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Herein, we report an in situ synthesis of graphene quantum dots (GQDs), which have been synthesized from
only starch and water and stabilize AuNPs in water. The construction of six gold nanocomposites, i.e. AUNPs
1-6, with sizes ranging from 13.4 nm to 32.6 nm, was accomplished by only mixing the GQDs and
chloroauric acid in different amounts without any additional reductants and surfactants. HRTEM has
confirmed that the AuNPs have been stabilized by the GQDs, and a core/shell AUNPs@GQD structure
has formed. In addition, the as-synthesized AuNPs show excellent catalytic performance in the reduction
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1. Introduction

Green and facile original methods for the synthesis of transition
metal nanoparticles (especially AuNPs) are still being exten-
sively investigated because of multiple up-to-date applications
of these NPs in biomedicine, sensors, electronic devices and
catalysis." A number of natural or unnatural reductants (such as
aminoboranes, citrate, hydrazine, sulfites, sodium borohydride,
formaldehyde, alcohol, hydroxylamine, oxalic acid, hydrogen
peroxide, ascorbic acid, dihydrogen, polyols and sugars) have
been developed for the synthesis of AuNPs with different
morphologies and attractive properties.”> Moreover, a large
number of AuNP stabilizers are oxidizable by Au(m) without any
additional reductants.> However, the reduction mechanism is
always unclear.

Graphene quantum dots (GQDs) are ultra-small fragments of
graphene nanosheets with a two-dimensional lateral size
(generally less than 100 nm). They are gaining extensive
attraction due to their high chemical and thermal stability, low
cytotoxicity, excellent solubility and biocompatibility, stable
photoluminescence and high accessible surface area.* There-
fore, they have been widely used in bioimaging,” photovoltaic
devices,® biosensing,” and others.®* In general, GQDs are
prepared by cleaving graphene, graphene oxide or carbon fibers
under harsh conditions such as the use of a chemical oxidant
(sulfuric acid or nitric acid) and a hydrothermal treatment.’
However, the purity of the GQDs is still affected by acid residues
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of 4-nitrophenol, a pertinacious pollutant occurring in industrial wastewater.

and metallic impurities. Therefore, it is still a challenge to
develop an eco-friendly alternative method for the synthesis of
GQDs. In 2018, a green and efficient one-pot hydrothermal
synthesis of GQDs, with a narrow size distribution range from
2.25 to 3.50 nm, from only natural polymer starch and water was
first reported by our group. In the synthetic process, at first,
starch was mainly hydrolyzed to glucose, and it was subse-
quently converted into GQDs by cyclic condensation. Finally,
the obtained GQDs were characterized by SEM, TEM, AFM, XPS,
XRD, FTIR spectroscopy and Raman spectroscopy.'® Our group
has a long-term interest in the synthesis of transition metal
nanoparticles and their applications.' Hence, in this study, we
first report a green and facile method for the in situ synthesis of
graphene quantum dot-stabilized AuNPs and their applications,
where the GQDs have been obtained from only starch and
water.' The construction of the AuNPs 1-6 was accomplished
by only mixing the GQDs and HAuCl,-3H,O in different
amounts without any additional reductants and surfactants.
Then, their efficiency as catalysts in the degradation of 4-
nitrophenol upon reduction in water by sodium borohydride
has been investigated by the kinetic studies including the
determination of induction times and rate constants.

2. Results and discussion
2.1 Synthesis of the AuNPs

At first, the GQDs were synthesized from only commercial
natural polymer starch and water using our previously reported
method (Fig. 1).” The obtained GQDs were well dispersed in
water with a pale yellow color in sunlight, whereas the color
would change to green under a 365 nm ultraviolet lamp (Fig. 2).
This is owing to the characteristic unsaturated carbon-carbon
double bond in GQDs. Transmission electron microscopy
(TEM) also confirmed that the main diameter of the obtained
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Fig. 1 The green synthesis of the AuNPs.

Fig. 2 A TEM image of the GQDs and an image of the GQDs under
a UV-vis lamp (inset).

GQDs ranged from 2.25 to 3.50 nm; then, HAuCl,-3H,O in
different amounts (2.5 x 10~* mmol, 0.625 x 10~ mmol, 1.25
x 107> mmol, 2.5 x 10”2 mmol and 5.0 x 10> mmol) was
added dropwise to the GQD solution at the same concentration
at 0 °C, provoking an immediate formation of the claret (AuNP)
color (Fig. 1), corresponding to the reduction of the cation to the
zero-valent metal and the formation of the AuNPs 1-5. The
AuNP-6 was synthesized at 30 °C using the same amount of
HAuCl,-3H,0 as used for AuNP-5. Furthermore, as a compara-
tive experiment, the commercial natural polymer starch
(instead of the GQDs) was tested under the same above-
mentioned condition. The result shows that the commercial
natural polymer starch is insoluble in water at 0 °C or 30 °C and
does not reduce gold(u) salts to AuNPs.

Indeed, the GQDs are also successful reductants for the
reduction of gold(u) salts to AuNPs because the AuNPs 1-6
show a surface plasmon band (SPB) at approximately 530 nm,
the characteristic peak of gold nanoparticles, in the observed
UV-vis spectra (Table 1 and Fig. S1-S6 in ESIt). These AuNPs
have been successfully stabilized via a net effect by the GQDs
and the organic starch residue. Moreover, TEM was used to
confirm the morphology and the size of the AuNPs. However,
note that the reducing capacity of our GQDs is remarkably
similar to that of ferrocene.*?> Thus, the reduction of chloroauric
acid was slightly slower with the GQDs than that with the classic
reducing agent sodium borohydride; this led to the formation of
much larger AuNPs than those in the latter case as the sizes of
the obtained AuNPs 1-5 were in the range between 13.4 and
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32.6 nm with different amounts of chloroauric acid (Fig. 3a-e).
This size range is specifically optimal and useful for the appli-
cation of AuNPs in cell imaging and biomedical usage.™
Moreover, the size of these AuNPs was modulated by varying the
reaction temperature. The AuNP-6 (30.0 nm) obtained at 30 °C
was much larger than the AuNP-5 obtained at 0 °C (13.4 nm).
This is probably due to Ostwald ripening that occurs at 30 °C
following the Au atom nucleation, which in turn causes
a decrease in the number of Au nuclei and the AuNP over-
growth.'* Moreover, the representative high-resolution trans-
mission electron microscopy (HRTEM) image of AuNP-5
exhibits the Au (111), (311), (220) and (200) lattice fringe
distances of 0.231 nm, 0.122 nm, 0.148 nm and 0.202 nm in the
inner region, respectively. However, the lattice spaces (020) and
(002) of the graphitic carbon are 0.250 nm and 0.357 nm,
respectively, on the surface of the nanoparticles (Fig. S7 in
ESIY); it is obvious that the inner region of the AuNPs has been
stabilized by the GQDs, and as a result, a core/shell
AuNPs@GQD structure is formed. More importantly, in the
FTIR spectrum of the AuNPs-5 (Fig. S87), the peaks at 1631 and
1402 cm ™" are related to the skeletal vibrations of the aromatic
rings of the GQDs, whereas the weak peaks at 1053 and
2923 cm ! are the stretching vibrations of the C-O and C-H
bond in the aromatic rings, respectively, confirming the
honeycomb lattice of the graphene structure in the AuNP-5.
Moreover, the UV-vis absorption peak intensity of the AuNPs
versus reaction time for the AuNPs 1-6 was investigated. The
result shows that the UV-vis absorption peak intensity of the
AuNPs no longer increases after approximately 40 hours, indi-
cating that the reductant (GQDs) has been used up (Fig. S9-S20
in ESIT). Furthermore, the crystalline nature of the AuNP-5 was
determined using X-ray diffraction (XRD), where five Au
diffraction peaks, i.e. Au (111), (200), (220), (311) and (222), as
well as that of graphene (002) were observed in the 26 range of
10-80°, which matched with the JCPDS card no. 75-0444 and 04-
0784 (Fig. 4). To further verify the formation of the AuNPs, the X-
ray photoelectron spectroscopy (XPS) spectra of AuNP 1 and 5
were obtained. The XPS spectra of 1 show the Au 4f peak posi-
tions at 84.0 and 87.6 eV. The binding energies of 84.0 eV and
87.6 eV for Au 4f,, and 4fs,, respectively, are exclusively
assigned to the zero-valent surface atoms of the AuNPs (Fig. 5a).
In other words, the Au®* ions were probably bonded and
reduced by the -COOH and -OH groups of the GQDs, and
further, the as-obtained AuNPs were stabilized by these -COOH
and —OH groups. Au 4f was fitted with two pair of peaks for the
Au 4f5), and 4f;,), doublets in the XPS spectra of AuNP-5. The Au
4f,,, peak positions were around 84.3 and 87.0 eV. These posi-
tions at 84.3 eV and 87.0 eV were assigned to Au(0) and Au(ur),
respectively (Fig. 5b). Obviously, chloroauric acid was not
completely reduced by the GQDs under these reaction condi-
tions as the amount of HAuCl, gradually increased.™

2.2 Compared catalytic activities of 1-6 in the 4-nitrophenol
reduction by NaBH,

4-Nitrophenol is the accessory substance of the procedures used
for manufacturing pigments, pesticides, and pharmaceuticals

This journal is © The Royal Society of Chemistry 2019
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Table 1 4-Nitrophenol reduction catalyzed by AuNPs in water®
5% GQDs@AuNP ::;
H OON 0, % GQDs@AuNPs o NH,
100 eq NaBHy4, H,0, r.t.

Entry HAuCl, (mmol) AuNPs Ty (s) Fapp? x 107 577 SPB‘ (nm) D/ (nm)
1 2.5 x 107* 1 540 1.9 527 19.4

2 0.625 x 107 2 0 3.9 530 29.0

3 1.25 x 103 3 0 5.8 533 29.5

4 2.5 x 1073 4 0 6.4 531 32.6

5 5.0 x 1073 5 0 9.3 538 13.4

6" 5.0 x 107° 6 0 9.2 533 30.0

¢ 5.0 mol% AuNPs were used for catalyzing 4-nitrophenol reduction with NaBH, being in excess (100/1). All the AuNPs 1-5 were synthesized at 0 °C
except 6. ” The AuNP-6 was synthesized at 30 °C.  Induction time. ¢ Rate constant. ¢ Surface plasmon band.’ Core size (from SEM or TEM) of the

AuNPs.

Fig. 3 TEM images of the AuNPs. (a)-(f) 1-6.

in industry and hence regarded as one of the most highly
poisonous and hazardous pollutants. The reduction of 4-nitro-
phenol to 4-aminophenol is extensively catalyzed by metal
nanoparticles, and this reduction is well-known to be very
sensitive to the nature of the metal nanoparticle surface.'®
Moreover, it is very convenient to monitor the progress of the
reduction of 4-nitrophenol to 4-aminophenol by UV-vis spec-
troscopic analysis due to their typical absorption peaks at A =
400 nm (4-nitrophenol) and 300 nm (4-aminophenol).’*
Therefore, to evaluate the catalysis capability of the synthesized
AuNPs 1-6 as nanocatalysts, they were examined through the
reduction of 4-nitrophenol (Table 1). The degradation of 4-
nitrophenol has been carried out in the presence of 5.0 mol%
AuNPs with 100 equiv of sodium borohydride in water at room
temperature, and this large excess of sodium borohydride has

This journal is © The Royal Society of Chemistry 2019

been usually used in the literature to induce an apparent first-
order kinetics and a relative lack of competitive sodium boro-
hydride hydrolysis by water as a solvent. According to the
experimental results, the reduction reaction did not need
induction time in the presence of 5 mol% AuNPs except for the
case of the AuNP-1 (Table 1, entries 1-6).

Only the catalysis by the AuNP-1 was found to be slow and
required the induction time of 540 s due to the reorganization
of the catalyst surface; this issue of induction time requirement
was rectified by the stabilization of the AuNP-1 with excess
GQDs that generated a partial steric inhibition for the substrate
to access the surface of the AuNPs (Fig. 4a). Thus, the AuNP-1
was used in 5% mmol only, providing kap, = 1.9 x 107°
(Table 1, entry 1). The reaction rate k,p;, of the corresponding
AuNPs increases in the order of 1 <2 < 3 <4 <5 simultaneously
as the amount of chloroauric acid increases during the process
of the synthesis (Fig. $21-S32 in ESIt). According to this rule, we
also tried to synthesize AuNPs with high amount of chloroauric
acid. Unfortunately, the AuNPs produced were unstable and
immediately aggregated due to this concentration increase.
Interestingly, the AuNP-6 showed the same reaction rate as

Aulll

Graphene
002

Au200

Intensity(a.u.)

Audll

Fig. 4 XRD spectra of AUNPs-5.
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Fig. 5 (a) XPS spectra of AuNPs-1 and (b) XPS spectra of AuNPs-5.

AuNP-5, i.e. kypp = 9.2 x 1077, although the size of 6 (30.0 nm)
was almost two times that of 5 (13.4 nm). It is clear that the
AuNP-5 shows the highest reaction rate among all the synthe-
sized AuNPs (Table 1, entry 5), and this is consistent with the
smallest size of 13.4 nm of the AuNP-5. Moreover, the GQDs
alone do not catalyze the degradation of 4-nitrophenol under
these conditions (Fig. S33 in ESIf). In addition, an overall
mechanistic model of this reaction is shown and has been
discussed in Fig. S34 in ESL.}

3. Conclusion

Herein, a green and facile method for the in situ synthesis of
graphene quantum dot (GQD)-stabilized Au nanoparticles
(AuNPs) in water was developed. It first involves the successful
synthesis of GQD from only starch and water. The construction
of the AuNPs 1-6 nanocomposites was accomplished by only
mixing the GQDs and chloroauric acid in different amounts
without any additional reductants and surfactants. The TEM
images show that the sizes of the AuNPs 1-6 are between 13.4
and 32.6 nm. This size range is specifically optimal and useful
for the application of AuNPs in cell imaging and biomedical
usage. Furthermore, the HRTEM showed that the AuNPs (inner)
were stabilized by GQDs, and consequently, a core/shell
AuNPs@GQDs structure had emerged. The reducing driving
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force of these GQDs is much weaker than that of other strong
reducing agents such as NaBH,, whereas it is remarkably
similar to that of ferrocene. Both the GQDs and ferrocene
reduce Au(m) with a modest driving force, which results in the
formation of much larger AuNPs than those obtained using the
strong reductant NaBH,. Furthermore, the catalytic efficiency of
these different nanocomposites in the degradation of 4-nitro-
phenol by sodium borohydride in water was demonstrated, and
these composites were compared by investigating their 4-
nitrophenol reduction kinetics via the determination of induc-
tion times and rate constants. In conclusion, these GQD@AuNP
nanocomposites show wide potential applications in the cell
imaging, sensing, and catalysis fields.
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