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This study reports the “continuous production” of high-quality, few-layer
nitrogen-functionalized graphene nanosheets in aqueous solutions directly from
graphite via a two-step method. The initial step utilizes our recently developed
peroxide-mediated soft and green electrochemical exfoliation approach for the
production of few-layer graphene nanosheets. The subsequent step, developed here,
produces nitrogen-functionalized graphene nanosheets via selective alkylation/basic
hydrolysis reactions using rather a simple nitrogen precursor bromoacetonitrile, which
is never reported in the literature. A possible reaction mechanism of the
nitrogen-functionalized graphene formation is proposed. The proposed method allows
the quantification of the phenolic and hydroxyl functional groups of anodic few-layer
graphene via the derivatization chemistry approach. Additionally, a
nitrogen-functionalized graphene-gold nanocrystals hybrid is prepared using gold
nanocrystals obtained via the microwave irradiation of H[AuCl,] and trisodium citrate
solution. A systematic investigation demonstrates that the nitrogen-functionalized
graphene-gold nanocrystal hybrid shows enhanced catalytic reduction of carbonyl
compounds such as benzaldehyde.
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Introduction

Graphene, a two-dimentional m-networked nanomaterial, is a candidate for future
nanoelectronics due to its atomic thickness and excellent properties."* The
development of synthetic methods for the preparation®® of graphene-based materials
has received a lot of interest due to the potential applications of such materials in
various fields, including energy storage, electronics, sensors, catalysis, and
biomedical applications. Graphene must be prepared with a specific morphology by
controlled methods to investigate its practical applications. In addition to the
morphological manipulation of graphene, chemical functionalization is an efficient
approach for tailoring graphene properties. Resultantly, the properties of

nitrogen-functionalized graphene (N-FG)'%*®

were found to be superior to those of
pristine graphene. For example, edge-functionalized N-FG behaves as an electron-rich
n-type field-effect transistor.’® N-FG can work as a metal-free catalyst'! with
enhanced properties for the oxygen reduction reaction in alkaline fuel cells. N-FG is
also useful for semiconductor devices, batteries, sensors, and ultracapacitors.
Therefore, numerous preparation methods of N-FG have been developed, such as
those based on annealing, arc discharge, chemical vapor deposition, and solution

58, 1922 alactrochemical exfoliation

processing.’*™® Among solution processing,
methods®*?* have been found to be efficient and environmentally friendly. However,
electrochemical approaches generally produce unfunctionalized or

ionic-liquid-functionalized graphene materials.

Methods for the nitrogen functionalization of graphene materials often utilize
filtration and/or drying of the products or high-temperature treatment in a multi-step

17-18 Wlth

procedure. For example multi-stage, high temperature pyrolysis methods
high quantity of nitrogen precursors could form products having higher nitrogen

2
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contents (2.04% to 19.46%). Although, the preparation of functionalized graphene by
even three-step electrochemical approaches is rare,®® the present study could
develop an efficient method for the “continuous production” of N-FG nanosheets
directly from graphite via a two-step method. The initial step utilizes our recently
developed electrochemical soft processing approach,?® where high-quality, anodic
few-layer graphene (AFLG, product 1) nanosheets in aqueous solution were formed.
The subsequent second step, developed here, directly utilizes the AFLG aqueous
dispersion formed in the previous step for nitrogen functionalization, which leads to
the formation N-FG (product I1). Thus a simple but versatile approach has been
proposed for “continuous production” of N-FG nanosheets directly from graphite
without any additional multiple processing such as filtration, drying or firing
processes, which is exactly our project target. The proposed nitrogen functionalization
improves the dispersibility of N-FG in various solvents and introduces active nitrogen
centers, which is important in various applications. In order to demonstrate these
merits, N-FG and gold nanocrystals (AuNCs) were used for the preparation of an
N-FG-AUNCs hybrid (product Il1). The obtained N-FG and AuNCs are characterized
using various techniques. The quantification of the phenolic and hydroxyl groups of
AFLG is conducted based on the derivatization chemistry approach. The catalytic
efficiency of the N-FG-AuUNCs hybrid for the reduction of benzaldehyde is also

evaluated.

Experimental section

Chemicals: Trisodium citrate dihydrate (TSC) with 99% purity was purchased from
Riedel-deHaen, Germany. Hydrogen tetrachloroaurate-(111) trihydrate (HAuCl,-3H,0)
with 99.99% metal basis purity and high-purity (99.9995%) graphite rods, 6.15 mm in

diameter and 152 mm in length, were obtained from Alfa Aesar. Other chemicals
3
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were received from Sigma-Aldrich and used without additional purification. All
solvents used in this study were of HPLC grade. A Roda purification system (Te Chen
Co. Ltd, Taiwan) was used for the purification of aqueous solutions with Milli-Q
water (> 18.2 MQ).

Preparation of N-FG:

In the first step, 90 mg of AFLG? nanosheets were formed in an aqueous solution via
electrochemical exfoliation of graphite using simply aqueous 3.0 M NaOH solution
(75 ml) with 130 mM H,0,, and a working bias voltage of 1 V for 10 min and 3 V for
10 min at room temperature. The as prepared AFLG nanosheets in an aqueous
solution with pH 11.8 were directly subjected to nitrogen functionalization (second
step) without any filtration, drying or firing processes. Therefore we have described
the present method as “continuous production of N-FG” even it uses two steps in
solutions. The AFLG nanosheets in aqueous solution were directly treated with
aqueous 6.0 M HCI solution (33 ml) at 0 °C. A solution of bromoacetonitrile (0.1 ml,
weight ratio of AFLG/BrCH,CN = 1/2) in dioxane (5 ml, H,O:dioxane = 22:1) was
added to the resulting reaction mixture, which was then degassed using nitrogen gas
bubbling. The reaction mixture was sonicated at room temperature for 30 min and
then refluxed at 100 °C for 10 min. The reaction mixture was cooled to room
temperature and neutralized with 6.0 M HCI solution (2 ml). The reaction mixture
was filtered with 100-nm porous filters, washed with excess deionized water by
vacuum filtration, and then dried in an oven for 2 h at 60 °C. The obtained dry
powders (105 mg) were dispersed into appropriate solvents by gentle water-bath
ultrasonication for 5 min. The resulting N-FG in acetonitrile (ACN) was additionally
diluted with excess water. The obtained supernatant dispersions were used for further
characterizations.

Preparation of citrate-stabilized AuUNCs: Citrate-stabilized AuNCs were prepared
4
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using the following method. The reaction was performed in a microwave reactor
(Scientech, Taiwan). In a typical procedure, aqueous TSC (9 ml, 0.03 M) was added
to an aqueous H[AuCl,]-3H,0 solution (30 ml, 0.5 mM), which was then subjected to
microwaves (90 W) at 120 °C for 3 min. The resulting light pink aqueous dispersion
was centrifuged at 8000 rpm and washed with Milli-Q water. The supernatant aqueous
dispersion of citrate-stabilized AUNCs was directly used for further applications.
Preparation of N-FG-AuNCs hybrid: N-FG aqueous dispersion (15 ml, 0.50 mg/ml)
was mixed with 5.0 ml of citrate-stabilized AuNCs in aqueous solution (relative
volume ratio of AUNCs to N-FG = 0.33). The reaction mixture was sonicated at room
temperature for 30 min and washed with Milli-Q water. The same procedure was used
for the preparation of AFLG-AUNCs hybrid. The resulting aqueous dispersions were
directly used for further applications.

Catalytic Reduction of Benzaldehyde: An aqueous solution of N-FG-AuNCs hybrid
(0.50 mol% with respect to gold concentration) was added to 10 ml of an aqueous
benzaldehyde solution (7.50 x 10 M) with stirring. Then, 1.0 ml of an aqueous 2.22
X 10% M NaBH, solution (3 equiv. with respect to benzaldehyde) was added
drop-wise and stirred continuously at room temperature for an appropriate time. The
reaction progress was monitored using ultraviolet-visible (UV-vis) spectroscopy. The
samples for UV-vis spectroscopy were prepared by collecting a small quantity of the
reaction mixture at regular time intervals. The same procedure was used for the
reduction of benzaldehyde in the presence of AFLG-AuUNCs hybrid, N-FG, and

AUNCs.

Characterizations
High-resolution transmission electron microscopy (HR-TEM; JOEL, JSM 2100F)

analysis was used to investigate the nanostructure and surface morphology of N-FG
5
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and AuNCs at an acceleration voltage of 200 kV. An energy-dispersive X-ray
spectroscopy (EDS) detector attached to the transmission electron microscope was
utilized for the compositional analysis of AuNCs. The carbon, oxygen, and nitrogen
binding energies of graphite and N-FG were evaluated using X-ray photoelectron
spectroscopy (XPS) measurements (ULVAC Inc., PHI Quantera SXM). A confocal
micro-Raman spectrometer (Renishaw inVia) was used to evaluate the Raman spectra
of graphite and N-FG with an argon ion laser at a 633 nm excitation wavelength. The
wavenumber was calibrated using the Si peak at 520 cm™ as a reference. Fourier
transform infrared (FT-IR) spectroscopy (Vertex 70, Bruker, Germany) was used for
recording spectra in a range of 400 to 4000 cm™. Optical absorption spectra of AUNCs
and the reduction reaction kinetics were measured using a UV-vis spectrophotometer
(JASCO V-670). TEM samples were obtained by drop-casting redispersed solutions
onto carbon-coated Cu grids and evaporating them at 60 °C for 30 min. Raman
spectroscopy and XPS samples were obtained by the deposition of redispersed
materials on a glass substrate and evaporating them at 60 °C for 30 min. The KBr disc
method was used for the preparation of FT-IR samples. The samples for UV-vis
spectral measurements were prepared by adding an equal volume of Milli-Q water to

all samples.

Results and discussion

Formation of N-FG

A schematic illustration of the experimental process for the preparation of N-FG is
presented in Figure 1a. In the first step, our recently developed® electrochemical

strategy is applied for formation of high-quality, AFLG nanosheets in aqueous

solution and was further reacted with HCI. This HCI-treated AFLG was reacted®® with
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bromoacetonitrile over 30 min sonication at room temperature and subsequent reflux®’
for 10 min to produce N-FG. Photographs of exfoliated AFLG (Figure 1a, product I)
and N-FG (Figure 1a, product Il) nanosheets directly in electrolyte are shown. The
purified N-FG nanosheets were redispersed in dimethyl formamide (DMF), ethylene
glycol (EG), tetrahydrofuran (THF), and ACN, respectively, and were stable for over
a month (Figure 1b). Figure 1c shows N-FG nanosheets redispersed in ACN after

additional dilution (see experimental section).

A schematic of the size-controlled synthesis of AuNCs is presented in Figure 1d. An
aqueous mixture of 0.40 mM H[AuCl4] and 0.03 M TSC was subjected to microwave
irradiation at 120 °C for 3 min, forming AuNCs with a size of 4-12 nm (Figure S1,
Supporting Information (SI)). Figure l1le shows the preparation method of
AFLG-AUNCs hybrid (product I11) and N-FG-AuNCs hybrid (product IV) under
sonication for 30 min. The nitrogen groups of N-FG make it well dispersible in
aqueous solution but AFLG nanosheets are not dispersible. The AuNCs are also well
dispersible. Therefore, the N-FG nanosheets, but not AFLG nanosheets, were
decorated with AuNCs in the aqueous solution. The as-prepared N-FG and AuNCs

were characterized using various techniques.

Structural features of N-FG

Raman spectroscopy is a powerful, noninvasive technique for characterizing carbon
nanomaterials, especially for measuring defects and ordered/disordered carbon
structure.”®? It was thus applied to study the structural features of graphite and N-FG
(Figure 2). The Raman spectrum of graphite (Figure 2a) show a D band and a small

D’ shoulder band at 1337 and 1621 cm™, respectively. The G band and intense 2D
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band are located at 1581 and 2664 cm™, respectively. The Raman spectrum of N-FG
(Figure 2b) shows a D band related to the disorder mode at 1339 cm™ and a D’
shoulder band corresponding to the disorder of edge carbons at 1616 cm™. The G
band corresponding to ordered in-plane sp® carbon atoms at 1579 cm™ is a doubly
degenerate (TO and LO) phonon mode (Ezy symmetry). The symmetric intense 2D
band at 2667 cm™ originates from two-phonon double resonance, indicating the
presence of few-layer graphene.® The ratio of the integrated intensities of the D and G
modes (Ip/lc) of N-FG is (0.73) is higher than that of graphite (0.54). The Raman

results of N-FG are in good agreement with results reported in our recent report.®*

The HR-TEM results confirm the structure of N-FG (Figure 3). A low-magnification
HR-TEM image of an N-FG nanosheet on a carbon grid shows that the material
consists of randomly aggregated interconnected thin sheets (Figure 3a). The
selected-area image reveals low-defect/defect-free domains of N-FG nanosheets
(Figure 3b). The HR-TEM images of N-FG show the existence of large defect-free
sp-network domains (Figure 3c), crystalline edges (Figures 3e), and few-layer
graphene with a lattice spacing of 0.35 nm (Figure 3f). The electron diffraction
patterns of the carbon lattice show the presence of a low-defect sp? network (Figure
3d). The observed lattice spacing of N-FG nanosheets is in good agreement with

values reported in the literature.®

The XPS results reveal the nature of oxygen and nitrogen functional groups and the
level of oxygen/nitrogen insertion into N-FG during the continuous preparation
process (Figure 4). Nitrogen was detected in the wide-scan XPS spectrum of N-FG, as

well as carbon and oxygen, whereas only carbon and oxygen were detected for
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graphite (Figure 4a). The starting graphite has a carbon-to-oxygen ratio (C/O) of
98.5:1.5, and N-FG has a carbon-to-oxygen-to-nitrogen ratio (C/O/N) of 92.5:4.6:2.9.
Thus, during the second step of N-FG formation, nitrogen functional groups were
inserted. This explains the observed enhanced dispersibility and stability of N-FG in
various solvents (Figure 1b). The nitrogen functional groups present in N-FG
facilitate its dispersion in various solvents. Only 5 min of sonication is enough for
N-FG dispersion, whereas 10 min is needed for AFLG?® dispersion. The analysis of
numerically fitted Cls core levels of graphite (Figure 4b) and N-FG (Figure 4c)
indicates that both samples were asymmetric and thus both samples contained

functional groups.

The bands corresponding to the graphitic carbon bonds (C-C) of graphite and N-FG
are identical (located at 284.8 eV) and the bands corresponding to C-OH bonds vary
slightly (located at 285.9 and 285.4 eV for graphite and N-FG, respectively).
Additionally, a new peak at 286.9 eV, corresponding to the C-O (alkoxy) group,
appears in the N-FG XPS spectrum. The bands corresponding to C-N bonds appear at
the same position (285.4 eV) as bands corresponding to C-OH bonds. N-FG contains
peaks at 284.8, 285.4, and 286.9 eV, corresponding to C-C, C-OH/C-N, and C-O
groups, respectively, which are in good agreement with the bands in NFG prepared by
chemical vapor deposition.>>** The N1s XPS spectrum of N-FG shows a broad peak
at 399.8 eV corresponding to the HN-C=0 group and a peak at 401.6 eV attributed to
NH, groups (Figure 4d).>>*" These results confirm the insertion of nitrogen functional
groups into N-FG during the second step of its formation. The highly graphene nature
of N-FG also confirmed by these results because it has graphene sheets with low

content of oxygen unlike graphene oxide or even graphene in some cases.®
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The insertions of oxygen and nitrogen functional groups into N-FG were further
confirmed by FT-IR spectroscopy (Figure 5). The FT-IR spectra of graphite (Figure 5a)
and N-FG (Figure 5b) contain peaks at around 1400 and 1000 cm™, corresponding to
CO-H and C-O stretching modes, respectively, and a peak at 3345 cm®,
corresponding to the CO-H bending mode related to the hydroxyl functional group.®
The peaks corresponding to sp®-network domains (C=C stretching) and the coupling
of C-N stretching with N-H deformation vibration appear at 1588 cm™. Additionally,
N-FG shows C-N and C=0O stretching modes at around 1000 and 1623 cm™,
respectively, and a peak at around 3350 cm™, corresponding to the N-H bending mode
related to amide functionality.****° The peaks corresponding to C-H (O-CH,CONH,)
in-plane bending and stretching vibrations are appeared at 1025, 2775, cm*
respectively.® These results confirm the insertion of nitrogen functional groups into
N-FG during the second step of its formation. These FT-IR results are consistent with

XPS results.

Chemistry of N-FG: Quantification of phenolic and hydroxyl groups of AFLG

Functionalization is a versatile method for tuning chemical and electronic properties
via the modification of functional groups by synthetic organic chemistry. Thus,
understanding the existing functional groups and their composition in materials is
very important. Traditional analysis techniques generally cannot differentiate phenolic

41-46

and hydroxyl groups. The derivatization chemistry approach (which uses the

formation of a derivative such as a functionalized material) is a commonly used
method for the quantification of functional groups via selective (only one functional
group reaction) and clean (complete conversion) derivatization and subsequent

analysis. Traditional-organic-chemistry-based selective organic functionalization®’>?

10
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of graphene materials is also well established in the literature. An approach based on
derivatization chemistry is used here for the quantification of the phenolic and
hydroxyl groups of AFLG. The structural features and formation mechanism of N-FG
(Figure 6) are proposed based on experimental results and published literature.*’
AFLG has two kinds of oxygen functional group, namely phenolic groups on sheet
edges and hydroxyl groups on the basal plane.”® Aqueous NaOH selectively and
cleanly reacts with the phenolic groups® of AFLG. Subsequent selective nitrogen
functionalization occurs to produce N-FG in the second step. The XPS spectrum of

N-FG was used for the quantification of the phenolic and hydroxyl groups of AFLG.

The phenolic groups of AFLG exist in the form of sodium phenoxide via reaction®
with sodium hydroxide, as shown in Figure 6. The hydroxyl groups of AFLG do not
undergo a reaction with NaOH because they are relatively weakly acidic. Thus,
treatment of AFLG with bromoacetonitrile at room temperature forms phenoxylated
ACN selectively and the subsequent 10 min reflux converts nitrile (C=N) groups into
imidol groups via NaOH-mediated selective hydrolysis. Over reaction time cause to
loss of nitrogen from N-FG as NHj3 gas. These hydrolysis trends of nitrile compounds
are quite common in organic chemistry.®> The hydrolysis mechanism involves an
attack by hydroxide anions on the carbon center of the C=N group and subsequent
proton addition to the nitrogen center leads to the formation of imidol.>* The imidol
undergoes tautomerism>* via rapid intra-molecular migration of a proton to form
phenoxylated amides bearing N-FG. Thus, it can be concluded that only phenolic
groups selectively undergo nitrogen functionalization. Therefore, it is proposed that
AFLG contains around 2.9% phenolic groups and 2.6% hydroxyl groups of the total
5.5% oxygen functional groups because 2.9% nitrogen was inserted during the second

step of N-FG formation (Figure 7). Even though our present method produces N-FG
1
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with only 2.9% nitrogen content, it is a most effective method as it is a simple but
versatile “solution processing” approach unlike high temperature pyrolysis reported in
the literature.’”™® The XPS analysis show that the removal of hydroxyl groups and
insertion of nitrogen functional groups occurred during the second step of N-FG
formation. The quantity of oxygen functional groups in N-FG is thus lower than that
in AFLG. The NaOH-induced removal of hydroxyl groups of AFLG is supported by
the literature® and is an additional benefit of our method. The quantified phenolic and
hydroxyl groups of AFLG are also useful for the design and controlled synthesis of
new graphene-based materials. Thus, the proposed method has high potential for the
preparation of various N-FG-based materials by using modified molecules of
Br-CH,-CN (Br = Br, CI, I, -OTs and CN = pyrrole, piperidine, NH;, proline,
thiophene moieties) as nitrogen precursors. In this case, only alkylation is enough but

no hydrolysis required as they do not possess nitrile groups.

N-FG-AuUNCs hybrid formation

The AFLG-AUNCs and N-FG-AuUNCs hybrids were prepared using purified AFLG,
N-FG, and AuNCs under sonication. The size-controlled AuNCs were obtained via the
TSC-assisted reduction of H[AuCl4] precursor under microwave irradiation (Figure
S1, SI). The AFLG-AuUNCs and N-FG-AuNCs hybrids were applied for the reduction

catalysis of benzaldehyde.

Reduction Catalysis
The synthesis of alcohols via the reduction of carbonyl compounds is one of the most
widely used reactions in organic chemistry.® Several carbonyl reduction methods>®

have been developed. However, they have several disadvantages, including the use of

12
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toxic chemicals, complex procedures, and sensitive conditions, and long reaction
times. We report herein the reduction of a carbonyl compound, benzaldehyde, using
an NaBH4/H,0 system in the presence of N-FG-AuNCs and AFLG-AuUNCSs hybrids,
N-FG, AuNCs (Figure 8). The low cost, environmental friendliness and easy
operation of the NaBH,/H,O system make it popular for the reduction of

nitroarenes®’®

catalyzed by carbon-based gold nanocrystal hybrids.

Time-resolved UV-vis spectroscopy was used to monitor the reaction progress. The
UV-vis spectra of benzaldehyde show bands at 243 and 285 nm, corresponding to
C=C and C=0, respectively.>® As the reaction proceeded, the intensity of these bands
decreased and finally disappeared and a new band appeared at 259 nm, corresponding
to the C=C bonds of benzyl alcohol. The UV-vis spectra show that the required
reaction time of N-FG-AuUNCs hybrid is only 3 min, whereas those of AFLG-AuUNCs
hybrid, AuNCs, and N-FG are 12, 20, and 40 min, respectively. The catalysis results
prove that AUNCs (Figure 8a) and N-FG (Figure 8b) are catalytically inactive, and
that N-FG-AuUNCs hybrid (Figure 8c) is catalytically superior to AFLG-AuUNCs hybrid
(Figure 8d). The observed catalytic reaction trends are described by considering two
factors, namely dispersibility and adsorption. N-FG-AuUNCs hybrid (Figure 1e,
product 1V), but not AFLG-AuUNCs hybrid (Figure le, product IlI), had good
dispersibility in the reaction medium (aqueous solution). Therefore, the N-FG
nanosheets, but not AFLG nanosheets, were decorated with AuNCs. The efficient
adsorption of benzaldehyde onto N-FG/AFLG nanosheets is very important for
effective catalysis reaction. Nitrogen groups are basic in nature and they have strong
affinity towards acidic molecules®® or even partially electron-polarizable molecules
such as benzaldehyde. Thus, the nitrogen groups of N-FG facilitate the efficient

adsorption of benzaldehyde and the subsequent reaction is catalyzed by AuNCs. The
13
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efficient adsorption and good dispersibility of N-FG in aqueous solution and AuNCs
catalysis makes the N-FG-AuNCs hybrid a superior catalytic system over the
AFLG-AUNCs hybrid, which lacks nitrogen groups and does not make AuUNCs
available for catalysis. The proposed mechanism of benzaldehyde adsorption on
N-FG nanosheets and subsequent AuNCs-mediated reduction catalysis is consistent
with a literature report®™ on nitroarene reduction catalyzed by a graphene
oxide-AuNCs hybrid. The present study reports the high catalytic efficiency of the
N-FG-AuNCs hybrid for benzaldehyde reduction in the first time. Therefore
high-quality N-FG nanosheets with low level damage were obtained using the
proposed two-step solution processing approach under mild conditions. As N-FG
possess sterocenters, its AuUNCs hybrid is useful for stereoselective reduction of
benzaldehyde in presence of other functional groups because functional groups with
different chemical environment show different reactivity. The reduction catalysis
product benzyl alcohol is an important core moiety in several bioactive molecules®*®3
such as goniotriol and goniofufurone anti-tumor agents (Figure 8e).

The comparative study® % ©4%°

of preparation and catalysis trends of carbon
material-gold nanocomposites is presented (Table 1). The present method has several
advantages such as (a) easy (continuous) production of N-FG unlike using complex
procedure and/or high temperature treatment and/or, multi-stage reactions and/or high
reaction time and/or toxic chemicals and/or filtration, drying of products at each stage
in a multi-step reaction (entries 1-5), (b) possible production of various N-FG-based
materials, (c) good dispersibility of our N-FG in various solvents, (d) good catalytic
efficiency of our N-FG-AuNCs hybrid (only 3 min reaction time and 3 equivalents of

NaBH,) unlike high reaction time (15-140 min, entries 1, 3, 4) and 100-350

equivalents of NaBH, (entries 2-5). All these merits make our simple but versatile
14
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“continuous production” approach as novel and efficient method.

Conclusion

This study developed a simple but versatile approach for the “continuous production”
of high-quality, few-layer N-FG nanosheets directly from graphite via electrochemical
exfoliation and subsequent selective nitrogen functionalization using a simple
bromoacetonitrile precursor via alkylation/basic hydrolysis as the key steps. The
proposed formation mechanism of N-FG reveals that the preformed phenoxide ions of
AFLG react with bromoacetonitrile and that subsequent selective basic hydrolysis
converts nitrile into the amide group. The stable dispersions of N-FG nanosheets in
DMF, EG, THF, and ACN could be useful in several applications, such as catalysis.
The NaOH-induced removal of hydroxyl groups of AFLG during the second step of
N-FG formation is an additional benefit. The proposed method makes the mass
production of N-FG possible. The derivatization-chemistry-based quantification
approach indicates the presence of 2.9% phenolic and 2.6% hydroxyl groups in AFLG.
Additionally, N-FG-AuNCs hybrid was prepared using citrate-stabilized AuNCs 4-12
nm in size. The N-FG-AuNCs hybrid proved to be an efficient catalyst for
benzaldehyde reduction and the produced benzyl alcohol is a core moiety of several
bioactive molecules. The simplicity of the developed method and the high
performance of produced products make the proposed approach suitable for the

production of various N-FG-based materials.
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Figure Captions

Figure 1. Preparation process of N-FG-AuNCs hybrid: (a) electrochemical
experimental setup diagram (left); photographs of exfoliated AFLG (product I) and
dispersed N-FG (product II) directly in reaction mixture; (b) photographs of stable
dispersions of purified N-FG in various solvents; (c) photograph of diluted dispersion
of N-FG nanosheets in ACN; (d) synthetic process of AUNCs; (e) preparation process
of AFLG-AUNCSs hybrid (product 111) and N-FG-AuUNCs hybrid (product 1V).

Figure 2. Raman spectra of (a) graphite and (b) N-FG. The Raman spectra of N-FG
reveal the presence of high-quality, few-layer graphene.

Figure 3. Structural investigation of N-FG by TEM analysis: (a) low-magnification
TEM image of N-FG nanosheet suspended on carbon grid; (b) HR-TEM image of
N-FG nanosheet; (c) corresponding selected-area image, which clearly shows
presence of defect-free domains; (d) selected-area image of electron diffraction
pattern corresponding to carbon lattice; (¢) HR-TEM image of crystalline edges; and
(f) HR-TEM image of tri-layer N-FG with lattice spacing of 0.35 nm.

Figure 4. XPS characterizations: (a) wide-range scanning XPS spectra of (i) graphite
and (ii) N-FG, Cl1s XPS spectra of (b) graphite and (c) N-FG, and (d) N1s XPS
spectrum of N-FG.

Figure 5. FT-IR spectra of (a) graphite and (b) N-FG.
Figure 6. Schematics of proposed formation mechanism of N-FG.

Figure 7. Quantification of phenolic and hydroxyl groups of AFLG.

Figure 8. Time-dependent UV-vis absorption spectra for the reduction of
benzaldehyde catalyzed by (a) AuNCs, (b) N-FG, (c) N-FG-AuNCs hybrid, and (d)
AFLG-AUNC hybrid in aqueous media at 25 °C. (e) Structures of benzyl alcohol
moiety bearing bioactive molecules.

Table 1: The comparative study of preparation and catalysis applications of
nanocomposites. G: graphene, AuNRs: gold nanorods, AuNPs: gold nanoplates,
AuNCs: gold nanocrystals, GO: graphene oxide, FRGO: functional reduced graphene
oxide, HCNM: hierarchical carbon nanotube membrane, EDA: ethylene diamine,
N-PED: N-propyl ethylene diamine, Eq.: Equivalents. ®purification of products at
each stage of FRGO-AuUNPs formation.
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