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Abstract /l
Nanocomposites (NCs) of silver nanoparticles (Ag NPs) and carbon

quantum dots (CQDs) have been received increasing attention for
diverse applications including sensing, photocatalyst, surface enhanced
Raman scattering detection and anti bacterial. Herein, we report a unique
photosynthesis of Ag NPs-CQD using CQDs as photo-reducing agent.
Highly luminescent CQDs were prepared by a hydrothermal method using a
mixture of citric acid (CA) and ethylenediamine (EDA) as starting precursors.
X-ray diffraction pattern (XRD), transmission electron microscope (TEM),
infrared (IR) and Raman spectroscopies confirmed the formation of NCs.
We have demonstrated that the formation of Ag NPs accompanied with
the degradation of surface fluorophores, which responded for the resolved
absorption peak at ca. 346 nm and high luminescence of pristine CQDs. The
NCs showed excellent antibacterial affinity to Escherichia coli. The results
provide new understandings on the interactions between CQDs and silver
ions as well as potential applications of Ag NP — CQD nanocomposites.
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Introduction

Ag NPs have gained significant interest for diverse
applications, such as bio-sensing,’ catalysts,?
antimicrobial,® and antibacterial applications.*
Ag NPs have been widely synthesized by reducing
of Ag* ions with suitable reducing agents such as
ascorbic acid,® chitosan,® NaBH,,” glucose® and
other naturally extract products. In these protocols,
a stabilizing agent is usually needed to prevent

Ag NPs from aggregation.® Carbon quantum dots
(CQDs) are a new class of carbon nanomaterials
that are currently accepted to consist of a carbogenic
core containing polyaromatic hydrocarbons,
surface fluorophores, and surface simple groups,
e.g. —COOH, -NH-, -OH, etc. CQDs have emerged
to be nontoxic, bio-compatible, and highly
luminescent materials for diverse applications
including bio-imaging,'® '* light emitting diode' and
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photo-catalysts in the visible region. Although
CQPDs could be synthesized by several methods
and many carbon resources could be used, CQDs
synthesized from a mixture of CA and EDA by a
hydro thermal method have been demonstrated to
have excellent luminescence and bio compatibility.
From now on, we denoted CQDs synthesized from
CA and EDA as CA-CQDs. It was reported that the
lowest unoccupied molecular orbital (LUMO) level
of CA-CQDs to be about -0.96 V with respect to
the standard hydrogen electrode (SHE),™ making
CA-CQDs possible to reduce many metal ions
when excited. In fact, efficient electron transfer from
CA-CQDs to metal ions has been utilized to use
CQDs as photoluminescence sensors for the
detection of heavy metal ions such as Hg?, Cu?*
or Fe®.'* 15 Several types of CQDs have been used
as reduction to synthesize Ag NPs.' 7 However, the
changes in the physicochemical properties of CQDs
after the reaction with Ag* have not been reported.

In this work, we demonstrate the synthesis of
Ag NPs by using CA-CQDs as a photo-reducing
agent. Study the morphology of Ag NPs as well
as the optical properties of CQDs revealed that
the formation of Ag NPs accompanied with the
degradation of surface fluorophore of CQDs.
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Fig.1: UV-vis absorption and
photoluminescence (excited at 355 nm) of
pristine CA-CQDs dissolved in DI water. Insets
are pictures of CA-CQDs solution under
sunlight (left) and under UV lamp
illumination at 365 nm (right)

Materials and Methods

Materials

Chemicals including citric acid monohydrate
(CA, 99%, Aladdin Chemical), ethylenediamine
(EDA, 99%, Aladdin Chemical), AgNO,
(99.8%, Aladdin Chemical) and NaOH
(99.9%, Merck Chemical) were purchased and
used without any purifications. Deionized water was
prepared by a double distillation process and used
as a solvent for the synthesis of CA-CQDs.

The Synthesis and Purification of CA-CQDs
The CA-CQDs were prepared by a hydrothermal
method. Briefly, 1.2608 (g) CA and 0.780 ml of
EDA were dissolved in 35 ml of DI water and then
transferred into a Teflon lined autoclave. The reaction
was carried out at 200°C for 5 hours. After being
cooled down to room temperature naturally, acetone
was added to precipitate CA-CQDs, which were then
collected by centrifugation and re-dispersed in DI
water. The purification process was repeated several
times. Finally, CA-CQDs were filtered through 0.2 pm
PTFE filters to remove large aggregates.

The Synthesis of NCs

1 ml of 1-weight percentage CA-CQDs solution
and 2 ml of 70 mM NaOH solution were mixed in a
quartz beaker. 1 ml of 140 mM AgNO, solution was
then added and the mixture was and stirred under
UV illumination at 365 nm for 1 hour. NCs formed as
a black precipitate, which was collected by filtration
and rinsed with DI water until the filtrate did not form
a white precipitate with a NaBr solution. CA-CQDs
that remained soluble in water were separated by
precipitation with acetone and denoted as Af-CQDs.
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Fig. 2: The FTIR spectra of NCs,
pristine CA-CQDs and Af-CQDs
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Characterizations

Fourier-transform infrared (FT-IR) spectra were
obtained by means of a Jasco FT / IR6300
spectrometer. Raman spectra were obtained on a
LabRAM HR (HORIBA Jobin Yvon). X-ray diffraction
patterns were obtained on a Bruker D5005
diffractometer. Transmission electron microscope
(TEM) images were obtained on a JEM 2100,
JEOL. The UV/VIS spectra were obtained by using
a Shimadzu UV2450 spectrophotometer.

Antibacterial Test

Gram-negative Escherichia coli (E. coli) bacteria were
selected to evaluate the antibacterial activity of NCs.
The identity of the bacterial strains was confirmed
morphologically by using biochemical techniques.
The agar plate punching method was used to
evaluate the antimicrobial activity of the sensitized
NCs. 10 ml of nutrient agar medium was poured into
sterile Petri dishes and then plated homogeneously
with 50 pl of E. coli solution. After incubation at 37°C
for 18 h, NCs solutions with different concentrations
(1wt%, 0.5wt% and 0.25 wt%) were dropped
into pre-made holes. After incubation for another
18 h at 37°C, the diameter of rings was measured to
evaluate the antibacterial activity of NCs.

Result and Discussion

The optical properties of pristine CA-CQDs
are summarized in Fig.1. CA-CQDs exhibited
a broad absorption band at 346 nm, which
originated from HOMO—LUMO transition in surface
fluorophore.™ 820 An absorption shoulder
at 237 nm could be attributed to n—=* transition in
polyaromatic hydrocarbons within the carbogenic
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core of CA-CQDs.2" 22 When excited with a
wave length of 355 nm, CA-CQDs exhibited a
broad emission spectrum, maximized at 475
nm, the features have been widely reported for
CA-CQDs.'* 18-20. 23 |n addition, CA-CQDs also
showed an absorption tail originated from the
transitions related to surface groups?' or n-n stacked
CQDs.2*The absorption tail that extended into the
visible region with decreasing absorption coefficient
was clearly visible from the absorption spectra of
concentrated CA-CQDs solutions.

FT-IR spectra of pristine CA-CQDs, Af-CQDs and
NCs are shown in Fig. 2. All samples exhibited
a broad absorption in the region from 3050
cm™ to 3600 cm™', which could be attributed
to stretching vibrations of O-H, N-H or water
remained in the samples.'® The absorption in the
2800 cm™ — 3000 cm™ was due to C-H stretching
vibrations of aliphatic hydrocarbon.' '® The
absorption peak at 1650 cm was due to stretching
vibration of C=0 in amide (-CONH-) or vibration of
C=C in N-containing aromatics while the absorption
at 1556 cm-1 was assigned to bending vibration
of N-H in amide.™ '® In FT-IR spectra of NCs and
CA-CQDs after the reaction, a strong absorption
appeared at ca. 1380 — 1400 cm™, which could
be attributed to stretching vibration of N-O in nitro
groups, bending vibration of a-CH2 in ketones
or stretching vibration of —-COO- groups.?® The
absorption at ca. 1040 cm™ observed in CA-CQDs
could be due to O-C stretching vibration.

It has been reported that CA-CQDs consist
of polyaromatic hydrocarbons embedded in
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Fig. 3: a) The changes in the UV-vis absorption spectra of the reaction mixture with UV
illumination time. Inset in a is a solution at initial state and Af-CQDs under UV lamp
illumination at 365 nm. b) UV-vis absorption spectrum of NCs dissolved in NH, (2M) solution
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aliphatic hydrocarbon, so called carbogenic core,
surface fluorophore and other surface simple
functional groups such as —OH, -COOH, -NH-,
etc.2" 2% 26 The existence of surface fluorophore,
which is derivatives of citrazinic acid in the case of
CA-CQDs,™ 2026 was indicated by the amide
absorption bands at 1650 and 1556 cm'. However,
after the reaction between CA-CQDs and Ag*, the
bending vibration of N-H bond in amide groups at
1556 cm disappeared in the FT-IR spectrum of
Af-CQDs. This disappearance accompanied with
the appearance of IR peaks of carboxylate or nitro
groups at 1380-1400 cm™ observed in NCs and
Af-CQDs, implying the oxidative-ring opening of the
surface fluorophores.

To study how CA-CQDs change upon reacting with
Ag*, we measured the absorption spectrum of the
mixture solution at different reaction times and the
results are shown in Fig. 3a in comparison with
Af-CQDs. Obviously, the characteristic absorption

band at 346 nm of the surface fluorophore degraded
continuously and the absorbance at long wave
lengths increased. The decrease in the absorbance
at 346 nm was in line with the previous conclusion
from FT-IR analysis that the surface fluorophore
was oxidized upon reaction with Ag*. As seen in the
absorption spectrum of Af-CQDs, the absorption
band of surface fluorophore at 346 nm was
totally eliminated. In addition, the emission of
CA-CQDs was also significantly quenched after the
reaction with Ag*as shown in the inset in Fig. 3a.
The increasing absorbance seen at the
long-wave length region was due to light-scattering
induced by insoluble NCs. To obtain UV-vis
absorption spectra of NCs, we dissolved NCs into
NH, solution and a representative spectrum is
shown in Fig. 3b. NCs solution exhibited a broad
absorption, ranging from 320 nm to over 600 nm,
maximized at ca. 410 nm, which is the characteristic
plasmon resonance of Ag nanoparticles.* 7 & 2729
The broadness of the plasmon peak was due to the
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Fig. 4: a) TEM image and b) XRD pattern of NCs. Inset in a) is the HR-TEM image of an NC
particle showing a crystalline region with a spacing of about 0.24 nm and a grey region
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Fig. 5: Raman spectra of CA-CQDs, Af-CQDs
and NCs. The spectra were vertically
shifted for clarity

Fig. 6: Antibacterial activity of NCs against
E.coli with different testing NC concentration:
M1(12 mg/L), M2 (23 mg/L) and M3 (47 mg/L)



MAI et al., Mat. Sci. Res. India, Vol. 16(2), pg. 118-124 (2019) 122

inhomogeneity in the size distribution of Ag NPs
involved in the NCs.

The structures of NCs were investigated by TEM
and XRD as shown in Fig. 4. TEM image (Fig. 4a)
showed that NCs consisted mainly semispherical
particles with a diameter ranging from 4 nm to 14
nm. XRD pattern in Fig. 4b exhibited diffraction
peaks at 20 of 38.3°, 44.03°, 64.52°, 77.45°, which
could be indexed respectively to (111), (200), (220),
and (311) planes of fcc-structured silver metal
(JCPDS no 89-3722).%° One peak at 20 of 33.83°
could be attributed to Ag,O impurity that remained
unreduced after the reaction with CA-CQDs.* The
average diameter (D) of silver nanoparticles was
calculated using the Debye — Scherrer’s equation:
D=0.94 / p cos (6), where 0.9 is the shape
factor; 1 is the wave length of X-ray of 1.54184A;
is the full width at half-maximum intensity in radian
and 0 is the (111) diffraction angle. The mean size
of Ag NPs was about 11.9 nm, which was consistent
with the TEM results mentioned above. We noted
here that the diffraction of aggregated CQDs peaking
at about 25°'* was lacking in Fig. 4b, indicating the
absence of pure solid phase of CQDs in the final
NCs. Each composite particle consisted of an Ag NP
and a CQD. As could be seen from HT-TEM image
shown as inset in Fig. 4a, a crystalline region with a
spacing of ca. 0.24 nm and an amorphous region are
distinguishable. The spacing matched with (111) plan
of Ag, implying the crystalline region was Ag NPs
while the amorphous could be attributed to CQDs.

To confirm the existence of CQD phase in resultant
NCs, we conducted Raman measurements and the
Raman spectra are shown in Fig. 5. Interestingly,
while CA-CQDs and Af-CQDs exhibited featureless
Raman spectra, NCs showed two bands at 1340
and 1550 cm™', which respectively are characteristic
Raman shifts of D band and G band of graphitic
carbon.?' The Raman peaks could be assigned to the
carbogenic core of CQDs, indicating the existence

of CQDs in final NCs. The reason why the Raman
peaks of CQDs were absent in CA-CQDs and
Af-CQDs is still unclear.’™ Nevertheless, the
presence of Raman peaks in the case of NCs implies
that Ag NPs enhance the Raman signals of CQDs.
It is reasonable because Ag NPs have been widely
reported to enhance Raman scattering,'2° especially
in current NCs where Ag NP and CQD were closely
connected as seen in the HR-TEM image (Fig. 4a).

Finally, NCs showed excellent antibacterial activity
against E. coli. By varying experimental conditions
including NCs concentration and volume of dose, we
found that with a dose of 250 pL of NCs dispersion
(23 mg/L) was sufficient, as indicated by an inhibition
zone of about 2.2 cm in diameter (Fig. 6).

Conclusion

The synthesis of nanocomposite consisting of Ag
NPs and CQDs has been demonstrated by using
CA-CQDs as a photo-reducing agent. As the
reduction of Ag* into metallic Ag NPs relied on
photo-induced electron transferring from
CA-CQDs to Ag*ions, Ag NPs and CQDs were
closely connected. At the same time, the formation
of Ag NPs accompanied with the degradation
of surface fluorophores that respond for the UV
absorption band at 346 nm and highly luminescence
of CA-CQDs. In addition to previously documented
sensing and catalytic applications, the results
demonstrated herein suggest that novel Ag
NP — CQD nanocomposite could be applied to
surface enhanced Raman scattering detection and
antibacterial.
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