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Abstract

This study investigates the influence of phase composition on Cu,0/CuO/Cu
composites for the degradation methylene blue (MB) under visible light irradiation.
Two types of composites, Cu,O-rich and Cu,0-poor, were successfully synthesized
through electrodeposition method. The results showed that the Cu,O-rich
composite exhibited photocatalytic activity, as indicated by a maximum
photocurrent of 13 mA/cm? and the highest optimized MB photodegradation
efficiency. This enhanced performance is due to the high Cu,O phase content,
which generates a higher photocurrent density, thereby accelerating the redox
reaction in the MB degradation.
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1. Introduction

Methylene blue (MB) is a synthetic dye that has an
aromatic molecular structure, which makes it resistant to
biodegradation [1]. As a result, these dye wastes can
accumulate in the environment at high concentrations [2].
Careless disposal of MB waste into the environment,
especially in the aquatic environment threatens the life of
aquatic ecosystems [3]. MB waste in high concentrations is
also dangerous for the health of the human body, causing
various problems from digestive disorders to damage to
vital organs [4,5]. Therefore, MB waste treatment is
needed to maintain environmental quality and health [6].

Degradation methods with photocatalytic processes
have been shown to be effective in decomposing dyes
[7,8]. This technique utilizes photocatalysts exposed to
light to generate electron-hole pairs, which then react with
water to form oxygen and hydroxyl radicals [9]. These
radicals are able to oxidize organic compounds into simple
molecules such as CO, and H,O [10]. Photocatalytic
processes are known to be cost-effective, efficient, and
capable of degrading various types of dyes, including MB
[11,12]. The degradation efficiency is highly dependent on

the photocatalyst used, which can be optimized by
improving the physical, optical, and electronic properties of
the material [13].

A promising catalyst is copper-based metal oxides, such
as cuprous oxide (Cu,0) and cupric oxide (CuQ) [14]. Both
of these materials have relatively narrow band gaps
semiconductors, which are 2.0-2.5 eV for Cu,0 and 1.2-1.7
eV for CuO [15]. The small band gap allows these materials
to absorb the visible light spectrum well. In addition, both
have good chemical stability, non-toxic, and abundant in
nature [14].

Composite Cu,0/CuO shows a significant synergistic
effect. This combination increases the charge transfer
efficiency due to the potential difference between the
conduction and valence bands of both materials [16]. In
this photocatalyst scheme, the electrons generated by
Cu20 are efficiently transferred to CuO. However, electron
injection from Cu,0/Cu0 to the solution is often limited by
slow kinetics and self-reduction of CuO by accumulated
electrons [17]. The addition of Cu metal has been reported
to be effective for accelerating electron transfer and
overcoming these limitations.
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The purpose of this study is to evaluate the effect of
Cu,0/Cu0/Cu  composite phase composition on
photocatalytic activity in MB degradation. The results
showed that a higher Cu,O phase content significantly
increased the photocurrent density and resulted in a
greater percentage of MB photodegradation. This study
provides insight into how the influence of Cu20 phase
composition in the enhancement of composite
photocatalyst activity. In addition, it provides knowledge
about efficient synthesis routes in the preparation of
composites.

2. Materials and Method
2.1 Materials

The pro-analyst chemicals used were copper sulfate
pentahydrate (CuSO4.5H,0), sodium sulfate (Na,SO,),
lactic acid (CsHe¢Os), sodium hydroxide (NaOH), and
methylene blue (C1leH1sCIN3S) were all supplied from
Merck.

2.2 Methods
2.2.1Synthesize of Cu20/CuO/Cu

Composite  synthesis was carried out Vvia
electrodeposition method. The electrolyte solution was
prepared by dissolving 0.312 g CuSQ4-5H,0, 6,3 mL C3Hg0s3,
and 0.71 M Na,SOq, in distilled water. The composition of
Cu,0 in the composite was adjusted by adjusting the pH of
the electrolyte: pH 11 for Cu,0-rich composite and pH 9 for
Cu,0-poor composite. The pH value was adjusted by the
addition of 10 M NaOH solution. The electrodeposition
process was carried out at a potential of -0.3 V vs Ag/AgCl
for 60 minutes with a deposition temperature of 50°C.
After the process was completed, the composite film was
cleaned and dried at room temperature.

2.2.2 Characterizations

The phase fraction of Cu.0/CuO/Cu composite was
analyzed using an X-ray diffractometer (XRD, Bruker D8
Advance Eco with Lynxeye XE-T Cu Source). While
morphology analysis uses a scanning electron microscope
(SEM, Carl Zeiss EVO 10).

2.2.3 Electrochemical tests

Electrochemical impedance (EIS) and
photoelectrochemical (PEC) tests were conducted to
evaluate the performance of the composite samples. EIS
measurements were performed in the frequency range of
0.1 Hzto 100 kHz and amplitude of 10 mV, used to measure
the charge transfer resistance (Rc). Meanwhile, PEC
measurements were performed in the potential range of -

0.1 V to 0.45 V vs Ag/AgCl to measure the photocurrent
density. All tests were performed in 1 M Na,SO, solution.
During the test, the composite was illuminated by halogen
lamp solar simulator AM 1.5 G.

2.2.4 Photocatalytic activity test

The photocatalyst activity was assayed by degrading 5
ppm MB 10 mL measured under the irradiation of halogen
lamp solar simulator AM 1.5 G. The degradation MB was
determined by measuring the absorbance at a wavelength
of 664 nm using a UV-VIS spectrophotometer (GB Cintra
Ver. 2.4). The test was conducted for 2 hours.

3. Results and Discussion

The electrodeposition process of Cu20/CuO/Cu
composite in base electrolyte is carried out by complexing
lactate ions. The lactate ions came from a deprotonation
reaction during the presence of a base. Copper ions (Cu?*)
react with lactic acid ions to form a complex, where Cu?* as
the central atom binds to two deprotonized lactic acid
molecular ions [Cul2]?. Cu?* species are stabilized in the
alkaline solution and diffuse during the coating process to
the surface of the working electrode, where the ions
undergo release and deposition. The cathodic reduction of
copper lactate ions [Cul2]"% to Cu,0, CuO, and Cu is strongly
influenced by pH or hydroxide ion (OH) concentration.
The possible reactions in the reduction of copper lactate to
Cu20 follow equations 1-4 [18,19].

Cu™(aq) +2 L@g = [Cul2]*(aq) (1)
[CuL2]*@at OH'(aq) = [CuL2(OH)]* (aa) (2)
2[CuL2])% (aq) + 2€™ + 20H (aq) > Cu20 + 4L% (aq) + H20q) (3)
2[CuL2(OH)]* (aqi+ 2€™ > Cu204s) + 4L (aq) + H20() (4)

While for the formation of CuO, the deposition reaction
that occurs follows equation 5 [20,21].

[CuL2]? (aq) + 20H (aq) > CUO (5) + 2% (aq) + H20q) (5)

During the deposition process, the pH value decreases due
to the consumption of OH in the solution. Under these
conditions, the Cu metal phase is formed following
equation 6 [22].

[CuL2]* (aq) + 2™ + > Cugs) + 2L% (aq) (6)

3.1 Phase analysis

Cu,0/Cu0/Cu composites have been successfully
synthesized using the electrodeposition method, which
was identified through XRD analysis. Figure 1 shows the
diffraction pattern of the composite. Cu,O phase peaks
appear at 20 36.43°, 42.31°, 61.38°, and 73.53°,
corresponding to (111), (200), (220), and (222) planes
(ICSD No. 01-071-3645). The CuO phase peaks appear at 26
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35.52°,38.94°, 48.72°, and 56.66°, corresponding to (-111),
(200), (-202), and (021) planes (ICSD No. 01-077-7717),
respectively. Meanwhile, the Cu phase peak only appears
at 206 43.31°, corresponding to the (111) plane (ICSD No.
01-085-1326).

Table 1. Phase fraction of composites Cu,0/CuO/Cu.

Phase fraction (%)

Sample

Cu20 CuO Cu
Cu20-rich 77 12 11
Cu20-poor 36 23 39

Based on the composition shown in Table 1, the
fraction of the Cu,0 phase can be significantly increased by
increasing the pH value. When the pH is increased to 11, it
can be seen that the peak intensity of the Cu,O phase
increases, especially the peak of the (111) plane. The high
and sharp diffraction intensity indicates that the (111)
crystal surface grows optimally and has high crystallinity.
These results are in accordance with previous studies
showing that the orientation of the (111) Cu,O plane is
better at high solution pH [23,24].

Cu,0
CuO

Cu
PET@ITO

M Cu,O-rich

Cu,0-poor

Intensity (a.u.)

(111)
(200)
(220)
[ 221)
[(331)

Cu,0: ICSD No. 01-071-3645

(-112)
(200)
(-202)
(021)

CuO: ICSD No. 01-077-7717

(111)

Cu: ICSD No. 01-071-4611

35 40 45 50 55 60 65 70 75

26(°)
Figure 1. Diffractograms of Cu,0O-rich and Cu,0-poor composites.

Cu,0 diffraction peaks at Cuz20-poor relatively had a
low intensity compared to Cu20-rich which was
synthesized at higher pH. Meanwhile, the intensity of the
Cu and CuO diffraction peaks decreased at the Cuz0-rich.
This shows that the formation of Cu,O s
thermodynamically preferred in alkaline electrolytes with
higher pH values [25]. While the Cu phase becomes
dominant as the deposition process progresses because

the concentration of OH ions decreases. So theoretically
the reduction of the [Cul2]> complex to Cu is preferred.

3.2 Morphological analysis

As observed in the SEM images presented in Fig. 2,
there is a significant morphological difference between the
Cuy0-rich and Cu,0-poor composites. The Cu20-rich
composite shows an irregular surface structure with
overlapping pyramid-like shapes. The particle size varies,
but in general, tends to be larger than the sample at Cu.0-
poor [26]. The pyramidal shape indicates that crystal
growth is more dominant in certain directions, namely in
the (111) plane [24]. While the Cu20-poor composite
shows a more uniform and compact structure compared to
the sample.

Figure 2. SEM micrographs of composite (a) Cu,O-rich and (b)
Cu,0-poor.

3.3 Electrochemical analysis

The charge transfer efficiency of the composites was
studied using EIS. Figure 3 shows the Nyquist plots of the
Cu;0-rich and Cu,0-poor composites. The diameter of the
semicircle on the Nyquist plot related to the magnitude of
the charge transfer resistance [27]. The phase of the
composite greatly influences the charge transfer process.
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The composite with Cu20-poor, with a higher Cu content,
had an R value of 127 Q. Otherwise, the Cu20-rich
composite, with a higher Cu,0 oxide phase content,
produced a larger transfer resistance value of 317 Q. This
is comparable with the electrical conductivity properties of
each phase. Cu has better electrical conductivity than
Cu,0. In addition, the increased composition of the CuO
phase in the sample Cu20-poor also contributes to the
increased conductivity of the sample. CuO as known has a
higher electrical conductivity compared to Cu,0 [28].
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Figure 3. Nyquist plots of composite Cu,0O-rich and Cu,0-poor.
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Figure 4. Linear sweep voltammetry curves were obtained for
composites Cu,0-rich and Cu,0-poor. The measurement was
conducted under both light (solid line) and dark conditions
(dotes line).

Under the PEC test, composite samples are irradiated
with visible light to produce a current due to the
photoelectric effect derived from electron excitation in the
oxide phase [29]. This test relates the potential applied to

the sample with the resulting photocurrent density under
illumination [30]. In the dark condition test, the Cu20-rich
composite produces a low current response, as shown in
Fig. 4. Conversely, a Cu20-poor composite, which contains
higher Cu, produces larger currents because Cu is a
conductive material.

The Cu20-rich composite also produces a larger current
response in light conditions. This happens because the
higher oxide phase creates a more photogenerated charge.
Evidently, the maximum photocurrent of Cu,O-rich
composite reaches 13.1 mA/cm? at 0.4 V vs Ag/AgCl.
Meanwhile, the maximum photocurrent generated by the
composite Cu20-poor only reached 6.1 mA/cm? at 0.4 V vs
Ag/AgCl.
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Figure 5. The plot of energy conversion efficiency (%n) versus
applied potential (RHE).

Photoconversion efficiency is calculated to evaluate
the efficiency of the composite in converting light energy
into electrical energy. Photoconversion is calculated
through the following equation (7).

% = J, x (M) x 100% (7)

light

Where Jpis the photocurrent density, Erv is the reverence
potential in this case 1.23 vs RHE (reversible hydrogen
electrode), Eapp is the applied potential vs RHE, and lignt is
the solar simulator light intensity (100 w/cm?).
Additionally, the conversion of RHE units to Ag/AgCl
follows the following equation (8).

Erug = Eagjaga + 0,059 X pH + 0.197 (8)

As presented in Fig. 5, photoconversion efficiency
demonstrates that Cu20-rich composites exhibit relatively
higher efficiency than Cu.0-poor composites at lower
potentials, primarily attributed to the significantly higher
photocurrent density generated by the Cu20-rich sample.
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3.4 Photodegradation performances
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Figure 6. UV-Vis spectra measured during methylene blue
photodegradation using Cu,0/CuQ/Cu synthesized at different
pH values (a) Cu,0-rich and (b) Cu,0-poor.

The photocatalytic performance of the composite was
assessed from the photodegradation of MB under visible
light irradiation. As presented in Fig. 6, the absorbance of
MB decreased in line with time, which indicates desirable
degradation processes. When the composite is exposed to
photons (hv < nm) with energy equal to or greater than the
band gap energy, electrons (e’) in the Cu,0 valence band
will be excited to the conduction band and then move to
the CuO conduction band. Meanwhile, the holes (h*) from
CuO move to the Cu,0 valence band. This charge transfer
separates electron-hole pairs efficiently, thereby improving
catalytic performance [31]. However, the electron transfer
process from the composite to the solution can be
hindered by poor contact or structural defects, which cause
electrons to accumulate and cause photoreduction of the
sample [17]. Photoreduction should be avoided because it
can interfere with the performance and stability of the

photocatalyst. Therefore, Cu metal is used to enhance
electron transfer as the metal has good conductive
properties. The schematic mechanism of
photodegradation MB is demonstrated in Fig. 7.

0,840, 0,0

0 + H* = HOOs
2HOO® 5 H,0; + O;

Tl

EIENE 3
Hj0; + & = OHe + H*

Final product
OHe + MB - €O, + H,0

(H;D +h* = OHe + H*

Figure 7. Schematic photodegradation MB using composite
Cu,0/Cu0/Cu.

The electron and hole pairs produced by the composite
then participate in the degradation reaction of MB. Based
on Budi et al. [9] the photodegradation reaction
mechanism can be written as follows.

Absorption of photons:

Cu0+hv—>e +h* (9)
Oxygen reduction to superoxide anion:
O2+e+ 02 > 02¢” (10)

Protonation superoxide anion to hydroperoxyl radicals and
then subsequently form peroxide:

020 +H*-> HOO® (11)
2HOO® = H,0; + 02 (12)
Dissociate peroxide to hydroxyl radical:

H202 + e - OHe + H* (13)
Oxidation water to hydroxyl radical:

H.0 +h* = OHe + H* (14)

MB degradation to water and carbon dioxide using radical
hydroxyl:
OHe + MB - CO2 + H20 (15)
As shown in Fig. 8a, the percentage degradation of MB
increases as the irradiation time. This photocatalytic
reaction follows a pseudo-first-order, as indicated by the
strong linear correlation between In(Co/C) and irradiation
time, following previous research reports, Fig. 8b [8]. The
test results showed that the Cu,O-rich composite sample
achieved an MB degradation percentage of 48%, higher
than the Cu,0O-poor composite sample which only reached
46%. This difference in photocatalytic performance can be
explained by the ability of the Cu,O-rich sample to produce
more photo charges. The higher the number of photo
charges generated, the freer radicals are formed to oxidize
the MB molecules. Thus, the resulting percentage of MB
degradation is also higher [32]. This degradation
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percentage achievement is relatively higher than the
Cu,0/Cu composite reported by previous research which
only reached around 20% in the same reaction time [9].
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Figure 8. (a) Photodegradation of methylene blue was performed
under light irradiation using Cu,0@CuO@Cu and (b)
photocatalytic reaction curves.

4. Conclusion

Cu20/Cu0/Cu composite was successfully synthesized
using the electrodeposition method. The phase fraction of
the composite is controlled by adjusting the pH. The Cu.0
fraction plays an important role in increasing the
photocurrent density and photocatalytic activity of MB
due to increased charge photogeneration.
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