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Photocatalytic methyl orange degradation on the surface of nanoporous
layers of copper, silver and their iodides
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The efficiency of photocatalytic decomposition of methyl orange solutions on the surface of nanoporous layers of
copper, silver and their iodides has been studied. It is shows that nanoporous layers on metal substrates have two
absorption bands: they absorb radiation in the UV and Vis spectral range. The process of decomposition of methyl
orange molecules on the surface of metal-semiconductor nanostructures Ag—Agl and Cu—Cul occurs under the
action of UV and Vis irradiation. While transparency of the methyl orange solution increases.
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Introduction

Photocatalytic water splitting is a promising method
of solar energy utilization. During water decomposition
induced by solar light, gaseous hydrogen and oxygen are
formed. Oxygen is extensively used in chemical, glass, food
industry, while hydrogen is used as hydrogen fuel to reduce
stransport carbon footprint“ [1-3]. Hydrogen fuel cells have
higher efficiency compared with alternative energy source
cells: solar and wind [4-6]. For hydrogen production, an
important environment-friendly benefit of the photocatalytic
water splitting is that generation of associated gases, except
oxygen, is avoided. Therefore, the obtained hydrogen
is considered ,green [7]. Pharmaceutical, textile and
paper industries discharge colored waste water leading to
considerable environment pollution. Contaminants harmful
for human body and environment are damaged by high-
activity hydroxyl groups which may be generated at one of
the photocatalytic water decomposition stages. [8].

Photocathode absorbing the photon energy and providing
electron transport into electrolyte is the key component of
solar-induced water decomposition systems. photocathodes
are traditionally made from silver, gold and copper — high-
conductivity materials. Semiconductor photocatalysts are
widely used for hydrogen and oxygen generation: ZrO,
Zn0, W03, TiO,, AgHal, CuHal, [9-12]. Their performance
depends not only on the photocathode material, but also on
photocathode surface morphology. Nanoporous materials
have high work surface/volume ratio and, therefore, their
utilization as photocathodes increases water splitting effi-
ciency and ensures their high potential for photocatalytic

214

processes.  On the other hand, work mechanism of
nanoporous conducting materials is understudied, only a
low number of nanoporous film efficiency investigations is
available in literature [13].

The purpose of this study was to investigate the ability
of photocatalysts - thin nanoporous copper, silver and their
iodide layers — to discolor aqueous solutions of methyl
orange (MO) dyes and methylene blue when exposed to
UV and visible spectrum radiation.

Procedure and materials

Synthesis of nanoporous copper, silver and iodide
films

Thin nanoporous silver and copper films were synthesized
by substitution reaction from silver nitrate aqueous (37.5 g/1)
and cuprous sulphate (50 g/1) on copper and iron substrates,
respectively, degreased in alcohol and dried [14]:

Fe + CuSO4 — Cu | + FeSOy,

Cu + 2AgNO, — 2Ag | +Cu(NO,),.

This method of thin nanoporous copper and silver
film production features high synthesis rate, availability of
necessary materials and synthesized photocatalyst scaling.
lodization of nanoporous copper and silver layers was
performed during 10 min in iodine vapor at room tempera-
ture.

Dye solution preparation

10 mg/l of MO was dissolved in distilled water.
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Figure 1. Irradiation system components diagram.

Nanoporous film study

Analysis of specimen surface morphology was car-
ried out by scanning-electron microscopy method using
JSM 7001F microscope (Jeol, Japan). Diffusion reflec-
tion spectra of thin silver and copper films were mea-
sured using Lambda 900 spectrophotometer (PerkinElmer,
USA). Optical density spectra of dye solutions were mea-
sured using Lambda 650 spectrophotometer (PerkinElmer,
USA). photocatalytic activity of specimens was esti-
mated by degradation of dyes exposed to Exfo No-
vacure 2100 mercury fiber source (Artisan, USA) in
spectral range 320—500nm. Density of source radiation
power that has reached the specimens was equal to
30 mW/cm?.

Dye solution discoloration efficiency study

Synthesized nanoporous copper and silver film specimens
were held in darkness during 30 min in dye solution in order
to achieve adsorption-desorption balance on the specimen
surface.

Dye solution was exposed to visible and UV radiation
in the presence/absence of photocatalysts with periodic
measurements (every 10min) of dye solution tempera-
ture and volume, optical characteristics in spectral range
300—600 nm.

Figure 1 shows irradiation system components diagram.
Collecting lens is placed at a focal distance from the light
source for beam collimation. The diaphragm diameter is
2mm. Power density falling on the specimen may be
controlled by the distance between the cuvette and light
source. With reduction of this distance, the solution is
heated. Therefore, water evaporates and increases dye
concentration and introduces errors into the results [12].
Mutual arrangement of components (Figure 1) prevented
water evaporation. The specimen was irradiated at room
temperature 21°C and power density 30 mW/cm?. Solution
temperature variation did not exceed 2°C. Focal distance of
the lens is 80 mm. The distance between the diaphragm and
specimen in the cuvette is 28 mm.

Dye degradation C/Cy was calculated as the ratio of
optical density of dye with concentration C at a certain time
to the dye density with initial concentration Cy at 465 nm.
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Photocatalytic efficiency D is calculated using the equa-
tion
Cy-C
D = ——100%.
Co ’

Zero-, first- and second-order reaction kinetics was used
to study MO degradation on the photocatalyst surfaces.
Individual equations are as follows [15]:

zero-order reaction kinetics Ko:

dC
G —ko., (1)

first-order reaction kinetics K;:

dC
a - —klc, (2)

second-order reaction kinetics Kj:

ac
a - —kzc 5 (3)

where C is the MO concentration at time t; Ko, ki,
k, are apparent zero-, first- and second-order reaction kinetic
constants, respectively.

After integration and regression analysis based on zero-,
first- and second-order reaction kinetics of MO decomposi-
tion on the photocatalyst surfaces, regression coefficients R?
were defined. R> — is the approximation integrity of trend
line of MO concentration variation vs. irradiation time [15].

Findings and discussion

Study of thin nanoporous silver and copper film
specimens

Synthesized nanoporous copper layer (Figure 2,a) con-
sists of microdendrites with sizes up to Sum, on which
dendrite-like buildups with sizes up to 400nm formed.
Nanoporous silver layer (Figure 2,b) consists of hexagonal
plates with sizes up to 2 um. Micro- and nanodendrites with
sizes 3 um and 100 nm, respectively, are also present.

In iodine vapor at room temperature during 10 min,
nanoporous metal layer partially transforms into metal
iodide. Specimen color changed from grayish-white (silver
nanoporous layer) to yellowish-white and from dark-brown
(copper nanoporous layer) to yellowish-brown. Partial
iodination results in synthesis of nanostructured metal-
semiconductor type composite: Ag—Agl and Cu—Cul.
Electron-hole pairs formed on the semiconductor surface
are involved in the dye decomposition reaction.

Diffusion reflection (Figure 3) of silver nanoporous layer
is lower than nanoporous copper layer reflection. A larger
number of photons is absorbed on the nanoporous silver
layer than on the nanoporous copper layer.
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Figure 2. SEM images of nanoporous layers: (a ) copper, reaction
time is 4s, (b) silver, reaction time is 4s.
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Figure 3. Diffusion reflection of nanoporous copper (/) and
silver (2) layers.

Dye solution discoloration efficiency study

Figure 4 shows optical density spectra of MO solution
irradiated in the presence of Cu—Cul. Presence of MO

molecules in the solution is characterized by azo-group
(-N=N-) in the molecule structure with absorption peak
in the wavelength range 460—465nm. Absorption peak at
464 nm, when exposed to irradiation, gradually decreases
with the increase in irradiation time, which is indicative
of MO molecule decomposition and formation of simple
compounds with amine groups.

No pronounce photodegradation of MO without pho-
tocatalyst and on the surface of nanoporous silver layers
occurs under exposure to irradiation with power density
30mW/cm? (Figure 5). Nanoporous metal-semiconductor
layers demonstrate higher photocatalytic activity than
nanoporous silver and copper layers and discolor 20 £ 0.6%
(Agl) and 35+0.9% (Cul) of MO during 60min, re-
spectively. confidence error was equal to 2.8% (Table 1).
Electron-hole pairs appear on the photocatalyst surface.
Formed electrons are removed from Ag—Agl and Cu—Cul
interface and are captured by O, in the solution with
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Figure 4. MO solution absorption spectra after UV and visible
spectrum irradiation in the presence of Cu—Cul composite.
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Figure 5. MO concentration in aqueous solution vs. irradiation
time.
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Diagram. MO molecule interaction with hole with formation of simple amine containing compounds.

Table 1. photocatalytic efficiency D of MO decomposition on the
nanoporous catalyst film surfaces during 60 min

Photocatalyst D, %
Ag 1
Cu 28
Ag—Agl 20
Cu—Cul 35

Table 2. Regressive coefficients of MO photocatalytic decompo-
sition reaction kinetics vs. irradiation time

Kinetics Integrated R? (Cu—Cul) | R*(Ag—Agl)
kinetics equation
reaction

order

Zero | C(t), mg1~"min~! 0.9592 09113

First Ln(C/Co)(t) 0.9812 0.9159
Second 1/C(t), I mg™! 0.9914 0.9202

generation of superoxide anion radicals O,. And oles

on Agl and Cul surfaces take part in MO molecule
decomposition reaction into simple compounds with amine
groups (diagram).

Appearing anion radicals €0, also take part in the
dye molecule destruction and MO solution discoloration
reaction [16-18]. Cu—Cul surface contains partially iodi-
nated micro- and nanodendrites (Figure 2,a). Nanoporous
Ag—Agl layer surface contains nanodendrites and silver
polygons (Figure 2,b). Sharp edges of polygons are
iodinated at first, therefore the main array consists of
silver plates. Nanoporous Cu—Cul layer surface contains
a large number of reaction centers due to more developed
metal-semiconductor surface, therefore the photocatalytic
efficiency of dye decomposition in the presence of copper
iodide is higher compared with silver iodide.

Regressive coefficient R?> (Table 2) of the second-
order kinetics reaction is equal to 0.9914 (for Cu—Cul)
and to 0.9202 (for Ag—Agl), which exceeds correspond-
ing regressive coefficients R?> of the zero- and first-
order Kkinetics reactions. = MO decomposition reaction
on the photocatalyst surface flows according to the
second-order equation which describes adsorption pro-
cess flow in gas/solid body and solution/solid body sys-
tems [19].
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Conclusions

It is shown that nanostructured silver films are not
effective for dye molecule decomposition and, thus, for
decomposition of waste water contaminations. Nanoporous
copper and Cu—Cul and Ag—Agl films are no longer suit-
able for decontamination of waste water even at low power
of light source. Nanostructured Cu—Cul and Ag—Agl
decompose MO and discolor solutions by 3540.9% and
2040.6% during 60 min, respectively.

It has been found that transformation of nanoporous
metal layer to metal-semiconductor type composite
(Ag—Agl and Cu—Cul) increases photocatalytic activity of
MO decomposition. For Ag—Agl, photocatalytic efficiency
is increased by a factor of more than 20. For Cu—Cul, the
increase was by a factor of 1.25.

The findings have shown that MO degradation kinetics on
Cu—Cul and Ag—Agl surface corresponds to the second-
order kinetics.
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