 g of NaNO; were added to 23 mL of 98%
H,S0, in an ice bath with magnetic stirring. 3 g of KMnO, was
slowly added into the reaction mixture to keep the temperature
below 20 °C. After thoroughly mixed, the mixture was trans-
ferred to a 35 °C oil bath and stirred for 1 h, resulting in the
formation of a dense paste. Then, 40 mL of water was carefully
added into the mixture and stirred for 30 min (this step requires
caution due to the rapid temperature increase). Finally, 100 mL
of water was added, followed by the addition of 3 mL of 30%
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H,0, (the color shift from dark brown to yellow). For purifica-
tion, the mixture was washed with a 3.4% HCI solution to
eliminate residual salts and washed with water until the
supernatant is neutralized.?®

2.3 Synthesis of PEI-GO

GO was prepared in 500 mL of water at 0.1 mg mL™*, and as-
prepared GO suspension was slowly added into 1000 mL of
aqueous solution of PEI at 0.25 mg mL ™" with vigorous stitring.
Then, the reaction mixture was stirred for 12 h at room
temperature. After the reaction, the reaction mixture was
centrifuged 5 times at 15 770 rcf for washing and re-suspended
in water for further use.

2.4 Fabrication of GO and PEI-GO films

For the fabrication of GO and PEI-GO films, GO and PEI-GO
suspensions were prepared in 10 mL of water at 5 mg mL ™",
and the resulting suspensions were vacuum-assisted filtered
with a cellulose ester (CE) membrane of 0.45 pm pore size,
respectively. After the completion of the filtration, the GO and
PEI-GO films were taken off from a CE membrane and dried in
an oven at 60 °C for 12 h.

2.5 Fabrication of PG@PEI-GO (wet) films

5 mL of 0.4 M aqueous solution of PG was added into the PEI-
GO suspension, which is being vacuum-filtered, when the PEI-
GO suspension turned to gel-state. After the completion of the
filtration, the cross-linked PEI-GO films were taken off from
a CE membrane and dried in an oven at 60 °C for 12 h.

2.6 Fabrication of PG@PEI-GO (dry) films

After fabrication of PEI-GO films, as prepared and dried PEI-GO
films were immersed in a 0.4 M aqueous solution of PG for 1 h
and dried in an oven at 60 °C for 12 h.

2.7 Synthesis of AgNPs

0.5 mL of 59 mM AgNO; solution and 1 mL of 34 mM trisodium
citrate solution were added to 98 mL of water and stirred for
several min. Subsequently, 0.5 mL of a 20 mM NaBH, solution,
aged for 2 h, was added into the mixture under continuous
stirring. The reaction mixture was further stirred for 1 h and
then left to age for 24 h at room temperature before use.”

2.8 Introduction of AgNPs onto GO and PG@PEI-GO (wet)
films

GO and PG@PEI-GO (wet) films were incubated in aqueous
suspensions of AgNPs for 1 h, washed thoroughly with water,
and dried in an oven at 60 °C for 12 h.

2.9 Catalytic reduction of 4-NP to 4-AP

The AgNPs immobilized PG@PEI-GO (wet) films (AgNP/
PG@PEI-GO (wet)) film was added to 10 mL of a freshly
prepared 0.05 mM aqueous solution of 4-NP, adjusted to pH 6.0.
Subsequently, 1 mL of a freshly prepared 1 M aqueous solution
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of NaBH, was rapidly added to the mixture at room tempera-
ture. The catalytic reaction was then monitored using UV-vis
spectroscopy based on the absorption peak at around 400 nm.**

2.10 Characterization

UV-vis spectra were measured using a Varian Cary 50 Conc
(Varian, Inc. USA). Fourier transform infrared (FT-IR) analysis
was carried out using an FTIR-7600 (Lambda scientific systems,
Inc. USA). Raman analysis was carried out using HEDA (WEVE,
Korea) with a diode laser (532 nm) focused through an integral
microscope (BX53M, Olympus) equipped with a 20x objective
lens (MPLFLN20x, Olympus). X-ray photoelectron spectroscopy
(XPS) spectra were obtained using a Thermo Scientific K-alpha
(Thermo VG, USA) with monochromated Al Ko (1486.6 eV). X-
ray diffraction (XRD) patterns were acquired using an X-ray
diffractometer (D/MAX 2500, Rigaku) with Cu Ko radiation (4
= 0.15418 nm) at 40 kV and 50 mA. Scanning electron micros-
copy (SEM) images were acquired using a NOVA Nano scanning
electron microscope 450 (FEI company, Netherlands). Tensile
tests for evaluating the mechanical properties of GO, PEI-GO,
PG@PEI-GO (wet), PG@PEI-GO (dry), and PG@GO (wet) films
were conducted using a universal testing machine (UTM) (ST-
1000, SALT Co., Ltd) equipped with a 200 N load cell with
a 15 mm gauge length and a 0.7 mm min " loading rate,
respectively.

2.11 Data analysis

A completely randomized design was adopted in this study. For
statistical analysis, all experiments were independently per-
formed at least in triplicate for each sample, and the results
were indicated as average values with their standard deviation.
The significance of the experimental results was validated using
one-way analysis of variance (ANOVA) test, and significantly
different means were evaluated using a Tukey honest significant
difference (HSD) test at the p < 0.05 level.

3 Results and discussion

The synthesized GO has an average lateral size of 8.4 pm and
was functionalized with PEI through a ring opening reaction
between epoxy groups of GO and primary amine groups of PEI
(Fig. S11).** The as-synthesized PEI-GO was thoroughly charac-
terized using various spectroscopic tools to confirm the
successful preparation. The UV-vis spectrum of GO exhibited
a typical peak at 231 nm from the w—7t* transition of conjugated
C=C bonds with a shoulder at around 294 nm from the n-7*
transition of C=0 bonds, respectively. After the reaction with
PEI, a new absorption peak at around 200 nm, which was
observed from PEI solution, was observed from UV-vis spectrum
of PEI-GO with a partial decrease of n-m* transition shoulder
and overall increase of absorption in visible region (Fig. 1b).*>
Those changes indicated that PEI-GO was successfully synthe-
sized with a partial restoration of the sp> carbon networked
structure of GO during the PEI functionalization.*** Conse-
quently, the resulting PEI-GO suspension exhibited a high
colloidal dispersibility and dark color compared to GO

© 2024 The Author(s). Published by the Royal Society of Chemistry
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suspension (Fig. 1b). It has been previously reported that GO
can be reduced by the reaction with amine-rich polymers in
aqueous media.**

In their Raman spectra, both GO and PEI-GO showed char-
acteristic D- and G-bands at 1336 and 1583 cm ™", correspond-
ing to disordered and ordered sp” carbon networked structures.
The relative intensity ratio of the D- and G-bands (Ip/I;) served
as a typical indicator for the degree of defect in graphene
derivatives.?® The Ip/Ig value of GO increased from 1.03 to 1.08
after functionalization with PEI, suggesting the formation of
defects in the sp” carbon domains during PEI functionalization
(Fig. 1¢).*® In their FT-IR spectra, GO showed its representative
peaks at 3428 cm ™' from O-H stretching, 1727 cm ™' from C=0
stretching, 1625 cm™' from aromatic C=C stretching,
1384 cm ' from O-H bending, 1255 cm ' from C-O-C
stretching, and 1087 cm ™" from C-O stretching.** PEI exhibited
its characteristic peaks at 3409 cm ' from N-H stretching,
2952 cm™ ' from —~CH,~ symmetric stretching, 2846 cm ™" from -
CH,- asymmetric stretching, 1635, 1565, and 1479 cm™ " from
N-H bending, and 1317 cm ' from C-N stretching.®® As ex-
pected, PEI-GO showed the overlapped peaks which originated
from both GO and PEI at 3415 cm™ ' from O-H stretching,
1631 cm ' from C=C stretching, and 1083 cm ' from C-O
stretching of GO and at 3409 cm~ ' from N-H stretching and
1465 cm ™" from N-H bending of PEI, respectively (Fig. 1d and
e).>>*” All the spectroscopic analyses collectively confirmed that
the PEI was successfully functionalized on the surface of GO
sheets.

The GO and PEI-GO dispersions were prepared at a concen-
tration of 5 mg mL " and filtered under a reduced pressure to
fabricate the nacre-like laminated films. The resulting PEI-GO
films were treated with PG through two different methods to
find the optimal cross-linking process for mimicking insect
sclerotization. In the first method, the PG@PEI-GO (wet) films
were prepared through addition of PG solution to the PEI-GO
suspension, which is being filtered, when the suspension
turned gel-like state before completing the filtration process. In
the second method, the PG@PEI-GO (dry) films were prepared
through immersing as-prepared dry PEI-GO films into PG
solution for 1 h and dried in an oven. The cross-sectional SEM
images of GO, PEI-GO, PG@PEI-GO (wet), and PG@PEI-GO (dry)
films showed that they were successfully assembled into nacre-
like laminated films (Fig. 2a-d). XRD analysis was next con-
ducted to further investigate their laminated structures. GO
films exhibited the typical (001) diffraction peak at 2 = 10.36°
corresponding to d-spacing of 8.53 A, and the peak was shifted
in the XRD pattern of PEI-GO films to 26 = 9.48° corresponding
to d-spacing of 9.32 A (Fig. 2e). This peak shift was due to the
functionalized PEI on the surface of GO sheets, which enlarged
the d-spacing between GO sheets.**** Additionally, a new peak
appeared at 26 = 17.52° corresponding to d-spacing of 5.05 A,
which originated from the reduced interlayer distance of GO
sheets due to the partial deoxygenation during PEI functional-
ization (Fig. 2e). The PG@PEI-GO (dry) films showed a nearly
identical pattern to that of PEI-GO films with the only slight
shift of the (001) diffraction peak to 26 = 9.14° corresponding to
9.67 A due to partial PG intercalation. However, the (001)
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Fig.2 Cross-sectional SEM images of (a) GO, (b) PEI-GO, (c) PG@PEI-
GO (wet), and (d) PG@PEI-GO (dry) films, and their (e) XRD patterns.

diffraction peak of PG@PEI-GO (wet) films showed a greater
down-shift compared to PG@PEI-GO (dry) films, which lead to
broadening its shape compared to PEI-GO and PG@PEI-GO
(dry) films. Additionally, the new diffraction peak at 20 =
17.52° derived from partial deoxygenation was shifted to 20 =
23.86° corresponding to 3.73 A derived from the reduced
interlayer distance by further deoxygenation of GO sheets owing
to the intrinsic reducing power of PG (Fig. 2e).*® All those results
harmoniously indicated that PG@PEI-GO (wet) films have
a higher degree of PG intercalation into the interlayer of lami-
nated PEI-GO sheets than PG@PEI-GO (dry) films, which
confirmed that the PG@PEI-GO (wet) films have the optimized
interfacial structure to efficiently mimic insect sclerotization.
The chemical structures of GO, PEI-GO, PG@PEI-GO (wet),
and PG@PEI-GO (dry) films were analysed using XPS. In C 1s
XPS spectrum of GO films, typical peaks were observed at 283.7,
285.8, 287.2, and 288.2 eV originated from C-C and C=C bonds
(40%), C-O bonds (45.2%), C=0 bonds (10%), and O-C=0
bonds (4.8%), respectively (Fig. 3).>* After PEI functionalization,
the composition of C-C and C=C bonds increased to 51.6%,
while oxygen containing bonds such as C-O, C=0, and O-C=0
decreased to 15.8%, 5.0%, and 2.6%, respectively. Importantly,
a new peak was observed at 285.1 eV corresponding to C-N
bonds of PEI (Fig. 3).* This result also indicated PEI was
successfully functionalized onto the surface of GO sheets with
partial reduction of GO during PEI functionalization. In the C 1s
XPS spectrum of PG@PEI-GO (wet) films, the composition of
C-O bonds notably increased to 23.6%, and a new peak was
observed at 284.9 eV corresponding to C=N bonds (2.5%)
(Fig. 3). These changes originated from the formation of C-O
bonds through intercalation of PG and the Schiff-base reactions
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between PEI and PG at the interlayer of PEI-GO films.*
However, PG@PEI-GO (dry) films showed only slight increase in
the composition of C-O and C=N bonds to 18.8% and 0.7%,
respectively (Fig. 3). Additionally, N 1s XPS spectrum of GO
films showed no signal, while that of PEI-GO films showed
a single peak at 397.8 eV corresponding to N-C bonds. In stark
contrast, PG@PEI-GO (wet) films exhibited two peaks at 397.8
and 400.2 eV corresponding to N-C bonds (70%) and N=C
bonds (30%). Although the PG@PEI-GO (dry) films also showed
peaks corresponding to the N-C and N=C bonds, the compo-
sition of N-C bond (95%) was much higher than that of N=C
bonds (5%) (Fig. S2t).* The comprehensive XPS analysis clearly
revealed that PG intercalation and subsequent Schiff-base
reaction were much more efficient in PG@PEI-GO (wet) films
than PG@PEI-GO (dry) films, which is well matched with the
results of XRD analysis.

The mechanical properties of GO, PEI-GO, PG@PEI-GO
(wet), and PG@PEI-GO (dry) films were thoroughly investi-
gated with tensile experiments to explore reinforcement effect
of the bio-inspired interfacial structure. The tensile strength,
modulus, and toughness of GO films were 79.5 + 5.5 MPa, 6.1 +
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0.4 GPa, and 937.2 + 76.8 k] m ™, and after PEI functionaliza-
tion, those values increased to 149.0 + 16.6 MPa, 11.4 +
0.4 GPa, and 1035.0 4 203.1 k] m >, respectively (Fig. 4). These
changes of mechanical properties implied that the interfacial
interaction of GO sheets was strengthened by the surface
adsorbed PEI through the enhanced m-m interaction and
intramolecular hydrogen bonding between abundant amine
groups.* After intercalation of PG into PEI-GO films, the tensile
strength, modulus, and toughness of PG@PEI-GO (wet) films
were measured to be 216.0 + 12.9 MPa, 17.0 + 1.1 GPa, and
2192.9 + 538.5 k] m 3, which were 1.5, 1.5 and 2.1-fold higher
than those of PEI-GO films, respectively (Fig. 4). However, as
expected, the mechanical properties of PG@PEI-GO (dry) films
were only 160.3 £+ 18.5 MPa, 15.4 + 1.1 GPa, and 1106.0 & 610.0
kJ m ™ which were comparable to those of PEI-GO films (Fig. 4).
This higher enhancement of PG@PEI-GO (wet) films than
PG@PEI-GO (dry) films can be attributed to the more efficient
intercalation of PG into the laminated PEI-GO films which lead
to the formation of cross-linked structures, as confirmed by the
XRD and XPS analysis.

Then, the fracture analysis was carried out to further explore
their interfacial structures. In general, the laminated GO sheets
are pulled-out during tensile experiments when the applied
shear force exceeded their friction force. Therefore, the degree
of cross-linking in the GO films is inversely proportional to the
extent of pull-out when their fracture occurs. As a result, GO
films showed the typical pull-out behaviour, whereas this pull-
out behaviour was not observed from the fractured PEI-GO,
PG@PEI-GO (wet), and PG@PEI-GO (dry) films (Fig. 5). These
results showed that the PEI functionalization and subsequent
PG treatment resulted in the reinforcement of interfacial shear
stress between the laminated GO sheets by the multiple inter-
actions through mw-m interaction, hydrogen bonding, and
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a —— PEI-GO film s
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£ P66G0 ety m z
o (wet) film
2180 5180
g 5
® s 21
120 B 120 6 4
2 © 190 =
I3 =
c @ 979
& 60 2 60 . s A 13 5
0 = 55 129
0.0 05 1.0 1.5 20 PEI—GO PG@ PG@ PG@GO
Strain (%) mm film  PEI-GO PEGO (wet)film
(wet) film (dry) film
C 20 < d 3000
d _— a
— 2400
=15 b £ 1106.0
o b S +
o = 1800 610.0
210 @
S 17.0
e 15.4 ]
192 466 3
3 2 |1 L (]2 £ 1200
) + E 1.4 + = 144 7
= 5|81 | oa 08 3 600 ss1z 035 5385
+ [~
olloa 0 1ss 2031
GO PEI-GO PG@ PG@ PG@GO GO PEI-GO PG@ PG@ PG@GO
film film PEI-GO PEI-GO (wet) film film film PEI-GO PEI-GO (wet) film

(wet) film (dry) film (wet) film (dry) film

Fig. 4 (a) Stress—strain curves, (b) tensile strength, (c) modulus, and (d)
toughness of GO, PEI-GO, PG@PEI-GO (wet), PG@PEI-GO (dry), and
PG@GO (wet) films. Error bars represent the standard deviation (at
least n = 3); different letters represent significantly different means (p <
0.05).
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(cc)

PEI-GO film

PG@PEI-GO (dry) film

Fig. 5 SEM images of the tensile-fractured sites of (a) GO, (b) PEI-GO,
(c) PG@PEI-GO (wet), and (d) PG@PEI-GO (dry) films.

covalent bonds. As a control, the GO films were treated through
the equal process to PG@PEI-GO (wet) films, and the resulting
PG@GO (wet) films exhibited the tensile strength, modulus,
and toughness of 97.9 + 12.9 MPa, 12.4 + 0.8 GPa, and 466.3 +
144.7 k] m > which were much lower than those of PEI-GO,
PG@PEI-GO (dry), and PG@PEI-GO (wet) films, respectively
(Fig. 4 and see Fig. S31 for the detailed characterization of
PG@GO (wet) films). Likewise, the fracture behaviour of
PG@GO (wet) films was analogous to that of GO films (Fig. S47).
These results further confirmed that the comprehensive rein-
forcement of PG@PEI-GO (wet) films was driven by the inter-
facial cross-linking reactions between amine groups of PEI-GO
sheets and quinone groups of PG which occurred at the inter-
layer of PEI-GO films.

Finally, the citrate-capped AgNPs were immobilized onto the
surface of PG@PEI-GO (wet) films by a simple dip-coating
method through the electrostatic interaction between amine
groups of PG@PEI-GO (wet) films and citrate ligands of AgNPs
(see Fig. S5t for the detailed characterizations of AgNPs). To
verify electrostatic interaction between AgNPs and PG@PEI-GO
films, the surface charges of GO, PEI-GO, PG@PEI-GO, AgNPs,
and AgNP/PG@PEI-GO were measured with a zeta-potential
analyzer under the suspended condition. (Fig. S6at). The zeta-
potential value of GO was negative (—27.0 mV) owing to its
oxidized structure, but this value became positive to 35.1 mV
after PEI functionalization (Fig. Seat). This positive surface
charge indicated PEI-GO presented abundant amine groups,
and after reaction with PG, it decreased to 25.4 mV because
Schiff-base reaction with phenol groups of PG lead to
consumption of amine groups on PEI-GO (Fig. S6af). It is
worthy to note that the net surface charge of PG@PEI-GO was
still positive, and this positive charge was further diminished to
12.8 mV after incorporation of negatively charged AgNPs (—29.8
mV) owing to the charge compensation effect (Fig. S6at). All
these results clearly suggested that AgNPs was immobilized
onto the surface of PG@PEI-GO films through electrostatic
interaction (the UV-vis spectra of GO, PEI-GO, PG@PEI-GO,
AgNPs, and AgNP/PG@PEI-GO suspensions were provided in
Fig. S6bf). SEM images of the AgNP/PG@PEI-GO (wet) films

© 2024 The Author(s). Published by the Royal Society of Chemistry
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showed a high surface coverage of AgNPs with a homogeneous
distribution (654 + 32 um™?) (Fig. 6a). As a control, GO films
were also equally incubated with AgNPs, but there was no
immobilization of AgNPs on their surface (Fig. 6b). The AgNP/
PG@PEI-GO (wet) films were then employed as a heteroge-
neous and supported catalyst for the reduction of 4-NP to 4-AP
(Fig. 7a).

The AgNP/PG@PEI-GO (wet) and AgNP/GO films were incu-
bated in aqueous solutions of 4-NP with stirring for 30 min. The
yellow 4-NP solution was successfully de-colored with AgNP/
PG@PEI-GO (wet) films, and the film structure was well main-
tained even after stirring for 30 min (Fig. 7b). In contrast, there
was no de-coloration of 4-NP, and AgNP/GO films were
dispersed into the 4-NP solution by stirring for 30 min owing to
their weak interfacial structure (Fig. 7b). Then, the catalytic
reaction using AgNP/PG@PEI-GO (wet) film was monitored by
using UV-vis spectroscopy. The characteristic absorption band
of 4-NP at 320 nm was shifted to 400 nm by addition of 1.0 M of
NaBH,, and this peak was used as indicator for the progress of
catalytic reaction.**** The absorption band at 400 nm was
gradually diminished with appearance of a new absorption
band at around 300 nm with the progress of reaction (Fig. 7c).
These changes indicated that the 4-NP was gradually converted
to 4-AP, and the catalytic reaction on the AgNP/PG@PEI-GO
(wet) film was completed after 30 min. Based on the kinetic
analysis, it was found that the reaction followed the first order
kinetic, described as —In(A) = —k ot (Where A is the absorbance
of 4-NP at time ¢, and k., is the rate constant). The fitted curve
showed the k. value of 0.11286 min~" with a high linearity
(coefficient of determination, R> = 0.99499) (Fig. 7d). The
structural stability of AgNP/PG@PEI-GO (wet) films was further
validated with a recycle test. After 5 recycle test with washing
steps, the structure and catalytic conversion rate of AgNP/
PG@PEI-GO (wet) films were not notably changed without
loss of AgNPs from their surface (Fig. 7e and S77).

Additionally, the effect of NaBH, concentration on the
catalytic reaction was studied using 0.5 and 2.0 M NaBH,
solutions. Both reaction condition also followed the first order

a pe

b P

Fig. 6 SEM images of the surface of (a) AQNP/PG@PEI-GO (wet) and
(b) AgQNP/GO films with different magnifications.
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Fig. 7 (a) The catalytic reduction of 4-NP to 4-AP. (b) Optical images

of before and after of catalytic reaction using AgQNP/GO and AgNP/
PG@PEI-GO (wet) films. (c) UV-vis spectra of the catalytic reaction
solution with AQNP/PG@PEI-GO (wet) film as a function of reaction
time. (d) Kinetic analysis of the catalytic reaction. (e) Conversion rate of
4-NP to 4-AP as a function of recycle number.

kinetic, and the fitted curve showed the k., values of 0.0302 and
0.20487 min~ " with 0.5 and 2.0 M NaBH, solutions and high
linearity (coefficient of determination, R*> = 0.98729 and
0.99416, respectively.) (Fig. S81). These values were 0.3-fold
lower and 1.8-fold higher than the original k., value obtained
with 1.0 M NaBH, solution, respectively. Importantly, the
conversion rate of 4-NP to 4-AP was 95.6 and 96.3% with 1.0 and
2.0 M NaBH, solutions, respectively. However, even after
70 min, only an 87% of conversion rate was achieved with 0.5 M
NaBH, solution (Fig. S8f). Considering these results, the
concentration of NaBH, solution need to be higher than 1.0 M
to achieve a high conversion rate over 95% in the present
catalytic reaction system.

As control catalytic reactions to verify the origin of catalytic
activity from AgNP/PG@PEI-GO (wet) films, the catalytic reac-
tion was carried out with PG@PEI-GO (wet) film and colloidal
suspension of AgNPs as a catalyst under the equal reaction
condition. In the case of PG@PEI-GO (wet) film, there was no
notable change in the UV-vis spectrum of catalytic reaction
solution even after 30 min (Fig. S9t). However, the catalytic
reaction was completed in 20 min with colloidal AgNPs, and the
catalytic rate constant increased 1.9-fold compared to AgNP/
PG@PEI-GO (wet) film (Fig. S91). The enhanced catalytic rate
constant with colloidal AgNPs might be derived from the
increased available surface area and collision possibility of free-
standing AgNPs for the catalytic reaction compared to the
surface-immobilized AgNPs on PG@PEI-GO (wet) film. These
control experiments clearly supported that the catalytic reaction
mainly originated from the incorporated AgNPs onto PG@PEI-
GO (wet) films.

Finally, the catalytic rate constant of the AgNP/PG@PEI-GO
(wet) film is compared with previously reported literature
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utilizing noble metal catalysts supported on structural mate-
rials. The results confirmed that the catalytic rate constant of
AgNP/PG@PEI-GO (wet) film is comparable to those reported in
previous literature (Table S17).

Taken together, it was clearly demonstrated that the present
bio-inspired strategy from insect sclerotization is an efficient
way to develop a high-performance and functional composite
structure using GO derivatives.

4 Conclusions

In conclusion, our study presents a biomimetic strategy
inspired by insect exoskeleton sclerotization to fabricate strong
and functional GO films. PEI-GO sheets were synthesized and
assembled into the nacre-like laminated films through vacuum-
assisted filtration. The phenol-amine reactions between PEI-GO
and PG were optimized by comparing the dry and wet treat-
ments in terms of the internal structure, cross-linking, and
mechanical reinforcement. As a result, the wet method was
found as the optimal process, and the resulting PG@PEI-GO
(wet) films exhibited the considerably enhanced tensile
strength, modulus, and toughness to 216.0 £ 12.9 MPa, 17.0 &+
1.1 GPa, and 2192 #+ 538.5 k] m > in comparison with those of
GO films (79.5 £+ 5.5 MPa, 6.1 + 0.4 GPa, and 937.2 + 76.8 kJ
m %), respectively. In addition, the PG@PEI-GO (wet) films
afforded immobilization of AgNPs on their surface due to the
abundant amine groups. The AgNP/PG@PEI-GO (wet) films
showed a high catalytic activity in the conversion of 4-NP to 4-AP
with the remarkable structure stability during 5 recycles.
Although mechanical properties of the resulting PG@PEI-GO
(wet) films are still inferior to synthetic engineering plastics
such as polyimide and aramid fiber, the overall and significant
mechanical reinforcement shows the strong potential of
a rational design of interfacial structures in the GO composite
films. Based on the rational design with knowledge of interfa-
cial interactions and structure in natural strong materials, we
believe there will be more efficient and practical ways to develop
a high-performance composite film by using functional GO
derivatives and natural materials. Considering all those
features, this study can provide a novel perspective and insight
to fabricate the mechanically robust and functional GO based
composite films.
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