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ARTICLE INFO ABSTRACT

Keywords: A multi-modally interactive interface is investigated to develop a strong structural material based on hybridi-
Graphene oxide zation of graphene oxide (GO) and tannic acid (TA) through cross-linking with coordination and covalent bonds.
Reduction

GO is reduced and functionalized with TA by a simple wet-chemical reaction. The resulting TA-reduced and
functionalized GO (TA-RGO) sheets are macroscopically assembled into lamellar structured paper like artificial
nacre by vacuum-assisted filtration. The assembled TA-RGO paper is sequentially cross-linked by Fe3* ion and
polyethyleneimine (PEI) to form a strong interface through multimodal interactions such as hydrogen bonding,
covalent bonding, coordination and n-x interactions. The suspended, assembled and cross-linked TA-RGO sheets
are systematically characterized by various analytical tools. By forming the multimodal interactions, the tensile
strength, modulus and toughness of GO paper were enhanced from 59.5 + 4.1 MPa, 7.8 + 1.4 GPa, and 765 +
112 kJ/m® to 167.7 + 15.4 MPa, 17.6 + 0.4 GPa, and 1484 + 192 kJ/ms, respectively. Based on the results, we
clearly demonstrated TA can be harnessed as a multifunctional agent for reducing, functionalizing and cross-
linking RGO sheets to construct a strong structural material by forming multi-modally interactive interfaces.

Eco-friendly
Surface modification
Artificial nacre

1. Introduction

Graphene has attracted tremendous research interests from various
fields owing to their unique and excellent physicochemical properties
such as low density, high electrical and thermal conductivity, surface
area, flexibility and mechanical strength. [1,2] Among those properties,
the low density, high surface area, flexibility and mechanical strength
are highly desired for development of a strong structural material, but
the applications of pristine graphene has been restricted by its high cost,
low processibility and production yield. [3,4] In this regards, graphene
oxide (GO), an oxidized version of graphene with oxygen-containing
functional groups, is a promising candidate for fabrication of a strong
structural material considering its low cost, high aqueous processibility
and chemically tailorable surface resulting from abundant oxygen-

* Corresponding authors.

containing functional groups. [5,6] Although GO presents inferior
intrinsic mechanical properties compared to graphene owing to its
defected structures, these heterogeneous structures are composed of
intact and defected sp? carbon domains can be regarded as merits to
develop a structural material because they can provide multi-modal
interactions through forming electrostatic, hydrogen bonding, and/or
covalent bonding, and n-n interaction which originates from the defec-
ted and intact sp2 carbon structures, respectively. [7-11] Therefore, the
ordered assembly of GO into macroscopic fibers, lamellar films, and
artificial nacre with cross-linked structures by cations or covalent bonds
has been considered as one of the most efficient methods to fabricate a
strong and flexible structural material. [10-19]

GO has been extensively explored as a building block to construct
strong nanocomposites with functional nanomaterials [20-22] and
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brick-and-mortar structure inspired by strong materials in nature such as
nacre. [23] For fabrication of strong artificial nacre like structures, the
appropriate reduction and surface functionalization of GO are pre-
requisites because those factors govern the inter-sheet interaction
modes. [13,15,24] Tannic acid (TA) is one of the most abundant mate-
rials in nature, and it has been extensively explored to reduce and
functionalize GO owing to its intrinsic reducing power and high affinity
toward GO and reduced GO (RGO) through hydrogen bonding and n-n
interaction. [25,26] In addition, TA is an eco-friendly agent with diverse
oxygen containing functional groups such as phenol, galloyl and car-
boxylic acid groups and thus the resulting TA-functionalized RGO (TA-
RGO) can be readily processed in aqueous media for biosensor [27],
antibacterial treatment [28], organic dye adsorption and oil-water
separation [29,30]. TA is also well-known as a natural chelating agent
for Fe> ions and thus readily forms the cross-linked structures by
coordinative interaction. It can also be readily cross-linked through
formation of covalent bonds with polyethyleneimine (PEI). [31-34]
Taken together, TA is a promising candidate as a multifunctional agent
for reducing, functionalizing and cross-linking GO sheets with multi-
modal interactions.

In this study, we investigated the applicability of TA-functionalized
RGO (TA-RGO) as a building block to fabricate a strong structural ma-
terial like artificial nacre through multi-modal interactions such as
hydrogen bonding, coordination and z-x interactions as well as covalent
bonding. TA-RGO can be simply synthesized by simultaneous reduction
and functionalization of GO in the presence of TA because TA consists of
abundant phenol groups which provide both its intrinsic reducing power
and affinity to the surface of RGO. [25] The resultant TA-RGO was
macroscopically assembled into lamella-structured paper by vacuum
assisted filtration and then cross-linked by coordination bonds with Fe>*
ions or formation of covalent bonds with PEI, respectively. [31,34]
Then, the assembled TA-RGO sheets were also sequentially cross-linked
by Fe3" ion and PEI for formation of multi-modal interactions between
the interfaces of each TA-RGO sheet. This kind of multi-modally inter-
active interface is widely observed from the natural strong materials but
it has been not explored in the TA-RGO based paper-like structures
despite of its high potential. In this regard, the TA treatment and
sequential cross-linking of GO sheets can be a promising approach to
enhance their mechanical properties. The dispersed, assembled and
cross-linked TA-RGO sheets were systematically characterized by using
various analytical tools. As a result, we found that the sequentially cross-
linked TA-RGO papers exhibited a considerable reinforcement of overall
mechanical properties compared to their counterparts such as GO, TA-
RGO and individually cross-linked TA-RGO papers, which indicates TA
plays important and multiple roles as a reducing, functionalizing and
cross-linking agent for the construction of strong structural materials
with multi-modal interactions.

2. Material and methods
2.1. Materials

Natural graphite (FP 99.95%) was purchased from Graphit Kropf-
miihl AG (Hauzenberg, Germany). Potassium permanganate, Sodium
nitrate, sodium hydroxide, ethanol, hydrochloric acid, sulfuric acid,
ammonium hydroxide (25%) and hydrogen peroxide (30%) were pur-
chased from Daejung Chemicals (Siheung, Korea). Tannic acid was
purchased from Duksan reagents (Seoul, Korea). Iron (III) chloride
hexanhydrate, ACS, 97.0-102.0% was purchased from Alfa Aesar (Ward
Hill, Massachusetts, USA). Polyethylenimine (PEI) with Mw ~ 25,000
was purchased from Aldrich (Seoul, Korea).

2.2. Synthesis of TA-RGO

GO was synthesized by Hummers' method. The detailed protocol was
described in our previous report. For the synthesis of TA-RGO, GO was

Diamond & Related Materials 119 (2021) 108565

suspended in 25 mL of water at 0.1 mg mL~! and then pH of the GO
suspension was adjusted to 10 by adding NH4OH. 25 mg of tannic acid
was added to the GO suspension and heated to 95 °C for 1 h with stirring.
After the reaction, the reaction mixture was cooled to room temperature,
centrifuged at 15770 rcf, washed with water and re-suspended in water.
TA-RGO was obtained by repeating centrifugation and washing pro-
cesses three time.

2.3. Preparation of GO and TA-RGO papers

GO and TA-RGO were suspended in 50 mL of water at 1 mg mL™! and
the resulting suspensions were vacuum-filtered through a cellulose ac-
etate (CA) membrane with pore size 0.45 pm. After completion of
filtration, the GO and TA-RGO papers were readily deteched from the CA
membrane.

2.4. Fe*' ion cross-linking of TA-RGO paper

Fe>* ion crosslinking was carried out by adding 10 mL of 0.2 mM
iron (III) chloride hexanhydrate solution (pH = 8) to the suspension of
TA-RGO which is being vacuum-filtered (it should be added before
finishing filtration process). After completion of filtration, the obtained
paper was dried at 60 °C for 12 h and taken off from a CA membrane.

2.5. PEI cross-linking of TA-RGO paper

The prepared TA-RGO paper was immersed in 10 mL of 0.1 M
Trizma-buffer solution (pH = 8) and dried at 60 °C for 12 h.

2.6. Sequential cross-linking of TA-RGO paper with Fe>* ion and PEI

The Fe>* ion and PEI cross-linking processes were sequentially per-
formed with TA-RGO. The resulting paper was washed with water three
times and dried at 60 °C for 12 h.

2.7. Characterization

UV-Vis-NIR spectra were recorded with a J670 (Jasco, Japan). Their
lateral size was observed by using a NOVA Nano SEM 450 (FEI company,
Netherlands). Fourier transform infrared (FT-IR) analysis was performed
by using a Nicolet iN10 microscope (Thermo Sciencetific, USA) under a
reflective mode. Raman analysis was achieved by using a HORIBA
LabRAM (jobin Yvon, France) using an air-cooled He/Ne laser (514 nm)
focused through an integral microscope (Olympus BX 41) with a 50x
objective lens. X-ray photoelectron spectroscopy (XPS) spectra were
obtained by using a Thermo Scientific K-alpha (Thermo VG, USA) using
monochromated Al Ka (1486.6 eV). The zetapotential of GO and L-RGO
was analyzed by using a Nano ZS (Malvern, UK). Thermogravimetric
analysis (TGA) was carried out by using a TGA Q 50 (TA instruments,
USA) at a heating rate of 10 °C min~! under nitrogen atmosphere
(99.999%). For tensile test, the fabricated papers were cut to approxi-
mately 30 mm. For analysis of the mechanical properties of those papers,
all papers were characterized by using a universal testing machine
(UTM) using a 100 N load cell, 20 mm gauge length and 1 mm min~!
loading rate, respectively.

3. Results and discussion

TA-RGO was synthesized by reaction of GO with TA which acts as a
multifunctional agent for the reduction, surface functionalization and
cross-linking (Fig. 1). The reaction process was monitored by using
UV-Vis spectroscopy (Fig. 2a, b, ¢). UV-Vis spectrum of GO showed the
absorption peaks at 228 and 300 nm from the n-n* transition of aromatic
C=C bonds and n-n* transition from C=O bonds, respectively. With
progress of the reaction, the n-n* transition peak of GO was gradually
red-shifted to 280 nm with increase of absorption throughout the visible
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Fig. 1. a) Schematic diagram of synthesis of TA-RGO and b) the multimodal interactions of TA-RGO sheets with Fe>" and PEL
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Fig. 2. a) UV-Vis spectra of TA-RGO and b) red-shift of n-x transition peak as a function of reaction time. ¢) UV-Vis spectra of TA after reaction with GO at different
reaction times. d) Photographs of TA-RGO and TA suspension after each reaction time. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

region after 1 h and then reached to a plateau (Fig. 2a, b). At the same
time, the n-n* transition peak of excess TA in a supernatant of the TA-
RGO reaction mixture was blue-shifted from 222 to 216 nm (Fig. 2c).
The red- and blue-shift of GO and TA were attributed to the restoration
of the conjugated sp? carbon domain of GO and the oxidation of its
phenolic moieties of TA, respectively. In addition, a new absorbance
band at 205 nm appeared in UV-Vis spectra of TA-RGO after 10 min of
the reaction and it implied that the oxidized TA derivatives were
adsorbed on the surface of RGO (Fig. 2a). [25] Those results indicated
the reduction and functionalization of GO with TA are almost completed
within 1 h under our reaction condition. The surface charges of GO

(—46.0 £ 1.2 mV) became less-negative by the reduction and func-
tionalization with TA; the surface charges of TA-RGO were measured to
be (—32.2 + 2.4 mV). However, it is still highly dispersible in water
owing to the surface-adsorbed TA derivatives (Fig. 2d).

The chemical structures of GO, TA, and TA-RGO were characterized
with spectroscopic analysis such as FT-IR, Raman, and XPS. FT-IR
spectrum of GO showed typical peaks at 3430 cm™' from O—H
stretching, 1718 cm™! from C=0 stretching, 1625 em™! from aromatic
C=C stretching, 1401 cm ™! from O—H deformation, 1382 cm™! from C-
OH bending, 1224 cm™! from C-O-C stretching, and 1056 cm™! from
C—O stretching (Fig. 3a). [24,35] The characteristic peaks of TA were
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Fig. 3. a) FT-IR spectra of GO, TA, and TA-RGO and b) Raman spectra of GO and TA-RGO respectively.

observed at 3378 cm ™! from O—H stretching, 1608 cm’l, 1504 crn’l,
and 1450 cm™! from unsaturated aromatic C=C stretching, 1338
cm ™ from O—H bending, 1033 from C—O stretching (Fig. 3a). [25] In
FT-IR spectrum of TA-RGO, even after the reduction process, most of the
characteristic peaks from oxygen containing moieties such as O—H
stretching, C=O0 stretching, O—H bending, and C—O stretching were
clearly remaining at 3430, 1712, 1382, and 1089 em™?, respectively. It
indicated that the oxidized TA was successfully functionalized on the
surface of GO sheets (Fig. 3a). Raman spectrum of GO also presented
representative D- and G-peaks at 1347 and 1589 cm ™! which are derived
from the disordered and intact sp? carbon structures, respectively. The
relative intensity ratio of D- and G-peaks (Ip/Is) from GO was deter-
mined to be 1.01 + 0.01 but this value increased to 1.26 + 0.02 from TA-
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RGO (Fig. 3b). The increase of Ip/Ig by chemical reduction is frequently
observed from the previous studies because it leads to the formation of
atomic vacancies during removal of oxygen functional groups and small
sized sp? carbon domain. [36,37] Therefore, those results clearly indi-
cated that GO was successfully reduced and functionalized with TA, and
concurred with the results of UV-Vis analysis.

In C 1s XPS spectra, GO showed characteristic peaks at 284.8, 286.8,
288.3 and 289.2 eV from the C=C, C—0, C=0, O-C=0 bonds (Fig. 4a).
After the reduction, intensities of C—0, C=0 bonds were diminished
with increase of C—=C bond. Furthermore, O-C=0 bonds at 289.2 eV was
almost disappeared (From C—C bond: 45.5%, C—O bond: 46.5%, C—0
bond: 6.5% and O-C=0 bond: 1.5% to C—=C bond: 51.5%, C—O bond:
45%, C=0 bond: 3% and O-C=0 bond: 0.5%) (Fig. 4a—c). All results
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from the spectroscopic analysis showed the successful functionalization
and reduction of GO with TA. The thermal behaviors of GO, TA, TA-RGO
were analyzed with TGA. TGA curve of GO showed typical weight loss
around 100 °C (2.3%), and 225 °C (12.5%) from evaporation of inter-
calated water and gasification of oxygen-containing functional groups
on GO (Fig. 4d). [37] About 5% weight loss of TA was observed below
the 200 °C and it is attributed to gasification of volatiles and water from
TA. The major weight loss of TA was observed at around 250 °C
(Fig. 4d). [38] After reduction and functionalization, the weight loss of
GO around 100 °C and 225 °C increased to 3.6% and decreased to 8%,
respectively. The increased weight loss around 100 °C and decreased
weight loss around 225 °C were attributed to gasification of volatiles and
water from the adsorbed TA molecules, and the diminished oxygen-
containing functional groups induced by TA reduction, respectively.
The TGA curves of GO, TA, and TA-RGO also elucidate the successful
reduction and functionalization of TA to GO sheets (Fig. 4d).

The suspended GO and TA-RGO sheets were assembled into paper-
like structures by vacuum assisted filtration and analyzed with XRD to
investigate their assembled structures. The representative diffraction
peak of GO paper was observed at 20 = 11.0° corresponding to the (002)
plane and d-spacing of 8.03 A (Fig. 5b). [13] After reduction and func-
tionalization with TA, the diffraction peak from the (002) plane was
shifted to 26 = 10.5° corresponding to the d-spacing of 8.40 A. The shift
of (002) diffraction peak implied the surface of GO sheets was func-
tionalized with TA molecules which enlarged the d-spacing between GO
sheets despite of their deoxygenation (Fig. 5b). [25,31,34] To explore
the formation of cross-linked structures, TA-RGO paper were treated
with Fe3* ions and the d-spacing of TA-RGO papers decreased from 8.40
A (20 = 10.5°) to 8.11 A (26 = 10.9°) owing to formation of compact
Fe3-TA complexes with coordination interactions. [31] Separately, TA-
RGO papers were also treated with PEI and the d-spacing of TA-RGO
papers increased from 8.40 A (26 = 10.5°) to 9.05 A (20 = 9.76°) by
intercalation of PEI into TA-RGO sheets followed by formation of co-
valent bonds between PEI and TA-RGO. [34] Those results indicated TA-
RGO sheets possess a potential to form multi-modally interactive in-
terfaces through coordination bonding with Fe3' ions and covalent
bonding with PEI Finally, TA-RGO papers were sequentially treated by
Fe* jons and PEL The d-spacing of resulting TA-RGO (Fe3* /PEI@TA-
RGO) papers was measured to be 8.14 A (20 = 10.86°) which is slight
larger than that of Fe>* treated TA-RGO (Fe>"@TA-RGO) papers but
much smaller than PEI-treated TA-RGO (PEI@TA-RGO) papers (Fig. 5b).
These results suggested TA-RGO papers were successfully cross-linked
with multi-modal interactions.

For further elucidation of the multi-modal interactions in TA-RGO
papers, Fe>*@TA-RGO, PEI@TA-RGO, and Fe*'/PEI@TA-RGO papers
were characterized with FT-IR spectroscopy. In FT-IR spectrum of
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Fe>*@TA-RGO papers, a characteristic peak from Fe—O stretching was
observed at 667 cm™! which indicated that the hydroxyl groups in
galloyl moieties of TA formed coordination bonds with Fe3* jons
(Fig. 5a). [39,40] FT-IR spectrum of PEI@TA-RGO papers presented
decrease of a peak at 1712 cm™! from C=O stretching which might
originate from the formation of imine structures through Schiff-base
reaction between amine groups of PEI and carbonyl groups of TA-RGO
(Fig. 5b). [41,42] In the case of Fe3+/PEI@TA-RGO papers, the
appearance of Fe—O stretching peak and attenuation C=O stretching
peak were simultaneously observed. Especially, although C=O
stretching peak of TA-RGO was not affected by cross-linking with Fe3*
ions, that of Fe>*/PEI@TA-RGO paper was further diminished in com-
parison with that of PEI@TA-RGO paper. This change implied that the
Fe3' ion cross-linking of TA-RGO paper facilitated formation of imine
covalent bonds between PEI and TA-RGO papers. Those results sup-
ported the formation of multi-modally interactive interface between TA-
RGO sheets consisting of TA-RGO paper.

Finally, influence of interfacial interaction on the mechanical prop-
erties of GO and cross-linked TA-RGO papers was explored with tensile
experiments by using UTM. As a result of TA reduction and functional-
ization, the tensile strength and modulus of GO papers slightly increased
from 59.5 + 4.1 to 68.8 & 3.7 MPa and 7.8 + 1.4 to 14.3 + 0.8 GPa
(Fig. 6a, b, ¢), respectively. However, the toughness of GO significantly
decreased from 765 + 112 to 166 + 170 kJ/m? (Fig. 6a, d). The
enhanced modulus and decreased toughness are typically observed from
the cross-linked GO papers and thus those changes of mechanical
properties implied the interaction between GO sheets were strengthened
by the surface-adsorbed TA moieties through formation of hydrogen
bonding. [43] The cross-linking effect of TA-RGO papers was also
revealed with Fe>*@TA-RGO and PEI@TA-RGO papers. The cross-
linking of TA-RGO paper with Fe3" ions increased the tensile strength
and toughness to 82.8 + 9.9 MPa and 949 =+ 193 kJ/m?, respectively,
but its modulus considerably decreased to 4.3 + 0.7 GPa. On the other
hand, PEI cross-linking of TA-RGO paper enhanced its tensile strength to
100.7 + 14.2 MPa and toughness to 415 + 91 kJ/m? without decrease of
tensile modulus (Fig. 6). Those results showed that the two cross-linking
strategies possess the distinct features to design and construct a robust
structural material. For instance, Fe>* ion cross-linking drastically
increased the toughness with an expense of tensile modulus and, by
contrast, PEI cross-linking greatly enhanced the tensile strength
accompanied with a moderate increase of toughness and sustained
tensile modulus. Therefore, we can expect the synergistic effect of
sequential cross-linking treatment with Fe>" ions and PEI on the me-
chanical properties of TA-RGO papers. As expected, the tensile strength,
modulus and toughness of Fe>*/PEI@TA-RGO paper, a model of multi-
modally interactive interfaces, reached to 167.7 + 15.4 MPa, 17.6 &+ 0.4
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RGO paper.
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respectively.

GPa and 1484 + 192 kJ/m® respectively (Fig. 6). This overall
enhancement of mechanical properties indicated the sequential cross-
liking of TA-RGO paper successfully resulted in formation of a multi-
modally interactive. As a control, the sequential cross-linking strategy
with Fe3" ion and PEI was also applied to GO paper but there was not the
overall reinforcement effect. This difference indicated TA reduction and
functionalization is essential for the formation of multi-modally inter-
active interfaces through its galloyl and carbonyl groups for coordina-
tion and covalent bonding with Fe®* ion and PEI, respectively (Fig. S1).
Taken together, it was clearly demonstrated that the multi-modal in-
teractions such as n-n interactions, hydrogen bonding, coordination and
covalent bonding can greatly improve mechanical properties of the
hierarchically-structured nanocomposites.

4. Conclusion

In conclusion, we demonstrated TA can be harnessed as a multi-
functional agent for the reduction, functionalization, and cross-linking
of GO sheets with a multi-modal interaction. TA-RGO sheets were
macroscopically assembled into a lamella-structured film, which mimics
an artificial nacre, by vacuum-assisted filtration and sequentially cross-
linked with Fe>* ions and PEI for formation of coordination and covalent
bonding network, respectively. The assembled TA-RGO papers and their
counterparts with individual and dual cross-linked structures were sys-
tematically characterized to reveal the effect of multi-modal interaction
on their structural and mechanical properties. As a result, the sequen-
tially cross-linked Fe3*/PEI@TA-RGO papers showed the considerable
enhancement of overall mechanical properties such as the tensile
strength, modulus and toughness (167.7 + 15.4 MPa, 17.6 + 0.4 GPa
and 1484 + 192 kJ/m>) which are 2.45,1.23 and 8.9 folds compared to
TA-RGO papers, respectively. Especially, those mechanical properties

are also higher than TA-RGO papers cross-linked by individual treat-
ment of Fe3" jons (tensile strength, modulus and toughness are 82.8 +
9.9 MPa, 4.3 + 0.7 GPa and 949 + 193 kJ/mB) and PEI (tensile strength,
modulus and toughness are 100.7 + 14.1 MPa, 13.9 + 1.2 GPa and 415
+ 91 kJ/m>). There was a synergistic effect on the mechanical properties
of TA-RGO papers by sequential cross-linking treatments resulting in
their overall reinforcement through the formation of multi-modally
interactive interfaces. Taken together, it was clearly revealed that
crosslinking with both Fe>" and PEI greatly improved the mechanical
properties of TA-RGO papers and we believe that the present strategy
will be an effective and facile approach to fabricate the mechanically
robust graphene-based artificial nacre structure.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.diamond.2021.108565.
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