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Degradation of Methylene Blue Using Cadmium Sulfide Photoanode in Photofuel Cell
System with Variation of Electrolytes
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Abstract: Methylene blue degradation carried out using cadmium sulfide (CdS)
photoanode in photofuel cell (PFC) had been done. CdS synthesized by chemical bath
deposition (CBD) on the FTO substrate was used as anode and platinum as a cathode in
photoelectrochemical studies. Characterization of CdS thin film was done using EDX,
XRD, SEM, Raman, UV-Vis absorption spectrophotometer as well as photocurrent test of
the CdS thin film under illumination using potentiostat with the three-electrode system.
The EDX result indicated the presence of CdS with an elemental composition of Cd rich.
XRD showed the appearance of CdS crystals in cubic and hexagonal formations. SEM
image of CdS gave results in the form of crystals of less than 1 pm. Raman spectrum
showed the appearance of CdS peaks. The bandgap of CdS was estimated to be 2.38 eV,
and the photocurrent test confirmed that the film had a property of n-type semiconductor.
Application of CdS thin film as a photoanode in the PFC system using 100 mg/L
methylene blue solution showed degradation up to 48% for 2.5 h using a 4 cm?
photoanode, and the maximum potential of 0.8 V was obtained with a photoanode area
of I cm’.
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m INTRODUCTION

capable of oxidizing organic pollutants to produce CO,,
H,O, and other byproducts [10].

Recently, a photofuel cell (PFC) has attracted the
attention of the scientific community as a potential
wastewater treatment technology that can generate
electricity from chemical energy conversion from organic
pollutants [1-9]. Generally, PFC consists of a photoanode
in the form of a semiconductor photocatalyst and a
cathode, usually of platinum (Fig. 1). The photocatalyst
undergoes photoexcitation upon light illumination and
generates electron-hole pairs. The electrons will be
excited from the valence band (VB) to the conduction
band (CB) of the photoanode and flow to the cathode
through the outer circuit to produce electricity.
Meanwhile, the holes will oxidize and destroy organic
pollutants, or react with OH™ or H,O to form hydroxyl
radical (OH") through H,O oxidation. The resulting OH"
has a very strong oxidation potential (2.80 V), which is

PFC using a series of TiO, nanotubes (TNA)
photoanode has been studied recently [2-3,11-13]. The
properties of photoanode structures, such as specific
surface area and thickness of photoanodes, can affect the
ability to utilize light and inhibit transport of electrons
produced under illumination [2-3,11,14]. Other
researchers used ZnO/Zn as photoanodes [15] with
open and closed-circuit systems without supporting
electrolytes. The presence of supporting electrolytes,
however, can improve the PFC performance [1] by
increasing the conductivity of the solution and reducing
the internal resistance. Decreasing internal barriers results
in greater potential differences in both electrodes and
enhances the electrons flow at the cathode, leaving holes
in the photoanode that have a strong oxidation property.
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Fig 1. Illustration of organic pollutant degradation
process using photofuel cell with photoanode under UV-
light illumination. CB, VB, h*, and e represent
band, hole,
respectively. Under the UV-light illumination, electrons
are excited to the CB of n-CdS, leaving holes at VB. The
photogenerated electrons are then driven to FTO as back

conduction band, valence electron,

contact to an external circuit (the current flow is
measured by Ampere meter) and return to a platinum
electrode where they may reduce protons to molecular
hydrogen. Meanwhile, the photogenerated holes will
oxidize organic pollutants to produce CO,, H,O, and
byproducts

Therefore, most researchers use supporting electrolytes in
PFC to improve the efficiency of degradation and
generation of electricity from PFCs [16-18].

So far, there are limited studies of bare CdS thin film
prepared by chemical bath deposition (CBD) in the PFC
system, although it has potency as a photoanode due to its
high absorption coefficient (10* cm™) and wide-bandgap.
The previous researchers used CdS sandwiched with
other photoanodes such as ZnS and TiO, for PFC [19].
The CdS thin film is widely used as a buffer layer in solar
cells [20-21] and photoelectrochemical water splitting
[20,22-26). The CdS thin film can be prepared by
electrochemical deposition [27] and chemical bath
deposition [28-31]. In this study, CdS thin film was
prepared by the CBD method and characterized by SEM-
EDX, XRD, UV-Vis
spectrophotometer as well as photocurrent test under

Raman, absorption

illumination using potentiostat with the three-electrode
system. Then, the CdS thin film was applied as a
photoanode in the PFC system with electrolytes and an
organic compound of methylene blue. The effects of
other parameters such as open and closed-circuits,
initial concentration, and pH from methylene blue
degradation were also studied.

m EXPERIMENTAL SECTION
Materials

Aquadest was supplied from Batraco (Indonesia),
nitrogen gas was supplied from Samator (Indonesia).
Acetone, hydrochloric acid, cadmium sulfate, thiourea,
ammonia, methylene blue, Na,SO,, Na,SO;, NaOH were
pro-analytical grade and were purchased from Merck
(Darmstadt, Germany).

Procedure

Preparation of CdS thin film

Preparation of working electrode. Fluorine-doped
tin oxide (FTO)-coated glass (1 cm x 2 cm) was used as
a substrate for CdS thin film deposition. Before the
deposition, the FTO glass substrates were cleaned with
sequential sonication in acetone and distilled water for
10 min, then dried using N gas.

Deposition of CdS by chemical bath deposition
(CBD). The deposition of CdS was similar to our
previous work [22]. Typical FTO glass substrates were
covered with sticky tape at half of the area (it was used
as the contact of photoanode). Then, the uncovered
areas were immersed in an aqueous solution containing
12.5 mM CdSO,, 0.22 M thiourea (H,NCSNH,), and
11 M ammonia at 60 °C for 7 min. The film was then
washed with demineralized water and dried using N,
gas. The area of single FTO covered with CdS as the
working area of photoanode was 1 cm x 1 cm.

Characterization

Crystalline structures of the CdS film was analyzed
by X-ray diffraction (XRD) using a PANalytical X Pert’
Powder X-ray diffractometer (Cu Ka, Ni filter). Raman
spectrum was analyzed by a Jasco NRC 3100 Laser
Raman Spectrophotometer with an excitation laser of
the wavelength of 532 nm. Morphologies of the films
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were examined using a JSM-6510LA Analytical SEM
(scanning electron microscope) at an acceleration voltage
of 20 kV. Atomic percentages were analyzed by SEM-EDX
(Phenom Pro-X desktop SEM with EDX). Bandgap
determination was done by the UV-Vis absorption
spectrophotometer (Shimadzu series prestige 21).
Photocurrent (J-V) test was conducted in 1 M Na,SO; as
hole  scavenging using  potentiostat-galvanostat
(Electrochemical Workstation CorrTest CS Studio 150)
under 1.5 AM solar simulation with a three-electrode
system (CdS thin film, Ag/AgCl electrode and Pt electrode
as working, reference, and counter electrodes,
respectively). The measurements were done from the
potential of 1.0 to -0.2 V (vs. Ag/AgCl) with a scan rate of

10 mV/s.

Application of CdS photoanode for degradation of
methylene blue in photofuel cell (PFC)

Methylene blue degradation was conducted using
the equipment shown in Fig. 1. It consists of a photoanode
and a platinum sheet (2 cm x 1 cm) that is arranged and
inserted into a reactor containing methylene blue as
artificial waste. Next, irradiation was carried out using a
25 Watt UV lamp (365 nm) at a distance of 20 cm apart.
The initial concentration of dyes (100 mg/L), the time of
treatment, and the use of 0.1 M electrolytes of Na,SO,,
HCI, and NaOH were evaluated. Concentrations of the
dyes after treatment were carried out using a UV-Vis
spectrophotometer by plotting the measured absorbance
to the calibration curve (absorbance vs. concentration of
methylene blue) at 662 nm as the maximum absorbance
peak of methylene blue at the acidic and neutral
condition. For alkaline condition maximum wavelength
of methylene blue was c.a 620 nm. Potential generated
from the PFC was measured using a multimeter
(SANWA).

m  RESULTS AND DISCUSSION

The films obtained by this method were yellow, very
compact, continuous, and adhere very well, as shown in
Fig. 2. The classical mechanism of CdS growth using CBD
can be summarized by the following chemical reactions
[32]:

Complex formation of cadmium salt with ammonia:

CdSO, +4NH; = [Cd(NH;), |SO, (1)
The formation of [Cd(NH;),]SO,
precipitation of Cd(OH),. The complex ions
[CdA(NH)4]*, SO, OH-, and thiourea diffuse to the
catalytic surface of the substrate

prevents the

Hydrolysis of thiourea in an alkaline medium:
(NH,),CS+OH™ = HS™ +CH,N, +H,0 )
where HS™ ions are in equilibrium with water and give
S§*” ions according to this equation:

SH™ +OH =8 +H,0 (3)
Cadmium sulfide formation:
[CA(NH;), ** +5%" — CdS+4NH, (4)

EDX Analysis of CdS Thin Film

The atomic percentage of CdS on the FTO glass
was shown in Table 1. It shows that there are six
elements from EDX results, namely tin, calcium,
cadmium, sulfur, oxygen, and silicon. The dominant
elements are tin, cadmium, and oxygen. The tin comes
from the FTO constituent, namely fluorinated tin oxide,
while the calcium and silicon were derived from the glass
materials. From these observations, it can be seen that
the CdS composition is not 1:1, but Cd rich. This deviation

i

I = N
Fig 2. The thin film of CdS deposited by CBD

Table 1. Atomic percentages of CdS on FTO

Element symbol Element name

Percentage (%)

Sn Tin 60.8
Ca Calcium 0.4
Cd Cadmium 17.9
S Sulfur 33
Oxygen 17.0

Si Silicon 0.6
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could be due to the presence of oxygen that comes from
the atmosphere or the solution used for the chemical bath
deposition of CdS. Here, the ammonia that is used as the
alkaline condition can affect the OH
possibility of inclusion of oxygen in the deposition

ions and the

process. As a result, it will cause a higher percentage of
oxygen in the thin film [33].

XRD Analysis

The XRD peaks of CdS thin film are depicted in Fig.

3. The peaks at 20 = 34.29°, 38.32°, and 62.15° are the
peaks of SnO, coming from the substrate used (FTO).
Other diffractions in the XRD pattern are observed at 20
=27.05° 52°, 66°, and 78.88°, attributable to the reflection
of CdSat (002),(112), (20 3),and (2 0 4) which have
hexagonal crystal structure, with lattice parameters a =
4.157 A and ¢ = 6.580 A (JCPDS card no. 41-1049) [34].
Some small peaks are observed at 260 = 29.84° and 44.80°,
corresponds to the reflection of CdS (2 0 0) and (2 0 0)
from the CdS cube (JCPDS card no. 80-0019) [35]. The
average crystallite size (nm) measured using Scherrer’s
formula [33] was found to be 30.13 nm. The Scherrer’s
formula is written as:
D=k /(B.cosH) (5)
where k is a constant of 0.94, A is the wavelength of X-ray
source (in this case, Cu-Ka is 0.15406 nm), [ is the full
width at half the peak maximum (radians), and 0 is
Bragg’s angle.

From the XRD study, it can be seen that the CdS is a
mixture of cube and hexagonal phase that is a
characteristic of the film prepared by the CBD method
and also in a good agreement with the previous report for
CdS thin layer [33].

SEM Analysis

Fig. 4 shows the SEM image of CdS on FTO at 20,000
magnifications. It can be seen that the FTO substrate was
covered well without a small crack or hole. This SEM
proves that the film is uniform and homogeneous. The
thin film sample has a morphology of platelets-like
nanocrystalline CdS with a size of less than 1 pum.

Raman Analysis

Raman spectroscopy can be used to characterize the
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crystalline behavior of the material quality, including the
surface condition and homogeneity with fast and non-
destructive work, with a sharp peak for the crystalline
sample and very broad peaks for amorphous or
polycrystalline ones [36]. Hence, Raman spectroscopy
was used for the structural characterization of CdS thin
film. Fig. 5 shows the typical Raman spectrum of CdS
thin film prepared by chemical bath deposition. The
spectrum shows the presence of peaks at 295 and
595 cm™, which are typical wavenumber regions for CdS
crystals of hexagonal wurtzite. This result is in good
agreement with the previous work [36] that reported the
sharp peaks at 295 and 592 cm™" with a different route of
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optical transition of CdS

CdS growth. A slight shift to 303.5 and 593.0 cm™" that
corresponds to the values with the first and second
harmonic modes in the Raman spectrum was observed
from the CdS sample prepared by the solvothermal
process [37].

Bandgap

Determination of the bandgap (E,) of a synthesized
semiconductor is important on behalf of sunlight
irradiation harvesting at an appropriate wavelength
region (ultraviolet, visible, or infrared). From the previous
study, CdS as an n-type semiconductor has a wider
bandgap (close to UV region) than a p-type
semiconductor. Therefore, CdS is usually used as a buffer
layer in a solar cell or photoelectrochemical water
splitting [20-26].

The bandgap value of CdS is determined by the
Tauc graph expressed in the following equation:

(chv)™ = A(hv - E;) 6)

The magnitude o is the absorption coefficient, hv is the
energy of the incoming photon, A is a constant, and n
varies from 0.5 to 2.0 depending on the optical transition
properties. For the CdS thin layer, a straight line for the
plot (ahv)* (that is, n = 2) is obtained, suggesting the
direct band character of the film. Fig. 6 shows the Tauc
plot for the determination of the bandgap of the CdS
thin layer. The bandgap is obtained to be 2.38 eV for CdS
prepared by the CBD method, deposited for 7 min. The
wavelength of 520.6 nm was obtained by converting the
bandgap using equation A = 1240/E,. It indicates that the
CdS thin film semiconductor will work effectively below
520.6 nm.

Photocurrent Measurement

The photo-voltammetry technique offers a
powerful method to evaluate the photoactivity of
semiconductors. The measurement is conducted by
sweeping the electrode potential under chopped light.
White light or LED light with the wavelengths where the
semiconductor absorbs strongly is commonly used as
the light source. The fraction of photogenerated
minority carriers contributing to the photocurrent is
shown by the magnitude of the photocurrent. Hence, it
shows the existence of surface or bulk traps, and also
indicates the external quantum efficiency (EQE).
Information of the pinholes in the film or any impurities
in the film is indicated by scanning in the dark (light off),
which can be deduced from the high dark currents and
the appearance of transient current spikes associated
with oxidation and reduction of redox couple in contact
with the metal substrate or impurities [38].

Fig. 7 shows the voltammogram of CdS thin film
measured using Na,SO; solution as hole scavenging
measured under chopped illumination of sunlight
simulation irradiation at 1.5 AM. It shows that the CdS
film has an n-type semiconductor property, as observed
by the positive photocurrent. The photocurrent at 1.0 V
(vs. Ag/AgCl) is c.a. 0.04 mA/cm?®. This value is higher
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Fig 7. Potential and photocurrent curve of CdS thin film
(2 cm x 2 cm) measured in 0.1 M Na,SOs in three-electrode

systems with chopped irradiation of 1.5 AM solar simulator

than the previous work [39]. The photocurrent response
shows the quality of the thin-film semiconductor. The
higher the photocurrent, the higher the impact to produce
hole and electron when the semiconductor is illuminated.
Consequently, it will produce more effective dye
degradation.

Application of CdS Thin Film Photoanode for
Degradation of Methylene Blue in Photofuel Cell
(PFC)

Fig. 8 shows the percentage of methylene blue (MB)
decrease at various times of light exposure. It shows that
there is a significant decrease in MB degradation until the
time of 90 min of UV light exposure. However, there is a
minor decrease of MB after 90 min, possibly due to the
photocathode coverage by MB that hinders the passage of
light for the commences of the photoelectrochemical
process. The degradation of MB at 150 min is around
1.06 mg (50 mL MB 100 mg/L). Concerning our previous
work [22], the thickness of CdS is c.a. 100 nm, and the
density of CdS is 4.82 g/cm’ so that the mass of CdS thin
film is 48.2 ug. Finally, the effectiveness of CdS thin film as
a photoanode to degrade MB is around 1: 51,000 (or 1 mg
of CdS thin film can convert 51,000 mg or 51 g of MB).

The effect of electrolytes on the destruction process
of MB using PFC with photoanode was also investigated.
MB degradation with various additional electrolytes after
CdS treatment, either with or without bias, for CdS

photoanodes with the areas of both 1 x 1 cm® and 2 X
2 cm’ is given in Fig. 9.

The
methylene blue degradation process. This phenomenon

addition of electrolytes increased the
is due to the increase in the conductivity of the solution.
However, the lowest degradation was obtained from the
use of sodium sulfate, followed by HCl and NaOH. Since
sodium sulfate functions merely as an electrolyte that
improves conductivity, there is no reaction occurs at
anode and cathode. Meanwhile, for HCl and NaOH,
their anions will enhance the degradation of MB.
Chloride ions will be oxidized at the anode to form
chlorine that is a strong oxidant to degrade MB. The
effect will be even more significant when NaOH is used
as the electrolyte due to the formation of *OH radical
(from hydroxide ions) and hole of CdS semiconductor
when illuminated. The radical is a powerful oxidant for
the destruction of MB. The mechanisms occur during
CdS irradiation with UV light as follows [40]:

CdS+hv(UV) - CdS(ec” +hyp") (7)
CdS(hyp")+H,0 > CdS+H" +OH~ (8)
CdS(hyp")+OH™ — CdS+OH* 9)
Dye + OH* — degradation product (10)

OH* radical will increase with the increase of pH
(alkaline solution). Therefore, it has more effect on dye
degradation at high pH solution.

20 1

MB decreased (%)
= n

1

0 30 50 50 120 150
Time (min)

Fig 8. MB decrease calculated at the maximum
wavelength (662 nm) when treated by CdS photoanode
in PFC with Na,SO; electrolyte at various times of light
exposure with the bias of 0.5V

Gunawan et al.



Indones. . Chem., 2021, 21 (1), 97 - 107 103

50 4
I Photocatalyst 1 cm’
£0 B Photoelectrocatalyst 1 cm®
B Photocatalyst 4 cm’
) BN Photoelectrocatalyst 4 em”
E 284
o
[1E]
[
(%]
'E]
=
m
=

KB WMB + NazS0u4

MB + HCI MB + MaOH

MEB treated without and with electrolytes
Fig 9. Graph of methylene blue (MB) degradation with and without electrolytes using photoanode areas of 1 cm x 1 cm

and 2 cm X 2 cm, both for PFC with and without bias

1.2 4
— MB

104 — MB + HCI
== MB + NaOH
—— MB + Hz504

0.8

i

Abszorbance
[}
[=7]
1

0.4+
0.2+
D[l T T T T T L] L]
401 00 G0a 700 a0

Wavelength (nm)
Fig 10. The absorption spectra of methylene blue solution

Cl with and without electrolytes

Meanwhile, bias potential from the external source
enhanced the photodegradation process because of the
increase in the generated electron and hole by external
potential. The larger area of the photoanode also increases
MB degradation. An increase in the CdS working area
from 1 to 4 cm® on the sample with NaOH electrolytes
resulted in the improvement of the MB degradation up to
twice larger. Since the current produced at the
photoanode was enhanced with the use of a wider area,

the degradation of MB will also increase.

The possibility of MB degradation at different pH
was also evaluated. The use of HCl and NaOH at the
concentration of 0.1 M was found not to degrade the MB
(data not shown). However, they only change the visible
light absorption spectra of the methylene blue with and
without the addition of the electrolyte (Fig. 10). The
maximum peak is different for methylene blue in
alkaline solution compare to the other electrolytes. The
changes in pH do not degrade the dye (data not shown)
but might shift the maximum peak. Therefore, for
alkaline conditions, the maximum peak near 600 nm was
used to  determine the concentration of
photodegradation MB.

The intermediates resulted from the degradation
process were investigated by using GC-MS and LC-MS,
identified by the commercially standard comparison and
mass spectra for interpretation of their fragment ions.
Fig. 11 shows the methylene blue degradation pathways
in detail. The final products of the CdS photoanode of
PFC are the almost completed mineralization of carbon,
nitrogen, and sulfur heteroatoms into CO,, NH,*, NOs",
and SO,*, respectively [41].

The open-circuit potential (V..) of the PFC system
is a potential measured using voltmeter without load
from the consists of

photoanode, MB either with and without electrolytes, and

photoelectrochemical cell
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consisting of methylene blue 100 mg/L with and without
electrolytes, CdS photoanode, and platinum cathode

platinum as cathode under UV light irradiation. The
generated voltage can be seen in Fig. 12. It shows that V.

is c.a. 0.1 V for 100 mg/L MB, both without electrolytes
and with the addition of Na,SO, and HCl. The V.
increases up to c.a. 0.8 V when using NaOH. The low V..
can be attributable to the slow degradation of the MB
process in HCI and Na,SO, due to the small amount of
the produced OH* radical. In the system with NaOH, the
higher V.. is probably due to the vigorous process with
many productions of OH* radical. The results are in
accordance with previous reports [42], even though the
V.. was found to be a little higher in acidic solution using
MB as the fuel due to the use of non-platinum based
photocathode. The easiness of the hole to react with the
fuel, such as methanol, can also improve the V. [43].

m CONCLUSION

The CdS synthesis had been successfully carried
out using the Chemical Bath Deposition (CBD) method.
Characterization with EDX obtained the CdS
composition in the Cd rich composition. Analysis using
SEM shows the presence of nanocrystals measuring less
than 1 pm and thin films evenly and covering the FTO
substrate. XRD shows the presence of CdS crystals in the
Typical of CdS
characteristic was also observed using a Raman

cube and hexagonal formations.

Spectrophotometer. The bandgap of CdS was obtained
to be 2.38 eV. The photocurrent test shows that CdS has
n-type semiconductor property with a photocurrent of
c.a. 0.04 mA/cm’® at a potential of 1.0 V (vs. Ag/AgCl).
Application of CdS as photoanodes in the photo-
electrocatalytic system for methylene blue treatments
showed degradation up to 48% for 100 mg/L samples
within 2.5 h wusing a 4 cm’ photoanode. The
measurement of the voltage from the PFC was obtained
from 0.1 to 0.8 V for a PFC system with a 1 cm’
photoanode area with 100 mg/L MB.
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