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Graphene oxide (GO) is gaining a lot of interest in material science, biomedicine and biotechnology due to
its outstanding physical properties, combined with its surface functionalization capacity, processability
in aqueous media and biocompatibility. However, van der Waals forces among GO layers result in aggre-
gation, yet its dispersion, large-scale production, and reinforcing efficiency remain challenging. Herein,
simple and environmentally friendly methods via covalent and non-covalent routes have been developed
to exfoliate and prepare surface-functionalized GO nanosheets with tannic acid (TA), a biological macro-
molecule with antioxidant activity. Four esterification strategies were tested: direct, carbodiimide acti-
vated, oxalyl chloride acylation and via an acid-functionalized GO intermediate. The resulting samples
have been extensively characterized to get knowledge on the GO-TA interactions and the degree of graft-
ing, as well as their surface topography, level of hydrophilicity, solubility/dispersibility, thermal and
antibacterial properties. The covalent grafting of TA renders the GO surface more hydrophobic, resulting
in improved dispersion in organic solvents. Besides, TA acts as a crosslinker between the GO nanosheets,
leading to higher thermal resistance. A synergistic effect of both GO and TA on inhibiting bacterial growth
has also been found. The esterification via carbodiimide leads to the highest grafting degree, the best
thermal stability and the most effective antibacterial activity. This work not only highlights the great
potential of TA for both exfoliation and surface functionalization of GO, but also extends its applications
in biomedicine and for the development of green nanocomposites.

� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Graphene oxide (GO) is now gaining significant relevance owed
to its exceptional properties, which render it appropriate for a
comprehensive range of applications like energy, biomedicine,
biotechnology, polymer composites and so forth [1–5]. It com-
prises oxygenated functional moieties, mainly carboxyl, carbonyl,
epoxy and hydroxyl, as well as other minor groups including lac-
tone and quinone. These functional groups present on GO are polar,
making it very hydrophilic and partially water-soluble, being its
degree of solubility dependent on the C/O ratio [6]. Thus, it is
straightforward exfoliated in water solutions with the application
of ultrasounds, yielding colloidal dispersions with long-term sta-
bility, resulting in improved processability in aqueous media. Fur-
thermore, it offers easiness of synthesis, surface functionalization
capacity, excellent antibacterial properties [7] and it is biocompat-
ible, hence is a suitable alternative to pristine graphene.
This nanomaterial can be functionalized via covalent and non-
covalent modifications in order to form derivatives with improved
properties [8]. Covalent functionalization can be easily accom-
plished in aqueous solution via anchoring of organic molecules to
the oxygenated groups onto the GO surface. Due to the rich chem-
istry of oxygenated groups, GO is very reactive, particularly with
nucleophiles. In this regard, conjugated polymers [9], organic chro-
mophores such as porphyrins [10], phthalocyanines, and azoben-
zene and other organic molecules like octadecylamine [11],
butylamine [12], phenyl isocyanate [13] and so forth have been
covalently linked to GO. Such modifications maintain the GO 2D
lattice; however, they modify the p-conjugated electronic cloud
located above and below the graphenic sheet, leading to significant
modifications in its properties. Nonetheless, nucleophilic reduction
reactions generally prevail over functionalization, hence GO reac-
tions typically yield reduced graphene oxide (rGO) with low func-
tionalization degree [14].

In contrast, the non-covalent strategy relies on the physical
adsorption and/or enfolding by molecules or polymers through
hydrogen-bonding, van der Waals and other weak interactions like
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H � p, p–p, cation � p, and anion � p, which preserve the elec-
tronic characteristics of GO [8]. Non-covalent GO functionalization
with nucleic acids [15], surfactants [16] and end-terminated poly-
mers [7] has been reported. This strategy has some advantages
over the covalent route: (i) it is developed under mild conditions
(aqueous media at ambient temperature), which conserves the
aromatic structure and prevents spoilage of the GO nanosheets;
(ii) the procedure allows controlling the adsorbed/wrapped
amount, which is difficult to do via chemical reaction.

Tannic acid (TA) is a polyphenol found in nature that can be
taken from different parts (i.e. stem, leaf) of plant species as well
as twigs, bark or wood of certain trees including Chestnut and
Oak [17]. It has valuable biological and pharmacological properties
such as antioxidant, antibacterial, antiallergenic, and anticarcino-
genic ability as well as biodegradability [18]. The combination of
high bioactivity, abundance in nature, inexpensiveness and out-
standing biocompatibility make this tannin appropriate for food
supplements, leather manufacturing, biomedical and biological
industries, etc. Owed to its complexation capability with other
molecules, TA was traditionally applied for treatment of diseases
like diarrhea or digestive disorders and topically to wear skin
burns. Besides, it has been recognized to be successful for the treat-
ment of ulcers [19].

In terms of chemical structure, TA comprises a central glucose
molecule joined to 10 gallic acids through ester moieties. Plentiful
neighboring phenolic hydroxyls and ester moieties render high
chemical reactivity, hence it can react with numerous molecules
by means of covalent and non-covalent interactions (i.e. van der
Waals, hydrophobic, p-p), and metal–organic coordination interac-
tions [20,21]. Moreover, it contains 25 hydroxyl groups that
account for its weak acidity and numerous hydrogen bonds. How-
ever, different pKa data for TA have been published, lately 6.4, 7.5,
and 8.6 [22] and it can be oxidized in basic medium.

The synthesis of graphene-based nanomaterials usually encom-
passes toxic and corrosive acids that are detrimental to the envi-
ronment and human health. Recently, rGOs have been prepared
via a single stage reductive process using green biomolecules such
as dopamine, gallic acid, caffeic acid, and tea polyphenol [23–26].
These natural compounds not merely act as reducing agents but
also as stabilizers, thus preventing the aggregation of GO
nanosheets and promoting their dispersion in aqueous solutions,
resulting in composites with easier processability and improved
performance. Similarly, TA is a strong natural reducing agent due
to its antioxidant activity. The reduction of GO by polyphenols like
TA has been proposed to involve two steps [27]: firstly, a phenolic
hydroxyl group of the polyphenol attacks an epoxy group on GO,
generating an adjacent new hydroxyl; secondly, this new hydroxyl
is attacked by another phenolic hydroxyl. The resulting intermedi-
ate undergoes an elimination reaction leading to a conjugate bond
at the initial epoxy site while the phenolic groups transform into
diquinone.

In this regard, a few articles dealing with GO and TA materials
for different applications have been published over latest years.
Singhal et al. [28] developed superhydrophilic GO membranes
crosslinked with TA using a simple and cost-effective vacuum fil-
tration methodology for efficient treatment of oil-contaminated
water. Akkya and coworkers [29] reported the preparation of an
electrochemical biosensor for glucose sensing based on a glassy
carbon electrode modified with a TA-reduced GO nanocomposite
and Pt nanoparticles. Simultaneous reduction of GO and Pt4+ was
performed in a simple and low-cost way using TA, which can
reduce both oxidized carbon materials and metal ions such as gold,
silver, iron, etc. [30]. Yao et al. [31] synthesized a pH-responsive TA
functionalized graphene hydrogel by random copolymerization of
2-acrylamido-2-methyl-1-propane sulfonic acid and acrylic acid
in the presence of TA-rGO, which shows great potential as an
2

adsorbent for cationic dyes. Similarly, Tang et al. [32] developed
TA-GO hydrogels via a one-step hydrothermal method that could
effectively address the problems of low adsorption capacity in
water purification. All the abovementioned articles are based on
a reversible redox reaction between GO and TA. However, to the
best of our knowledge, there is no previous study dealing with
the functionalization of GO with TA through non-covalent interac-
tions and/or chemical grafting routes. Chemical modification of GO
with varieties of functionalities is crucial for anticipated applica-
tions such as sensing and composite materials.

In the current work, GO functionalized by TA has been prepared
for the first time via non-covalent and covalent strategies. The
anchoring of TA onto the GO surface was carried out following four
different approaches: direct esterification, carbodiimide-activated,
via oxalyl chloride acylation and through preparation of an acid-
functionalized GO intermediate. The resulting samples have been
thoroughly characterized by different techniques and compared
with pristine GO in order to obtain knowledge on the interactions
between the two compounds and the extent of the functionaliza-
tion processes as well as their morphology, level of hydrophilicity,
solubility/dispersibility, thermal and antibacterial properties. This
study shows the great potential of TA for both exfoliation and sur-
face functionalization of GO. The novel approaches described
herein are simple, environmentally friendly and cost-effective pro-
cedures for synthesizing highly dispersed functionalized GO
nanosheets for use in diverse fields, in particular in biomedicine,
for sensor applications or for the development of green antibacte-
rial nanocomposites.
2. Experimental section

2.1. Reagents

Graphene oxide (GO), with 70 lm lateral dimension, 400 m2/g
specific surface area, average thickness of 1–2 nm and oxygen con-
tent of 32%, was supplied by Avanzare Innovación Tecnológica S.L.
(La Rioja, Spain). Tannic acid (TA > 99.9%, C76H52O46, Mw = 1701.2
g/mol), oxalyl chloride (>99.0%, C2Cl2O2, Mw = 126.9 g/mol
d20�C = 1.50 g/cm3), chloroacetic acid (>99.0%, C2H3ClO2, Mw = 94.5-
g/mol, d20�C = 1.58 g/cm3), and 1-(3-Dimethylaminopropyl)-3-ethyl
carbodiimide (EDC, >97.0%, C8H17N3 Mw = 94.5 g/mol
d20�C = 0.877 g/cm3) were acquired from Sigma Aldrich (Madrid,
Spain). Sodium hydroxide, hydrochloric acid and methanol were
provided by Panreac Química S.L.U. (Castellar del Vallès, Spain).
Phosphate buffer solution was prepared by mixing the stock stan-
dard solutions of Na2HPO4 (99%) and NaH2PO4 (99%), provided by
Merck. All dispersions were prepared using ultra-pure water
obtained in a Milli-Q system from Millipore (Milford, CT, USA).
2.2. Instrumentation

Dispersions were prepared using an Elmasonic S40 ultrasound
bath (Elma Schmidbauer GmbH, Singen, Germany), and were cen-
trifuged using a Digicen 21 centrifuge (OrtoAlresa, Madrid, Spain).
Stirring of the mixtures was performed with a magnetic microstir-
rer (Velp Scientifica, Usmate Velate, Italy). Filtration was carried
out with 0.2 lm PTFE membrane filters (Ø = 47 mm, Sartorius
AG, Göttingen, Germany).

Solubility/dispersibility tests were carried out in water and in
the following organic solvents: methanol, dimethyl sulfoxide
(DMSO), ethanol, N,N-dimethylformamide (DMF), propanol, ace-
tone, tetrahydrofuran (THF), N-methyl-2-pyrrolidone (NMP), ethy-
lene glycol (EG), toluene, chloroform (CH3Cl), n-hexane and n-
pentane. About 0.5 mg of the sample were mixed with � 1 mL sol-
vent and agitated for 10 min with a magnetic stirrer. To assess the
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dispersibility, samples were placed in an ice bath and subjected to
10 min ultrasonication with a titanium sonotrode (3 mm diame-
ter). The stability of the dispersion was assessed by means of visual
observation of phase separation or sedimentation over one week.

Scanning electron microscopy (SEM) analysis was performed
with a Digital Scanning Microscope DSM-950 (Carl Zeiss, Germany)
equipped with a tungsten filament as electron source, working
under vacuum at 20 kV. Prior to observation, samples were dried
out and sputtered with a thin gold layer to avoid charging during
electron irradiation. Examination of the micrographs was accom-
plished with the ImageJ software.

Fourier-transformed infrared (FT-IR) spectra were acquired at
25 �C in the MIR region (500–4000 cm�1) with a resolution of
4 cm�1 using a Frontier infrared spectrophotometer (Spectrum
Two, Waltham, MA, USA) working in ATR mode.

Room temperature Raman spectra were acquired using a high
performance inVia confocal Raman instrument (Renishaw,
Gloucestershire, UK) fitted with a Nd:YAG 532 nm laser. Five scans
were at least recorded for each compound at a power of 500 mW.
The acquisition of data was controlled with Windows�-based
Raman Environment software v.2.3. Baseline correction method
was applied to remove the baseline drift caused by fluorescence.

Water contact angle experiments were performed at 25 �C with
a Model 200 Goniometer (Ramé-hart, USA) equipped with an auto-
mated dispensing system. An ultrapure water droplet was situated
on the surface of each compound and its growth was captured via
CCD camera. The contact angle was calculated using Dropimage
Standard v2.3 software. Five droplets were formed on each sample
and the mean value is reported.

The thermal stability was assessed via thermogravimetric anal-
ysis (TGA) experiments performed under a nitrogen atmosphere at
a heating rate of 10 �C/min. Data from 100 to 650 �C were collected
with a TA-Q500 thermobalance (TA Instruments, Barcelona, Spain)
coupled to a mass spectrometer, and analyzed using TA Universal
Analysis software.

The bactericide activity was monitored against Gram-positive S.
Aureus and Gram-negative E. coli microorganisms. Sterilized sam-
ples were subsequently immersed in a 72 h old media (comprising
beef extract and peptone) of �1.7 � 106 CFU/mL. Viable colonies
were reckoned subsequently incubation for 1 day at 37 �C using
a colony counter. Percentage reduction in bacterial number was
calculated using the equation:

Bacterial inhibitionð%Þ ¼ ½ðNr � NsÞ=Ns� � 100 ð1Þ
where Ns and Nr are the number of CFU of the tested sample and

a reference without sample taken as control, respectively.

2.3. Procedure

2.3.1. Non-covalent modification of graphene oxide with tannic acid
The non-covalent modification was carried out in slightly basic

medium (pH = 8.0), so that most of the phenolic groups of TA are
protonated (pKa values of 6.3, 7.4, and 8.6 [22]), hence can form
strong hydrogen bonds with oxygenated moieties of GO. In a typ-
ical experiment, 5 mg of GO was added to 10 mL of 0.1 M phos-
phate buffer solution, and the resulting dispersion was
ultrasonicated at ambient temperature and 240 Hz for 30 min.
Subsequently, 20 mg of TA was slowly added to the GO dispersion
and the mixture was subjected to stirring for 1 day (Figure S1). The
resulting product (GO coated with tannic acid, GO-TA) was
obtained by filtering through a PTFE membrane filter, and subse-
quently thoroughly washed with ultrapure water. The GO-TA
was washed thoroughly with ethanol and finally dried under vac-
uum overnight at 50 �C. An illustration of the non-covalent func-
tionalization route, showing the H-bonding interactions between
oxygenated functional groups of GO and the hydroxyl groups of
3

TA, as well as p-p stacking interactions among their aromatic rings,
is depicted in Scheme 1.
2.3.2. Covalent modification of graphene oxide with tannic acid
Covalent modification was carried out following four different

procedures. In the first approach, pristine GO was directly esteri-
fied with TA in acid medium. Firstly, 10 mg of GO was suspended
in deionized water (10 mL), gently stirred and maintained at
80 �C under nitrogen for 24 h (Figure S2). Then, the GO dispersion
was acidified with HCl (pH = 4.7), 20 mg of TA were slowly added
and subsequently agitated for 24 h at 80 �C. The resulting nanoma-
terial (GO-g-TA) was filtered, subjected to several washing cycles
and dried under vacuum at 50 �C. The initial bluish-black color of
the reactant mixture became darker black once the reaction fin-
ished (Figure S2), corroborating the reduction of GO, since rGO
color is darker than that of pristine GO [33]. As depicted in
Scheme 2, the reaction between epoxy or carboxylic acid moieties
of GO with hydroxyl groups of TA would lead to the formation of
ether and ester linkages, respectively, together with the removal
of water.

A second approach was performed via preparation of acid-
functionalized GO (GO-COOH) as intermediate, which was pre-
pared by activating the GO sample with C2H3ClO2 in a basic med-
ium to transform the hydroxyl and epoxy groups to carboxylic acid
moieties [31]. Typically, 10 mg of GO, 250 mg of C2H3ClO2 and
200 mg of NaOH in DI water were mixed and ultrasonicated for
1 h, followed by agitation at RT for 24 h. The resulting GO–COOH
suspension was neutralized by HCl, washed with DI water and
ethanol several times, and dried overnight at 60 �C. A schematic
representation of the GO-COOH synthesis is shown in Scheme 3.
The GO-COOH was then grafted to the phenolic groups of TA via
esterification reaction, following similar procedure to that men-
tioned above for GO-g-TA. Henceforth, the obtained compound will
be designated as GO-COOH-g-TA-1.

In a third experiment, GO-COOH (10 mg) was suspended in
aqueous solution and ultrasonicated for 30 min. Then, 20 mg of
TA was added and sonicated for another 30 min. EDC (100 mg)
was then added and the mixture agitated under ambient tempera-
ture for 1 day. The resulting mixture was coagulated in ethanol.
After 1 h of centrifugation and washing thoroughly with DI water
and phosphate buffer solution to remove unreacted EDC residues,
the product (named as GO-COOH-g-TA-2) was obtained, which
was dried at 50 �C under vacuum. A diagram of the synthesis pro-
cess is depicted in Scheme 4.

The last approach was carried out in two stages, via conversion
of the carboxylic acids at the edges of GO nanosheets into acyl
chlorides, resulting in the acyl chloride-derivative (GO-CO-Cl)
intermediate (Scheme 5). Thus, raw GO (10 mg) was sonicated in
DMF (10 mL) for 30 min. After, 20 mL of C2Cl2O2 was added to
the dispersion under a N2 atmosphere at 70 �C for 1 day to form
GO-CO-Cl. Excess C2Cl2O2 was removed through reduced pressure.
20 mg of TA was then added to allow the grafting of TA on GO-CO-
Cl for 24 h under nitrogen at 70 �C. The GO-CO-Cl-g-TA product
was purified thoroughly by several washing cycles and dried at
60 �C.
3. Results and discussion

3.1. Morphology assessment

SEMwas used to analyze the surface topography of the different
compounds, and characteristic micrographs are presented in Fig. 1.
Pristine GO shows a wrinkled surface topology composed of many
flexible nanosheets bound by p–p stacking, polar interactions and
van der Waals forces. It consist of fairly thick flakes with thick-



Scheme 1. Scheme of the non-covalent functionalization of GO with TA and the interactions via H-bonding (���) and p-p stacking (||||||).

Scheme 2. Illustration of the direct covalent modification of GO with TA via formation of ether (green circles) and ester (red circles) linkages.
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nesses in the range of 20–50 nm (Fig. 1a). Despite the thickness of a
graphene monolayer should be about 0.35 nm [1], a GO nanosheet
is likely considerably thicker due to the oxygenated groups located
on both sides of the flakes. These groups expanded the interlayer
distance of graphite, and damaged its compact layered microstruc-
ture, leading to a wrinkle phenomenon. The sample appears homo-
geneous and quite aggregated, comprising numerous oxidized
graphene layers. It should be noted that some agglomeration can
also take place throughout the sample drying to lower surface
energy, hence thickness values obtained from the SEM micro-
graphs should be just taken for comparative purposes.

Conversely, the samples with TA seem more heterogeneous. As
schematically described in Scheme 1, GO coated with tannic acid
(GO-TA) was prepared in one-stage process in a basic aqueous
4

solution. This results in a sample with the TA wrapping around
the GO layers, in which a compact stacked structure can be
observed (Fig. 1b). The surface foldings are not found in this non-
covalently functionalized sample, probable due to the covering
effect of the TA molecules that enshroud these wrinkles. Besides,
its surface is smoother and coarser than that of pristine GO, with
a few discernable defects and increased thickness, up to 70 nm.

Regarding the covalently functionalized samples, a more disen-
tangled and disaggregated structure was found, likely because TA
locates in between the GO sheets, thus acting as an exfoliating
agent. Besides, it can act as a reducing agent, as indicated by the
change in color from bluish-black to darker black during the syn-
thesis of GO-g-TA. Thus, the partially reduced sample (Fig. 1d)
exhibits a distinctive morphology with fluffy and more transparent



Scheme 3. Scheme of the GO-COOH synthesis.

Scheme 4. Schematic representation of the synthesis of GO-COOH-g-TA-2.
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layers rich in wrinkles and folded regions, in agreement with
observations reported earlier [34]. The fast deoxygenation reaction
during exfoliation separates the graphitic sheets, yielding a fuzzy
and soapy appearance. Samples obtained via the GO-COOH deriva-
tive (Fig. 1c and e) show the thinnest layers, in agreement with
results reported in previous works [35,36]. Thus, due to the strong
basic conditions in the carboxylation process, most of the remain-
ing carboxylic acid groups will be dissociated, which would pro-
voke a repulsion between the nanosheets, hence resulting in
better exfoliated and thinner flakes (in the range of 40–10 nm).
In particular, the GO-COOH-g-TA-2 (Fig. 1e) displays a loosely-
packed multilayered structure with the largest interlayer spacing
and the highest degree of bending, with many foldings at the flake
edges. This suggests that a large amount of TA molecules, with the
role of dispersant and stabilizer, were grafted onto the GO surface:
5

the repulsive electrostatic interactions between neighboring TA-
wrapped sheets make GO layers stable versus re-aggregation,
hence GO nanosheets uniformly dispersed were obtained. Con-
versely, the GO-CO-Cl-g-TA (Fig. 1f) partly preserves the morphol-
ogy of pristine GO, with staked flakes showing a wide range of
thicknesses (30–65 nm), thereby suggesting a lower degree of
grafting. It resembles a 3D porous network of wrinkled GO
nanosheets.

3.2. Hydrophilicity degree

Water contact angle (CA) study was carried out to assess the
change in the hydrophilicity of the nanomaterial upon functional-
ization. Fig. 2 displays CA values for GO (a), GO-TA, (b) GO-g-TA, (c)
and GO-COOH-g-TA-2 (d), and the values for all the samples are



Scheme 5. Illustration of the synthesis of GO-CO-Cl-g-TA.
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displayed in Table 1. Pristine GO is hydrophilic (CA � 40�) owed to
its numerous oxygenated surface groups that enable prompt sam-
ple swelling by water absorption. A slight decrease in CA (im-
proved water wettability) is found for the non-covalently
functionalized sample, ascribed to the high hydrophilicity of TA
[37]. However, for all the covalently-functionalized samples, CA
increased, which could be related to the reduction in the amount
of carboxylic acids due to the esterification process and the stron-
ger crosslinking among GO sheets, which decreases swelling ability
[38]. This is also in agreement with the formation of a partly
reduced GO in GO-g-TA, since rGO samples have been reported
to be hydrophobic (CA > 90�) [39]. GO-COOH-g-TA-2 shows the
highest CA value (�77�), hinting again that it has the highest
degree of functionalization, though is still hydrophilic (CA < 90�).
It should be noted that the best CA for adsorption of biomolecules
and cellular linkage are believe to be between 40� and 75� [40],
which suggests that the modified GO samples developed herein
would be suitable for biomedical applications. In particular, GO-
g-TA (CA � 53�) shows great potential for tissue engineering, since
the best CA value for attaching cells to implants has been reported
to be 55� [41].
3.3. Solubility tests

The solubility and dispersion stability of the functionalized GO
samples in different solvents is critical with a view to use them in
practical applications. Therefore, their solubility/dispersibility was
tested in aqueous media and organic solvents of diverse nature and
polarity, in order to compare with the behavior of pristine GO, and
the qualitative results obtained are displayed in Table 1. Typical
photographs of pristine GO and GO-COOH-g-TA-2 dispersions in
water, toluene, NMP, n-hexane, DMF and ethylene glycol after
one week preparation are shown in Fig. 3.
6

Parent GO is fully soluble in NMP, and quite well soluble in
water, DMF and propanol, which is consistent with observations
reported earlier [42]. Thus, the solubility of GO in water is condi-
tioned by its number of oxygenated groups. Nevertheless, despite
its high oxygen content (�32%), it is just somewhat soluble in ethy-
lene glycol, ethanol or methanol, which are protic polar solvents.
Such behavior is difficult to be rationalized from the viewpoint of
the rule of thumb ‘‘like dissolves like”: GO contains abundant alco-
hol moieties on both sides of the rings, and it would be expected to
be fully soluble in alcohols. Besides, it was slightly soluble in highly
polar aprotic solvents like DMSO. This suggests that besides the
solvent polarity, the solubility is influence by factors including
the solvent surface tension, dipole moment and Hansen solubility
parameters [43]. Accordingly, solvents with high dipole moment
values (3.76, 1.67 and 1.85 for NMP, propanol and water) and a
surface tension close to the reported surface energy of GO (�60
mN/m [44]) seem to be optimal. Besides, the solubility/dispersibil-
ity of GO and the durability of the corresponding solutions are
influenced by the chemical configuration of the GO/solvent inter-
face and the interactions between the solvent and the functional
groups of GO via H-bonding, which have been reported to decrease
in the sequence: water > methanol > ethanol [43]. On the other
hand, GO showed poor solubility in nonpolar solvents such as ali-
phatic CH3Cl or aromatic toluene though good dispersibility,
whereas was completely insoluble in alkanes like pentane or
hexane.

Regarding the non-covalently functionalized sample, it was
found to be completely soluble in water, DMF, NMP, methanol,
ethanol, propanol and ethylene glycol, which is in agreement with
its higher degree of hydrophilicity. Thus, previous studies corrobo-
rated the solubility of TA in the aforementioned solvents [20]. The
numerous phenolic groups of TA are expected to interact strongly
with water and alcohols via H-bonding, resulting in improved sol-
ubility. Besides, it showed better solubility than pristine GO in



Fig. 1. Representative SEM images of (a) GO, (b) GO-TA, (c) GO-COOH-g-TA-1, (d) GO-g-TA, (e) GO-COOH-g-TA-2, (f) GO-CO-Cl-g-TA.
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polar aprotic solvents like DMSO. Conversely, it was insoluble in
nonpolar solvents like CHCl3. On the other hand, the covalently
functionalized samples were partially/slightly soluble in aqueous
solution and polar protic solvents, and the solubility decreased
upon increasing degree of grafting (Table 1). Thus, GO-COOH-g-
TA-2 was almost insoluble in DMF and NMP (Fig. 3). They also
showed reduced dispersibility in DMSO. However, due to their
more hydrophobic nature, they were more easily dispersed in
low polar or nonpolar solvents like toluene or THF, respectively
(Fig. 3d). The reduction of hydrogen bonds triggered by the cova-
lent grafting of TA molecules renders the nanomaterial surface
more hydrophobic, as discussed earlier, thus enabling improved
dispersion in organic solvents.

3.4. FT-IR study

FTIR measurements were carried out to corroborate the func-
tionalization processes and get insight about the amount of func-
tional groups in the different samples, and the spectra are
compared in Fig. 4. A zoom of the spectra showing the features
in the fingerprint region is shown in Figure S3. The spectrum of
pristine GO has a wide feature arising from the O-H stretch of
hydroxyls and carboxylic acids at 3480 cm�1. The sp3 C–H stretch-
7

ing bands (due to defects) are found at 2930 and 2850 cm�1, the
benzene ring C–C stretch at 1625 cm�1. Besides, a strong C = O
stretching is detected at � 1730 cm�1, arising from the carboxylic
acids, and the O–H deformation takes place at � 1390 cm�1 [45].
Other peaks at about 1280 and 1040 cm�1 arise from the C-O
stretching of epoxides [13]. The spectrum of GO-COOOH (Figure S4)
shows a broader peak within 2800–3600 cm�1 compared to pris-
tine GO, since most of the hydroxyl and epoxy groups have been
transformed into carboxylic acid moieties during the oxidation
process. This is further corroborated by the almost disappearance
of the peaks arising from the epoxides and the strong increase in
the intensity of the C = O stretching from the carboxylic acids.

Regarding the spectrum of raw TA, a very broad O-H stretching
is found within 3000–3700 cm�1 from H-bonded phenol and car-
boxylic acid groups [46]. The C = O and C-O stretching of quinic
acid esters appear at 1718 and 1220 cm�1, respectively. Moreover,
features ranging between 1600 and 1400 cm�1 correspond to aro-
matic units. Regarding the non-covalently functionalized GO-TA
sample, a widening and downshift of the O-H stretching is found
in comparison with the parent GO. Similarly, a change in the
C = O stretching to lower frequencies is observed, which reveals
the existence of strong H-bonds with the OH moieties of TA. Anal-
ogous behavior has been described for GO non-covalently func-



Fig. 2. CA values for (a) GO, (b) GO-TA, (c) GO-g-TA, (d) GO-COOH-g-TA-2.

Table 1
Water contact angle (CA) and solubility of GO and the functionalized samples in the indicated solvents.

Nanomaterial CA (�) Water NMP DMSO DMF Toluene CH3Cl THF

GO 39.8 FS/PS FS PS/SS S/PS IS SS IS
GO-TA 31.5 FS FS PS FS IS IS IS
GO-g-TA 52.6 PS FS PS PS SS SS SS
GO-COOH-g-TA-1 69.3 PS PS SS PS SS PS PS
GO-COOH-g-TA-2 77.4 PS IS IS SS/IS PS PS PS
GO-CO-Cl-g-TA 49.8 FS/PS FS PS PS/SS SS SS SS/IS

Nanomaterial Propanol Methanol Ethanol Pentane Hexane Acetone EG

GO SS/PS SS PS IS IS IS PS
GO-TA FS FS FS IS IS IS FS
GO-g-TA PS SS/PS SS/PS IS IS/SS IS PS
GO-COOH-g-TA-1 PS PS PS SS SS IS SS
GO-COOH-g-TA-2 SS/PS PS PS PS SS IS PS
GO-CO-Cl-g-TA FS/PS SS SS IS IS IS PS

IS: Insoluble; SS: Slightly soluble; PS: Partially soluble.; FS: Fully soluble.; EG: ethylene glycol.
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tionalized with other biomolecules like proteins and biopolymers
such as polyethylene glycol PEG [7,47].

The spectra of GO-COOH-g-TA-1 and GO-COOH-g-TA-2 (Fig. 4)
show a broad peak within 2800–3600 cm�1, similar to that found
in GO-COOH, albeit with reduced intensity, since part of the car-
boxylic acids are covalently bonded to catechol moieties of TA.
The drop is stronger for GO-COOH-g-TA-2, corroborating that the
esterification is more effective using EDC activation. On the other
hand, a new peak related to the C = O stretching of aromatic esters
appears close to 1765 cm�1. Thus, the C = O stretching of esters
typically appears in the range of 1703–1750 cm�1, but this fre-
quency is increased in the presence of electron-withdrawing sub-
stituents like phenyls, since they decrease the electrophilicity of
the carbonyl carbon [48] and reduce the number of resonance
8

forms that stabilize the molecule [49]. An upshift in the C = O fre-
quency has been observed in phenyl esters of benzoic acid, in
which the benzyl part lied in a different plane from the carboxyl
group [50]. Therefore, the appearance of this new peak corrobo-
rates the esterification reaction and suggests that aromatic rings
of GO and TA are not coplanar. Besides, the peak is considerably
stronger for GO-COOH-g-TA-2, indicative of a higher degree of
grafting.

Regarding GO-g-TA, prepared via direct esterification reaction
of GO with TA, the peak at about 1765 cm�1 is also observed, albeit
with lower intensity, indicating lower degree of grafting, as could
be expected. Nonetheless, a very intense band related to the C-O
stretching of ethers is found at about 1100 cm�1 which is not
observed in the other samples nor in pristine GO [45]. This indi-



Fig. 3. Photographs of the GO dispersions (top) and GO-COOH-g-TA-2 (bottom) after a week in the following solvents: (a) Water; (b) N,N-dimethylformamide; (c) N-methyl-
2-pyrrolidone; (d) toluene; (e) n-hexane; (f) ethylene glycol.
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Fig. 4. MIR spectra of neat GO, TA, and the non-covalently and covalently
functionalized samples synthesized in this work.
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cates that the grafting in this sample also takes place via ring open-
ing of the epoxy moieties, which is further corroborated by the dis-
appearance of the band related to epoxy C-O stretching around
1040 cm�1. Besides, the strength of the sp3 C–H stretching bands
rises significantly, since the ring opening yields extra methylene
groups, yet another confirmation of the grafting via epoxy moieties
[51]. Conversely, the O-H stretching shows lower intensity and is
noticeably changed towards lower wavenumber compared to that
of GO, indicating that not only covalent grafting but also H-
bonding interactions play a key role in this sample. Similar behav-
ior of diminution in intensity of the OH stretching band was found
when other natural reducing agents like vinegar or lemon juice
[52] were used for the green synthesis of rGO from GO.

Focusing on GO-CO-Cl-g-TA, prepared via acylation with oxalyl
chloride, also shows the peak at about 1765 cm�1, albeit less
intense than in the other samples, suggesting lower grafting
degree. To get insight about the degree of esterification, the ratio
between the height of this peak and a reference band (the C-C
9

stretching of benzene rings, unchanging) at 1625 cm�1 was calcu-
lated. The values obtained were 0.65, 0.67, 0.78, 0.98 for GO-CO-Cl-
g-TA, GO-g-TA, GO-COOH-g-TA-1 and GO-COOH-g-TA-2, respec-
tively. It should be noted that though these data cannot be used
to quantify the esterification degree, they indicate the samples
with higher extent of grafting. Besides, the trend in the grafting
degree attained is in good agreement with that obtained from
TGA analysis, as discussed later. It is also worthy to note that the
O-H stretching in GO-CO-Cl-g-TA shows reduced intensity, as
found in the other samples, and the band is significantly broad-
ened, also indicative of H-bonding interactions. Besides, an addi-
tional band due to the C-Cl stretch emerges at 700 cm�1 [45].
Overall, FT-IR analysis corroborates the success of the functional-
ization processes carried out in this work.
3.5. Raman study

To get more evidence on the strength of the GO-TA interactions,
Raman spectra were acquired, and the comparison for the different
samples is provided in Fig. 5. The main characteristics found in gra-
phitic nanomaterials can be observed: the so-called G band around
1595 cm�1, common to all sp2 nanocarbons, ascribed to the in-
plane vibration of C-C bonds, and a D band at 1345 cm�1 associated
with defects and deviations from perfect order in the sp2 graphite
lattice [53]. Regarding TA, the C = C and C = O stretching of benzene
units appear as sharp bands at 1700 cm�1 and 1580 cm�1, respec-
tively [54], and the C–O stretching and O–H bending of phenol
moieties are found at 1130 cm�1 and 1325 cm�1, respectively.
Peaks around 1130 and 1700 cm�1 are also observed in the non-
covalently functionalized sample, albeit shifted to higher
wavenumber, indicative of a change in the C-O bond length, likely
due to interactions (polar and hydrogen bonding) with oxygenated
moieties of GO. Shifts in TA bands have been previously reported
due to interactions with proteins and DNA [55]. Conversely, the
D and G band are shifted in GO-TA towards lower wavenumber,
appearing at an intermediate position between those of pristine
GO and those of TA, which is reasonable for a mixture with non-
covalent interactions between the components.

On the other hand, the covalently functionalized samples only
show the characteristic peaks of graphene materials albeit shifted



Fig. 5. Comparison of the Raman spectrum of neat GO, TA, and the non-covalently
and covalently functionalized samples synthesized in this work. The inset is a
magnification of the region between 1530 and 1680 cm�1 to show the changes in
the wavenumber of the G band.
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to higher wavenumber. This upshift of the G band is likely an out-
come of the incorporation in the graphene structure of electron-
donor groups [53]. Polyphenolic compounds like TA can act as an
electron-donor groups [56], consequently triggering a change in
the G band position. Besides, the frequency of this band is influ-
enced by the number of graphene layers: as the number of layers
increases, the band position shifts to a higher frequency. Accord-
ingly, the upshift of the G band could also be indicative of a tran-
sition from few layers to multilayer GO [57]. In fact, TA could
also act as a crosslinker between the GO sheets, thus leading to a
multilayered structure. This is consistent with SEM observations,
which revealed a multilayered structure for GO-COOH-g-TA-2,
with the largest interlayer spacing. Furthermore, this upshift can
be attributed to an increase in the number of defects in the graphi-
tic layers. Indeed, the upshift is more pronounced upon increasing
grafting degree, as it is clear from the inset of Fig. 5, being about
55 cm�1 for GO-COOH-g-TA-2, thus corroborating its higher degree
of grafting, as already inferred from the IR spectrum. Conversely,
for GO-CO-Cl-g-TA, the upshift is only � 10 cm�1, suggesting
weaker GO-TA interactions. Therefore, the results obtained from
the Raman spectra are in very good agreement with those derived
from IR spectroscopy.

The strength of the D band is directly dependent on the defect
concentration of the graphene layers and depends on the defect
type (ie. vacancies, interstitial impurities, sp3 hybridation [58]).
The ID/IG ratio is a quantity that enables to estimate the defects
in graphenic nanomaterials: the higher this ratio, the higher the
number of defects [53]. The ID/IG values calculated herein are gath-
Table 2
ID/IG ratio, characteristic temperatures of degradation obtained from TGA analysis: onset (T
degree (GD) and percentage of bacterial inhibition (BI%).

Sample ID/IG Ti
(�C)

T10
(�C)

Tmax

(�C)

GO 1.02 124.6 180.2 235
TA 188.5 261.4 322
GO + TA* – – – –
GO-TA 0.94 146.2 200.1 247
GO-g-TA 1.35 165.1 247.7 298
GO-COOH-g-TA-1 1.44 169.4 245.8 288
GO-COOH-g-TA-2 1.62 174.2 249.7 303
GO-CO-Cl-g-TA 1.14 146.2 205.6 254

*Reference sample prepared by direct addition of GO and TA to the solution.
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ered in Table 2. Pristine GO and GO-TA show an ID/IG ratio close to
1, which is in agreement with results stated earlier for GOs with
moderate oxygen content [59]. Conversely, the covalently func-
tionalized samples show higher values, the maximum being 1.62
for GO-COOH-g-TA-2. Thus, a steady rise in this ratio is found with
increasing grafting degree, which corroborates a drop in the struc-
tural order due to the increase in the number of atoms with sp3

hybridization. Taking into account the terminology introduced by
Ferrari et al. [60] for the interpretation of the Raman spectra of gra-
phene, the ID/IG ratio follows a two-stage growth: Stage 1 corre-
sponds to low-defect graphene, while stage 2 corresponds to
disordered graphene. In stage 1, the intensity of the D band is pro-
portional to the defect concentration. However, in stage 2, the
effect of the electron lifetime predominates, and the relationship
becomes more complicated. The range of values obtained herein
for the covalently modified samples are lower than 3.5, hence
likely correspond to stage 1 (low defect degrees), in which transi-
tion from sp2 to sp3 C atoms predominates [58]. A similar trend of
increase in the ID/IG ratio has been reported upon grafting of gra-
phene to molecules such as pentamethyldiethylenetriamine [61]
or polymers like polymethyl methacrylate (PMMA) [62].

The increased ID/IG values revealed by Raman spectroscopy rel-
ative to the starting GO demonstrate the success of the grafting
processes developed herein.

3.6. Thermogravimetric analysis

To assess the heat resistance of the functionalized samples, TGA
was carried out under an inert environment, and the thermograms
recorded for the different samples are compared in Fig. 6. Besides,
Table 2 summarizes the characteristic temperatures of degrada-
tion: onset (Ti), 10 wt% mass loss (T10) and peak (Tmax, maximum
of the first derivative DTG). The pristine GO displays a one-stage
decomposition with a Ti close to 125 �C and a Tmax of 235 �C,
showing around 38% weight loss before 250 �C. This main step
likely corresponds to the removal of epoxide, hydroxyl and car-
boxylic acids [13], as inferred from the IR analysis. Moreover, a
minor steady loss can be detected above 250 �C, due to further
removal of oxygenated moieties. Similar thermogram was found
for GO-COOH intermediate (Figure S5), albeit slightly shifted to
lower temperatures, showing about 43% weight loss below
250 �C. On the other hand, TA starts to decompose at about
190 �C and shows a major mass loss before 360 �C, attributed to
the removal of CO2 and benzenetriol from the outer layer of gallic
acid units, as reported previously [63]. At higher temperature, the
char produced is mostly from the crosslinking of the inner gallic
acid units, leading to a remaining residue of about 25%.

The thermogram of the non-covalently functionalized sample is
analogous to the described for GO though slightly shifted to higher
values, likely due to the strong H-bonding interactions with TA
that result in a denser packing and higher thermal stability. Thus,
i), 10% mass loss (T10), peak (maximum of the 1st derivative) Tmax, estimated grafting

I TmaxII

(�C)
GD
(%)

BIE.coli (%) BIS.aureus (%)

.1 – – 40.8 59.6

.5 – – 18.6 21.5
– – 56.8 70.7

.2 – – 61.4 74.6

.7 360.1 – 82.6 90.5

.6 366.5 34.4 99.3 99.9

.2 371.5 38.9 99.9 99.9

.3 358.6 25.1 79.7 85.3
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Fig. 6. TGA thermograms of GO, TA and the non-covalently and covalently
functionalized samples.
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Ti and Tmax increased by about 22 �C compared to pristine GO. Sim-
ilar behaviour of stability enhancement has been reported for TA
complexes with lignocellulose [64] and chitin nanoparticles [65],
attributed to extensive H-bonding. In fact, this type of interaction
has been reported as a key strategy to improve thermal stability
in biological molecules such as proteins [66].

The covalently functionalized nanomaterials exhibit two most
important decomposition stages. The lower temperature one is
equivalent to that described above for raw GO and GO-COOH,
and likely arises from the elimination of the remaining functional
groups. The mass loss of this stage drops progressively with
increasing grafting degree, corroborating a diminution in the
amount of surface groups. This can be explained considering that
the higher the number of carboxylic acid groups of GO-COOH that
have reacted with the OH groups of TA, the fewer the number of
residual oxygenatedmoieties on the GO surface that would decom-
pose during this step. Hence, the grafting degree (GD) [51] was
roughly estimated from weight loss of this stage as relative differ-
ence between the percentage of surface functional groups of GO-
COOH (Figure S5) and that of the grafted samples, and the values
obtained are collected in Table 2. Accordingly, GO-COOH-g-TA-2
shows the highest degree of covalent bonding followed by GO-
COOH-g-TA-1, while GO-CO-Cl-g-TA has the lowest, consistent
with the trend found from the FT-IR spectra (Fig. 1). It should be
noted that it is not feasible to calculate the grafting degree of
GO-g-TA from TGA analysis since in this sample the grafting pro-
cess takes place also via epoxy groups, and these could have been
reduced in the presence of TA. The synthesis of the acid-
functionalized GO followed by activation of the carboxylic acids
with EDC seems to be the most effective grafting approaching,
being superior to the direct esterification reaction or the formation
of the acyl chloride-derivative in terms of selectivity and the yield
of attached functional groups. Besides, EDC and its urea byproduct
are soluble in aqueous solution and can be easily eliminated from
the reaction medium [67], leading to a greener esterification
process.

Regarding the characteristic degradation temperatures, a pro-
gressive rise is found as the degree of grafting rises (Table 2), which
likely arises from the stronger linkage between the layers, as
described earlier in crosslinked GO/chitosan nanocomposites
[63]. The increase in crosslinking density makes molecular mobil-
ity difficult, hence reduces the amount of sample decomposed dur-
ing the first step. Thus, Ti and T10 increased by>40 and 60 �C,
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respectively, for GO-g-TA, GO-COOH-g-TA-1 and GO-COOH-g-TA-
2, compared to pristine GO. Since TA has numerous OH groups, it
can behave as a crosslinker for the GO sheets, as mentioned earlier,
leading to the formation of a supramolecular arrangement which
would prevent the flow out of the decomposed fragments, and this
is reflected in higher decomposition temperatures. Also, it was
found that the thermal interfacial resistance GO-biopolymer
decreases with the formation of chemical bonds [68]. Besides, the
complex condensed aromatic structure of TA can delay the decom-
position reactions. Thus, TA has been found to be an effective flame
retardant of different polymers such as polylactide acid (PLA) [69].
Analogous phenomenon of improvement in thermal stability has
been described earlier upon grafting TA to other polymers like
polyurethane [70] or biopolymers such as cotton, wool, or silk
[71]. Overall, TGA measurements corroborate the improved ther-
mal stability for the grafted samples, which is of great interest from
an application viewpoint in sensors or electronic devices.

3.7. Antibacterial activity

With the view to use the synthesized samples in the biomedical
arena, it is interesting to evaluate their antibacterial activity. Thus,
the percentage of microbial inhibition against Gram-positive S.
aureus and Gram-negative E. coli is collected in Table 2. For the sake
of comparison, the percentages of bacterial inhibition of neat GO,
TA and a reference sample (GO + TA) prepared by direct addition
of GO and TA to the solution are also included in the Table.

Pristine GO shows significant antibacterial activity versus both
bacteria, in agreement with results reported previously [7,72].
Though the bactericide action of graphene and its derivatives it is
not fully clear yet, several mechanisms have been suggested
[73,74]. In particular, impairment of the bacteria membrane pro-
duced by direct interaction between the sharp edges of GO layers
and the bacteria walls, microorganism confining within the GO lay-
ers and reactive oxygen species (ROS) formation [73,74] can
account for the observed decrease in bacterial growth. Thus, GO
sheets can yield radicals that react with the C = Omoieties of amide
bonds in the wall of the microorganism and impair the cellular
constituents including proteins, DNA, lipids, etc., hence rescinding
the microorganism. Consequently, the Gram-negative comprising
an outer thin layer of peptidoglycan become more resilient to the
membrane impairment than the Gram-positive missing the out-
side membrane, in agreement with the results obtained herein.

Both non-covalently and covalently functionalized samples
show higher antibacterial activity that neat GO against both bacte-
ria. In all the samples, the bactericide effect is systematically stron-
ger against S. aureus. Also, the covalently functionalized samples
show higher biocide action, which rises gradually upon increasing
grafting degree. These data corroborate that the presence of TA
notably improves the antibacterial activity of GO against both
types of bacteria, which can be explained considering the excep-
tional antibacterial properties of this polyphenolic compound.
Thus, GO layers in the synthesized samples are covered by TA,
which has been reported to pass through the microorganism wall
to the interior membrane and bind to bacteria proteins via
hydrophobic interactions and hydrogen bonds [75], thus inhibiting
the bacteria metabolism. Furthermore, TA hinders amino acid and
sugar ingestion, which restricts bacterial growth. Additionally, TA
behaves as a blocker of the NorA efflux pump, the first-line of
defense for bacteria against antimicrobials, and this is regarded
the key mechanism accounting for its antibacterial activity [76].
In fact, preceding works [77] have shown the strong antibacterial
activity of TA versus both bacteria tested, which increased progres-
sively upon increasing concentration of phenolic hydroxyl groups.
Also, Gram-positive microbes were found to have additional vul-
nerability to TA than Gram-negative ones, which is consistent with
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the results obtained in this work. In our study, it appears to be a
synergistic effect of both TA and GO on bacteria killing, since all
the grafted samples present significantly higher inhibition values
than the reference sample (GO + TA). In particular, a very effective
bactericide effect, up to 99.9%, is found for GO-COOH-g-TA-1 and
GO-COOH-g-TA-2 against S. aureus. Thus, these samples with high
grafting degree have great potential to regulate the growth of
human pathogenic bacteria, thus preventing the spread of human
diseases.

4. Conclusions

Different GO samples covalently and non-covalently functional-
ized with TA have been successfully obtained via easy, inexpensive
and ecofriendly processes. Four different esterification approaches
(direct, via acid-functionalized GO, via carbodiimide activation and
via acylation with oxalyl chloride) have been tested. Microscopic
observations revealed that TA molecules acted as both dispersant
and stabilizer agents of the nanomaterial, resulting in uniformly
exfoliated nanosheets. Infrared and Raman spectra supported the
accomplishment of the grafting reactions, revealing the appear-
ance of signals associated with the ester groups. The grafting of
TA onto GO surface led to improved solubility/dispersibility in
organic solvents, higher thermal resistance and better antibacterial
activity. The activation of the carboxylic acid groups with carbodi-
imide resulted in the highest degree of grafting, as inferred from IR
spectra and TGA measurements. Besides, this sample showed
exceptional increments in the characteristic degradation tempera-
tures (by up to 60 �C) compared to pristine GO. Further, a synergis-
tic effect of both GO and TA on inhibiting bacterial growth was
found, which increased gradually upon increasing degree of graft-
ing, and was found to be systematically stronger on Gram-positive
bacteria. This study paves the way towards the synthesis of green
graphene derivatives to be applied in the biomedical field, as sen-
sor devices or for the development of ecological nanocomposites.
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