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Graphene oxide (GO) nanosheets were easily covered with
uniform metal-organic network films composed of tannic acid
and Fe ions. The surface morphology of the wrapped GO
sheets was elucidated by atomic force, scanning electron, and
transmission electron microscopy measurements. The GO
sheets covered with the TA-Fe films on a substrate were
reduced chemically without the collapse of the wrapped
nanostructure of the TA-Fe/GO sheets. The modified GO
sheets covered with TA-Fe were highly stable in water and
easy to handle, which made it possible to place on
microelectrode array for conductivity measurement.

Two-dimensional (2D) carbon nanomaterials, such as graphene
oxide (GO), reduced graphene oxide (rGO), and graphene, have
gained considerable attention as potential materials for various
applications because of their unique structures and electronic
properties.” Recently, various assemblies based on GO and
graphene have also become an active area of research.*® A simple
and effective method of preparing multilayer films composed of
molecular building blocks with GO or graphene is a requisite for
introducing various functionalities into material science. Therefore,
the composites of carbon nanomaterials with metal-organic
networks of nanometer-sized thickness and uniformity over large
areas have the potential as next generation composite materials for
sensing devices, solar cells, supercapacitors, nano-clectronic
devices, and field effect transistors. "

Recently, natural materials have become of interest due to their
abundance in nature. In a sustainable society, use of natural
compounds as new materials has the advantage of enabling
construction of environment load reduction systems in various
industrial, biomedical, and pharmacological fields.'"*""? Tannic acid
(TA) is one such material and has a unique structure that contains a
number of pyrogallol hydroxyls that have high affinity and a
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combination of hydrogen bonding, hydrophobic interactions,
electggstatic interaction, and strong chelating ability to various metal
ions.

Ejima et al. recently reported on simple and rapid one-step
fabrication of multi-layer films assembled on a variety of substrate
surfaces via the coordination bonding between TA and Fe ions.
They succeeded in coating various planar and particulate substrates
such as glass, gold, polymers, and silica.' They also succeeded in
the preparation of multi-functional capsules through coordination of
different metal ions and TA for drug delivery.”* % Tannic acid also
has a unique reducing property and acts as a mild reducing agent. By
using this reducing poperty, Lei et al. successfully converted GO to
reduced GO (rGO). The mixture of rGO with TA became soluble in
various solvents due to hydrophilicity after the mixing of
hydrophobic GO with TA.** Additionally, some research groups
reported on the synthesis of metal nanoparticles concurrently with
the reduction of GO by TA. Therefore, GO and rGO modification by
TA is used to fabricate various new nanomaterials such as catalysis
and energy storage materials. >

Graphne oxide (GO)

TA-Fe films on GO

Scheme 1. Preparation scheme of TA-Fe films covered GO sheet.
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Figure 1. UV-Vis absorption spectra of TA-Fe/GO (solid line) and
GO (broken line). Inset; photograph of TA-Fe/GO (right) and GO
(left).

We report on a soft wrapping method for GO sheets covered with
uniform Fe™-TA metal-organic network films by the complex
formation of TA and Fe'™ ions. Moreover, the chemical reduction of
GO-covered TA-Fe films by hydrazine hydrate led to rGO
maintaining the wrapping structures with TA-Fe film. The obtained
composite sheets from TA and F e jons on GO, abbreviated as TA-
Fe/GO sheets and their chemically reduced TA-Fe/rGO sheets, were
characterized using physical measurements and electron microscopy
techniques.

Scheme 1 shows a preparation method of TA-Fe/GO sheets.
Graphene oxide was prepared from graphite flakes by using the
improved Hummer’s method.” Since the surface of GO is known to
exhibit various types of defects with oxygen-containing functional
groups, it can be easily modified with various materials using these
defect sites. Furthermore, GO was chemically reduced to rGO,
resulting in highly conductive materials. Therefore, we selected GO
to develop a new building block for the bottom-up fabrication of
nanomaterials. The TA-Fe films were prepared using the following
method by Ejima et al.*' Since this method of preparing TA-Fe films
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Figure 2. (a) TEM images and (b) magnification of TA-Fe/GO
sheets. (c) AFM image and (d) cross section of TA-Fe/GO sheets
on HOGP substrate. Red line shows location of cross section.
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Figure 3. XPS 1Cs (a) and Fe 2p (b) spectra of TA-Fe/GO sheets on
silicon substrates.

is simple and versatile, GO sheets can be easily wrapped with TA-Fe
films by just the addition of Fe™ ions into the GO solution
containing TA. The structure of TA-Fe film is known as the Fe"-TA
coordination polymer, which is a similar structure to analogous Fe'
catechol complexes.?! For the formation TA-Fe film on GO, several
interactions between GO and TA-Fe films will be included such as
the multiple-point hydrogen bonding, the coordination bond between
Fe and OH, COOH groups in GO, and weak ©t-7 interaction between
tannic acid and GO.

UV-Vis absorption spectra of TA-Fe/GO and GO are shown in
Figure 1. Two peaks of TA-Fe/GO were observed at 218 and 275 nm,
which corresponds to the m-m* and n-n* transitions of TA,
respectively. Other peaks appeared at 308 and 550 nm. The peak at
308 nm was assigned to the TA absorption peaks coordinated to the
Fe" ions, and the broad peak around 550 nm corresponds to a
coordinated TA to Fe™-charge transfer band in the Fe-TA
coordination compound. The solution color arising from the Fe™-TA
coordination compound was pH-dependent.”! We measured the UV-
Vis absorption spectra of the TA-Fe/GO sheet under base and acid
conditions (Figure S1). For the base condition, the peak red-shifted
from 308 to 317 nm. These spectral changes were consistent with the
intraligand transitions of TA pyrogallol moieties by the
deprotonation on coordinated Fe" -TA moieties.?' On the other hand,
for the acid condition, the peak above 300 nm disappeared because
TA-Fe structures are easily broken.?!

To further invesitgate the surface properties of the TA-Fe/GO
composite, zeta potentials were measured before and after the
wrapping of the GO sheets. Upon wrapping the GO sheets, the
surface zeta potential decreased from —35.8 £ 0.3 mV to —43.8 £ 0.8
mV due to the incrase in the negative charge by free galloyl groups
of TA. We measured the size of the GO sheets by dynamic light
scattering (DLS) method before and after the wrapping of GO sheets
with the TA-Fe film. The average diameter of the GO sheets was
changed from 3.5 pm to 1.8 um. The results implied that TA-Fe film
coating prevents the aggregations of GOs. Figure 2a shows a
transmission electron microscopy (TEM) image of the TA-Fe/GO
sheets. The sheet structures were observed, indicating the
preservation of the GO sheet structure. However, overlapping
between the GO sheets and their aggregation was partially observed.
The magnified TEM image of the TA-Fe/GO sheets showed a
ragged surface morphology of TA-Fe/GO, indicating nanometer-
sized wrapping by the TA-Fe networked films. The scanning
electron microscopy (SEM) image of the TA-Fe/GO sheets also
showed ragged structures on them, as shown in Figure S2.
Furthermore, the surface morphology of the TA-Fe/GO sheets on a
highly ordered pyrolytic graphite (HOPG) substrate was observed
using atomic force microscopy (AFM) (Figure 2c). According to the
AFM image of the TA-Fe/GO sheets, the lateral size of the sheets
was in sub-micrometers and the surface of the sheets became ragged
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compared to that of the GO sheet (Figure S3). From a cross section
analysis, their average thickness was about 5 nm (Figure 2d), which
is thicker than that for the reported height of bare GO (~ 1 nm).
These results indicated that the TA-Fe/GO composite film was
covered with TA-Fe network films.

The elemental analyses of the GO sheet itself, GO sheet wrapped
by TA-Fe films were carried out. The C, H, and O percentage ratios
of GO were 44.84, 2.44 and 52.72%, respectively. The C and H
percentage ratios of TA-Fe/GO were 40.31 and 2.50% and the

remaining ratio was 57.19%, which contained the elements O and Fe.

Since the C, H, and O percentage ratios of TA are 53.66, 3.08, and
43.26%, it can be predicted that the C ratio of the sample was
increased by the reduction of GO and TA wrapping. However, the C
ratio of TA-Fe/GO was decreased, indicating the existence of Fe in
the films. The FT-IR spectra of TA, GO, and TA-Fe/GO are shown
in Figure S4. The peak at 760 cm™ observed in the spectra of TA and
TA-Fe/GO corresponds to multi-substituted aromatic rings in TA,
indicating the presence of TA in the structures. After the formation
of TA-Fe films, the peak at 1448 cm’™', which corresponds to C—-O-H
in plane bending mode of the hydroxyl groups in TA, was weakened
because of the complex formation between hydroxyl groups in TA
and Fe.*® The Raman spectra of the TA-Fe/GO and GO sheets were
measured and are shown in Figure S5. It is known that GO sheets
show the G band at around 1600 cm™ and D band at around 1350
cm’, which are attributed to the in-plane bonding stretching motion
of pairs of sp® carbon atoms and the structural defects created by the
hydroxyl and epoxide groups on the carbon basal plane, respectively.

(b)
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Figure 4. (a) SEM image of TA-Fe/rGO sheets on silicon substrate.
(b) Raman spectra of TA-Fe/rGO and TA-Fe/GO sheets. Broken line
shows peak apex of D band of TA-Fe/rGO sheets on silicon
substrate. (c) XPS C 1s and (d) Fe 2p spectra of TA-Fe/rGO sheets
on silicon substrates. (e) Photograph and (f) I-V curve of TA-Fe/rGO
between gold electrodes. Gap between electrodes was 2 um.
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For the GO sample for our study, these two peaks appeared at 1346
and 1595 cm’!, respectively. After the wrapping of GO, these two D
and G bands of TA-Fe/GO were observed at 1342 and 1597 cm’,
respectively, which are almost the same wavelengths as those of the
original GO sheet. This small shift in the two peaks may be due to
the partial reduction to graphene by TA.

X-ray photoelectron spectroscopy (XPS) measurement was carried
out to further characterize TA-Fe/GO on a silicon substrate (Figure 3
and S6). As shown in Figure S6, Cls, Ols, Fe 2p,,, and Fe 2ps),
peaks were observed at 284.6, 531.4, 710.4, and 723.8 eV,
respectively. Two peaks from Fe 2p revealed the presence of Fe
species in TA-Fe/GO. For carbon atoms, those four peaks at 284.6,
286.1, 287.2, and 288.1 eV were assigned to the carbon 1s signals
originating from C=C, C-O, C=0, and O-C=0 moieties, respectively,
from the peak deconvolution results. The line shape of the Cls peak
of TA-Fe/GO changed significantly compared to those of the bare
GO sheet (Figure S7). The remarkable decrease in intensity of the
peak assigned to C-O at 286.1 eV after the formation of the TA-
Fe/GO composite indicated that partial reduction of GO took place
during the preparation of the composite since TA-bearing pyrogallol
groups are known to act as reducing agents.>*

The further reduction of TA-Fe/GO sheets on Si substrates was
carried out using a general method involving hydrazine vapor.®' The
TA-Fe/rGO sheets were verified by SEM measurements, UV-Vis
absorption, Raman, XPS spectroscopy, and thermogravimetric
analysis (TG) analysis. The SEM image of the TA-Fe/rGO sheets is
shown in Figure 4a. The sheet structures were clearly observed in the
SEM image even after reduction, and the reduction did not affect the
sheet structure and size of the TA-Fe/GO sheets. The UV-Vis
absorption spectrum of TA-Fe/rGO sheets on a quartz substrate is
shown in Figure S8. After reduction of the TA-Fe/GO sheets, the
absorption peaks around 300 and 550 nm derived from TA
absorption and the charge transfer band between TA and Fe could
still be observed, indicating the preservation of the TA-Fe films on
rGO sheets.

The Raman spectra of the TA-Fe/rGO sheets in Figure 4b showed
two characteristic D and G bands at 1352 and 1589 cm'l,
respectively. Before and after reduction of TA-Fe/Go sheets, the G
band peak shifted from 1597 ecm™ to 1589 cm™, indicating the
reduction of GO according to previous reports.”* ** The D/G ratio is
commonly increased after reduction of GO.** ** The D/G ratio was
increased from 1.03 for TA-Fe/GO to 1.09 for TA-Fe/rGO. It might
be related to large quantities of structural defect by creation of small
sp°-carbon domains upon reduction of the GO* and the presence of
TA-Fe films on graphene (Figure S9).

Furthermore, the reduction of GO-coated TA-Fe films was
verified by XPS (Figures 4c and S10). The degree of reduction was
evaluated by checking the Cls signals and their energy shift under
the different conditions. The reduction of GO is known to lead to the
removal of epoxy and hydroxyl groups on the GO surface. From the
peak deconvolution results, the intensity ratios of O-C=0 and C=C
peaks decreased significantly compared to those of the TA-Fe/GO
sheets. Therefore, The TA-Fe sheets embedded with GO sheets was
reduced by hydrazine hydrate. For Fe atoms, Fe 2p;, and Fe 2ps),
peaks were observed (Figure 4d), and the ratios of both intensities
between I(Fe 2p;») and I(Cls) of TA-Fe/GO before and after
reduction were kept constant (about 1:12), indicating the presence of
TA-Fe films on the rGO sheets (Figure S11). From elemental
analysis results, the C, H, and N percentage ratios of TA-Fe/rGO
were 44.14, 2.15 and 6.39% and the remaining ratio was 47.32%,
which contained the elements O and Fe. After chemical reduction,
the C percentage ratio was increased from 40.31 to 44.14% because
of the loss of oxygen-containing functional groups such as COOH
and OH, indicating the reduction of GO sheets. The N elements
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corresponded to residual hydrazine and reacted GO with hydrazine.
From the XPS measurement, the existence of N elements was also
confirmed (Figure S10).

Thermogravimetric (TG) curves from the GO, TA-Fe/GO, and
TA-Fe/rGO sheets are shown in Figure S12. Graphene oxide is not
stable, and the mass loss of below 200°C was due to the loss of
adsorbed water- and oxygen-containing functional groups such as
COOH and OH.” The mass loss of the TA-Fe/GO sheets below
200°C was also attributed to the removal of oxygen-containing
functional groups. In contrast, the TA-Fe/rGO sheets showed no
significant mass loss below 200°C, indicating the successful removal
of oxygen-containing groups and absorbing water during chemical
reduction. It is known that the main mass loss of TA is due to the
decomposition of TA in the range from 200-300°C.* The TG curves
of both TA-Fe/GO and TA-rFe/GO sheets were almost the same
above 200°C, indicating the formation of the same materials after the
removal of functional groups and absorbing water. These results
present evidence for the successful reduction of GO-covered TA
films.

To further clarify the reduction of GO sheets, the electrical
conductivities of the TA-Fe/rGO sheets were measured and
compared with those before reduction; i.e., TA-Fe/GO sheets. The
resistance of the composite TA-Fe/rGO sheets was revealed in the
range of several kilo to mega ) by using a circuit tester. Figure 4e
shows photographs of TA-Fe/rGO on a Au electrode. The I-V curve
of this device was measured (Figure 4f). The linear I-V curve
strongly indicated that the reduction of GO led to conductive rGO.
On the other hand, for the TA-Fe/GO sheets, it was difficult to
measure the conductivity of the TA-Fe/GO sheets due to high
resistance in the device setup for this study. These results suggested
that the TA-Fe network wrapped GO sheets were reduced, resulting
in the formation of more conductive TA-Fe/rGO sheets.

The wrapping of the TA-Fe films has advantage for the
modification of surface properties of rGO. To clarity the effect of
TA-Fe films, we measured the contact angle of drop-cast films of
TA-Fe/GO sheets before and after the reduction. The contact angles
of TA-Fe/GO before and after reduction were 17.6° and 21.3°,
respectively, resulting in a preservation of hydrophilic surface. On
the other hand, the contact angles of GO before and after reduction
were 36.3° and 71.2°, respectively, resulting in a change from
hydrophilic to hydrophobic surface. These results indicated that the
TA-Fe films can keep the hydrophilic property during the reaction
on the wrapped GO.

The TA-Fe/GO sheets in this study is easy to handle and the dried
film prepared from the spin-coating of TA-Fe/GO suspension and
reduction is conductive, which can be wused for -electrode
modification and device fabrication.

Conclusions

We discussed the preparation of soft-wrapped GO sheets
covered with Fe"-polyphenol network film via the coordination
of TA to Fe™ ions. The wrapped sheet structures were
examined using AFM, SEM, and TEM to form a uniform
nanometer-sized wrapped film on the GO surface. X-ray
photoelectron spectroscopy analysis showed that the Fe atoms
were incorporated in the films on the GO surface. The TA-
Fe/GO sheets were converted to TA-Fe/rGO sheets by chemical
reduction. We believe TA-Fe/GO or TA-Fe/rGO sheets may be

useful for applications in supercapacitor and electronics devices.
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