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Abstract: Efforts to degrade liquid waste have been carried out, one of which is using
photocatalyst materials. In this work, Carbon Dots (CDs) in combination with silver nanoparticles
(AgNPs) were used to degrade methylene blue (MB). CDs were synthesized from urea with added
citric acid using a bottom-up microwave method. While AgNPs were synthesized from silver plates
using the Nd:YAG laser ablation method. The absorbance and the fluorescence spectra of CDs were
observed via a UV-Vis and a 405 nm laser photoluminescence (PL) spectrophotometer, respectively.
Fourier Transform Infrared (FTIR) was employed to study the CDs functional group. Meanwhile,
the particle size of CDs and AgNPs was measured using Transmission Electron Microscopy (TEM).
In order to observe the photocatalytic performance, CDs with various concentrations of AgNPs were
dissolved in the MB solution. The influences of AgNPs on the photocatalytic performance of CDs
were examined using a UV-Vis spectrophotometer. As a result, CDs with a concentration of 2 ppm
were the most optimal as a catalyst with a degradation percentage of 88.8%. Moreover, adding one

ppm AgNPs increased the photocatalytic activity to 93.4%.
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1. Introduction

Liquid waste resulting from textile industry activities
contains many highly toxic dyes. Untreated disposal is
harmful to the environment and threatens aquatic life'-?.
Concerns about the high level of environmental pollution
have led to increased research to find treatment methods
with sustainable, cost-effective, and environmentally
friendly strategies”. Commonly, organic and inorganic
contaminants in wastewater were treated using physical,
biological, and chemical methods*?.

The photodegradation method is effective in
considering the balance between efficiency and cost®.
This process uses a catalyst and ultraviolet (UV)
irradiation. Photodegradation using UV-C light is reported
to achieve better degradation than UV-A because of its
incredible energy to excite the catalyst?).

Carbon-based materials are broadly utilized as metal-
free catalysts or bolsters in energy'®, catalysis
process!t1213) and  environmental applications'®!>
because of their interesting properties. One of the carbon-
based materials is carbon dots (CDs). It offers advantages
in terms of excellent optical properties and photostability.
It is also easy to fabricate with negligible toxicity and cost.
CDs can be applied in technological advances such as

biosensors, LEDs, drug delivery, biological imaging, and
photocatalysis'®. The surface of CDs has abundant
functional groups with excellent photoelectric properties,
namely electron transfer and storage capacity,
photoluminescence, and broad optical'”. Moreover, CDs
can be greenly synthesized from renewable raw materials
such as leaves, flowers, roots, and other biomass. It also
can be synthesized from renewable refined compounds
such as urea, citric acid, amino acids, etc'®. These
materials are very eco-friendly and can be obtained easily
at low prices. So, this is an added value for carbon dots.
Generally, CDs can be fabricated via two main methods:
bottom-up or top-down. The top-down process includes
laser ablation, electrochemical oxidation of graphite, and
chemical oxidation of activated carbon. Meanwhile, the
bottom-up  processes consist of hydrothermal,
ultrasonication, and microwave processes'”. Among them,
the microwave method is proposed as an alternative to the
conventional hydrothermal method because of the shorter
synthesis time and less energy consumption?”. Sendao et
al. compare making CDs using hydrothermal and
microwave methods?". The hydrothermal method takes 2-
4 hours, while the microwave method only takes 5-10
minutes.

Concerning CDs as catalyst materials, Jusuf et al. use
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CDs as a single catalyst and succeeded in degrading dyes
up to 90% under sunlight irradiation for 10 hours??. Here,
the time required is still too long and needs to be reduced
by enhancing the photocatalytic activity of CDs combined
with other materials. Combining several materials with
mutually supportive properties is believed to improve
photocatalytic activity. For example, Gan et al. prepared
CDs nanocomposites with precious metals to advance
photocatalytic performance?®. The photocatalytic effect is
enhanced by transferring electrons from the CDs to the
metal and vice versa. Silver nanoparticles (AgNPs) are
precious metal materials that exhibit Surface Plasmonic
Resonance (SPR) properties. This property can be used to
widen the range of light absorption!”. Commonly, CDs
and AgNPs are made of composite materials. However,
this requires a complex fabrication process and involves
toxic reducing agents such as sodium borohydride®®. It
would be interesting to synthesize CDs and enhance this
photocatalytic activity using AgNPs in a friendly method.

In this work, the CDs fabrication from citric acid and
urea via microwave technique as a photocatalytic
application was performed. AgNPs were added to CDs in
the colloidal phase as a mixed catalyst without adding
other chemicals. Moreover, the effect of AgNPs on CDs
as a catalyst in degrading methylene blue (MB) dye was
observed.

2. Materials and methods

2.1 Materials

Urea and citric acid were used as materials sources of
CDs While silver plate was used as a source of AgNPs
synthesis. Methylene blue (MB) dissolved in the aqua
bides with 1 ppm concentration was used as a pollutant
solution model.

2.2 Synthesis of CDs

CDs were made from urea, and citric acid was added
via a bottom-up microwave method. A total of 2 grams of
urea and citric acid were diluted in 40 ml of distilled water.
Afterward, it was homogenized for 5 minutes using a
magnetic stirrer at 250 rpm. Next, it was heated in a
microwave at 800W for 4-5 minutes. As a result, the dark
brown crust was obtained. The crust was liquified in 20
ml of distilled water to form CDs solution. Then, it was
visually tested using a UV laser with an excitation
wavelength of 405 nm to determine whether the CDs were
successfully synthesized. When it works, CDs fluoresce in
the visible light range. By dilution method, CDs were
made in various concentrations of 2, 4, 8, and 16 ppm.

2.3 Synthesis of AgNPs

AgNPs were synthesized using the Nd:YAG laser
ablation method. Laser setup with a wavelength of 1064
nm, power 100 mW. A 10-15 ml of Aquabides was

prepared. The silver plate, measured by mass, is placed in
a beaker and positioned precisely in the laser beam. The
laser is turned on, and the beaker is rotated to distribute
the laser beam evenly onto the silver plate. The process
lasts for 3 minutes. The steps were repeated until a
sufficient stock of AgNPs solution was obtained. When
the process is complete, the mass of the silver plate is
measured again to determine the mass of dissolved silver.
The AgNPs that had been successfully synthesized were
then made in four different concentrations of 1, 2, 4, and
8 ppm by dilution method.

2.4 Instruments

The absorbance of CDs and AgNPs was examined
through a UV-Vis Ocean Optic spectrophotometer MAYA
2000 at wavelengths of 200 — 800 nm. The fluorescence
spectra of CDs were measured using a photoluminescence
(PL) spectrophotometer with a 405 nm laser as the
excitation source. The function groups of CDs were
measured at wavenumbers of 400 — 4000 cm™! by FTIR
spectrophotometer. The particle size of CDs and AgNPs
was measured via the Transmission Electron Microscopy
(TEM) method.

2.5 Photocatalytic Performance

The photocatalytic performance was tested under UV-
C irradiation for 4x30 minutes. The first experiment used
a single CDs catalyst with variations in concentration,
then the results were analyzed. The volume ratio of CDs
and MB dye was 1 ml: 10 ml. Then, the most optimal
concentration of CDs will be used in the following
experiment. The CDs and AgNPs catalysts each had a
volume of 1 ml and were mixed in the colloidal phase
before being used to degrade MB dye. The observed
photocatalytic activity in the form of degradation
percentage and kinetics rate were calculated by equations
(1) and (2):

Cy,—C (D
%D = [%] x 100%
0

In< = kt )

Ct
Cy is the initial absorbance, C; is the absorbance after

the t time, k is kinetic reaction rate, t is the time, and %D
is the degradation percentage.

3. Results and discussion

3.1 Optical Properties of CDs

When the CDs colloid was irradiated by a UV laser with
a wavelength of 405 nm, a green glow was emitted, as
demonstrated by Fig. 1. This indicates that CDs have
formed 22?%. Emissions arise because electrons absorb
energy from UV light which causes electron excitation to
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the conduction band and leaves holes in the valence band.
In this unstable state, the electron will recombine,
accompanied by the release of electromagnetic wave
luminescence or fluorescence?®).

Figure 2 shows the spectra of absorbance and
photoluminescence of CDs with various concentrations.
The intensity of the absorbance will be higher as the
concentration increases, as presented in Fig. 2(a). Each
sample has two absorbance peaks at around 345 and 230
nm. It is known that the CDs have surface transitions of
C=0 bonds at wavelengths of 342, 339, 338, and 337 nm,
respectively?”. Also, core transitions of CDs appear as
C=C bonds at wavelengths 234, 225, 246, and 243 nm?®.

The peaks of photoluminescence for concentrations of
2,4, 8, and 16 ppm were obtained at wavelengths 531 and
529 nm, respectively, corresponding to the green color?”,
as revealed in Fig. 2(b).
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Fig 1. Fluorescence of CDs

Figure 2(c) shows the bandgap energy of the CDs
analyzed using the Tauc Plot method. An average bandgap
value of 3.28 eV was obtained. This result is in accordance
with previous research (around 1.5 - 3.5 V30,
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Fig 2. Optical properties of CDs: (a) absorbance, (b) photoluminense, and (c) bandgap energy (Eg) of CDs at concentrations of 2, 4,
8, and 16 ppm

3.2 Particle size and functional groups of CDs

Figure 3 shows a TEM image of CDs sample. The
observed particle image is black spherical, as
demonstrated by Fig. 3(a). Moreover, Fig.3(b) reveals the

measurement of 34 CDs particles whose average size was
3.2 nm. This result agrees with others that the CDs
nanoparticle size is less than 10 nm?". The FTIR
characterization of the CDs samples is presented in Fig. 4.
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The broadband transmittance at 3322 ¢cm’! indicates the
stretching of the O-H group. The sharp transmittance at
1634 cm! is the vibration of C=0 originating from the
aromatic carbonyl functional group®?. The peak at 2132
cm’! indicates the C-H stretching. Meanwhile, the peak of
1469 cm! relates to the C-O stretching vibrations. Also,
the peak at 1287 cm! indicates C-N groups'®.

———— 20 nm

Fig 3. (a) TEM image and (b) particle size of CDs
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Figure 4. Functional group of CDs

3.3 The AgNPs characterization

The AgNPs were synthesized from a pure silver plate
using laser ablation. Physically, the solution changes from
a clear solution to a brownish-yellow solution indicating
AgNPs formation. Figure 5 shows the TEM image of
AgNPs sized 23.3 nm on average, in the 6.5 - 53.6 nm
range. These results indicate that AgNPs have been
successfully produced since they have a size below 100
nm. It is agreed with the previous report which
synthesized AgNPs from the same source®?.

Fig 5. TEM image of AgNPs

Figure 6 shows the absorbance spectra of AgNPs with
concentrations of 1, 2, 4, and 8 ppm. The resulting peaks
are in almost the same wavelength, namely in the 401-405
nm range. This absorbance peak is the occurrence of the
SPR phenomenon. This result agrees with the previous
study that the absorbance peak of silver nanoparticles
synthesized from pure silver chips was at a wavelength of
420 nm’?,

— 1 ppm
— 2 ppm
——4 ppm
—— 8 ppm

Absorbance (a.u.)

T T T T T T T
300 400 500 600 700 800
Wavelength (nm)
Fig 6. Absorbance spectra of AgNPs

Figure 7 shows the bandgap energy of AgNPs. An
average bandgap value of 2.73 eV was obtained. This
result is almost the same as the previous one obtained by
Zewudie et al. 3%
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Fig 7. Bandgap energy (Eg) of AgNPs at 1, 2, 4, and 8 ppm
concentrations.
3.4 Methylene blue degradation with CDs

Colloidal CDs were used as a catalyst to degrade MB

dye using UV-C irradiation for 2 hours, as exhibited in Fig.

8. Figure 8(a) shows that MB degradation increases with
increasing irradiation time. The percentage of degradation
is calculated using equation (1). In the MB dye irradiation
without CDs, the degradation percentage was 80.46%.
This degradation occurs because UV-C light is also
contributing to photodegradation. The reaction process is
shown in equation (3). When the MB dye reacts with
oxygen and gets energy or photons from UV-C light, it
will break the bond. The molecule will decompose into
salt, water, and carbon dioxide gas 3.

Ci6H1sN3SCl + 25,50, + hv — HCl + H,S04 +
3HNO; + 16C0, + 6H,0 3)

The addition of the CDs catalyst with various
concentrations of 2, 4, 8, and 16 ppm resulted in the
percentage degradation of MB of 88.8%, 79%, 77.3%, and
77.3%. The greatest degradation percentage was carried
out on CDs with a concentration of 2 ppm. The kinetics
reaction rate (k) was calculated using equation (2). The
gradient value shows the magnitude of the degradation
rate, namely 0.0135/minute, 0.0185/minute,
0.0121/minute, 0.0121/minute, and 0.0122/minute for the
concentrations of CDs 0, 2, 4, 8, and 16 ppm, respectively,
as demonstrated in Fig. 8(b). Adding a CDs catalyst with
a concentration of 2 ppm increased the effectiveness of the
degradation by 8.34% compared to without, as shown in
Fig. 8(c). Catalysts play an essential role in separating
electrons and holes to produce radicals that react with
pollutants. A schematic of the mechanism of
photocatalysis using CDs is shown in Fig. 8(d).
Photocatalytic activity occurs when photons or UV-C light
with energy equal to or more than the CDs band gap are
absorbed by CDs particles. This energy absorption will
excite electrons of the CDs material to the conduction
band and leave a hole (h+) in the valence band. Then, the
electrons will carry out a reduction reaction with O, to
form superoxide anion radicals (O—). The electrons also
react with O, and H>O to produce H>O,. On the other hand,
holes carry out oxidation reactions with H>O to produce
free radicals OH* 39, The photodegradation reaction using
a CDs catalyst follows the equation below (4-10):

CDs +hv — e +h' 4
e +0,— 07 ®)
2e” + H,0 + 0, — H»0; (6)

0, + methylene blue — color reduction (7)
H,0, + methylene blue — H,0 + CO, ()
h* + H,0 — OH* 9)
OH* + methylene blue — oxidation (10)

It is seen that the more free radicals formed resulted in
a faster MB degradation process. The reaction in
equations (4) to (10) shows that the CDs catalyst can
degrade MB dyes, resulting in HoO and CO, gas that
evaporates into the air and other compounds in the form
of several acids that have no color’®. However, adding
more catalysts lowers the percentage of degradation. This
is because the greater the concentration of CDs, the more
molecules. When added to MB dye, CDs with high
concentrations will overlap among CDs particles or
aggregation occurs. It will prevent light's energy from
reacting with the surface of CDs particles that are in
contact with the MB. In addition, there is too much
aggregation of CDs particles, thereby reducing the active
surface of CDs as illustrated in Fig. 8(e).
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Fig 8. Photocatalytic activity of CDs (a) percentage of degradation, (b) rate of kinetics reaction, (c) comparison of degradation
between MB without and with CDs 2 ppm, (d) schematic of the photocatalytic mechanism, (e) illustration of the high concentration
of CDs.

3.5 MB degradation with CDs and AgNPs

The AgNPs with 1, 2, 4, and 8 ppm concentrations are
used as admixtures in CDs 2 ppm for catalysts. Figure 9(a)
shows the percentage of MB degradation without, with
CDs 2 ppm and CDs 2 ppm/AgNPs catalyst at various
time irradiation. For 120 min of irradiation, the percentage
of MB degradation using CDs (2 ppm) and AgNPs 1, 2, 4,
6, and 8 ppm is 93.4%, 88.6%, 88.7%, and 87.5%,

respectively. The highest photodegradation activity was
obtained for the sample of CDs 2 ppm and AgNPs 1 ppm.
The kinetics rates obtained were 0.0657/min, 0.0169/min,
0.0149/min, and 0.207/min, as shown in Fig. 9(b).
Compared to a single CDs catalyst, adding AgNPs to CDs
enhanced the photocatalytic activity of MB dye by up to
4.6%.

The possible mechanism of photocatalyst using a
mixture of CDs and AgNPs is illustrated in Fig. 9(c).
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Electrons on CDs will easily move to the surface of
AgNPs and vice versa. Moreover, the photoelectric
properties of CDs can enhance electron-hole pair
separation. Furthermore, as an effect of strong SPR,
AgNPs are also stimulated to reduce electron-hole pair
recombination, thereby increasing catalytic activity. Then,
the electrons will move to the surface and react with O,
resulting in radicals as agents to degrade the pollutant.
These aspects are the reason for the enlarged
photocatalytic properties of CDs mixed with AgNPs!”37),
Also, the light absorbance range becomes wider with the
addition of AgNPs since CDs have strong absorbance in
the far UV and AgNPs in the near UV, as shown in Fig.
2(a) and 6. Jing et al. investigated the mechanism of
electron transfer and photodegradation process on g-C3Ny
dots/graphene system using density functional theory
calculation. The study concluded that g-CsNy4
dots/graphene is  better in terms of photo

Degradation (%)

—+— CDs 2 ppm

—+— CDs 2 ppm+AgNPs 1 ppm

—+—CDs 2 ppm+AgNPs 2 ppm

—— CDs 2 ppm+AgNPs 4 ppm
/ —=+— CDs 2 ppm+AgNPs 8 ppm

20

T T
0 20 40 60 80 100 120
Time (min)

adsorption/electron-hole generation, lower electron
recombination and higher free radical producing than g-
C3Ny dots alone®®. The same mechanism may also apply
to the mixture of CDs and AgNPs in this study.

However, if the AgNPs content is excessive, it can
reduce the degradation. Several possible reasons may
cause a decrease in photocatalytic activity. First, the large
number of AgNPs molecules can block photon energy
from light to reach the surface of CDs and other AgNP
particles in direct contact with MB dye. So that there is no
separation of electron-hole pairs and redox reactions.
Second, AgNPs combine or aggregate, reducing the active
surface of AgNPs and CDs molecules. Third, AgNPs may
act as recombination centers due to the electrostatic
attraction of positive Ag to negative electrons. Therefore,
optimizing the number of AgNPs that should be added is
also a challenge.

3.0
MB only, k=0,0135

CDs 2 ppm, k= 0,0185

CDs 2 ppm+AgNPs 1 ppm, k= 0,0657

CDs 2 ppm+AgNPs 2 ppm, k= 0,0169

CDs 2 ppm+AgNPs 4 ppm, k= 0,0149

CDs 2 ppm+AgNPs 8 ppm, k= 0,0207

254

e s 0 0 0 @

054

b)

T
0 30 60 a0 120

¢)
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hth* h* bt
Organic CDs
Product

htht bRt

Organic
Product

AgNPs

Fig 9. Results of photocatalytic activity of CDs mixed with AgNPs, (a) percentage of degradation, (b) rate of degradation, (c)
mechanism of photocatalysis.

4 Conclusion

The CDs from citric acid and urea was successfully
synthesized within 4-5 minutes under microwave
irradiation. The AgNPs were successfully synthesized
using the laser ablation method. Variations in the
concentration of CDs were used to apply MB dye
degradation under UV-C irradiation. The CDs with 2 ppm
of concentration resulted in a degradation percentage of
88.8%. Adding 1 ppm AgNPs increased the degradation

activity to 93.4%. However, increasing the concentration
of CDs and AgNPs that are too much is not beneficial
because it prevents the formation of electron-hole pairs
and reduces free-radicals formation as degrading agents.
In addition, it also reduces the active surface due to
aggregation. However, this is economically beneficial
because it only requires a small catalyst concentration for
the degradation process.
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