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Solar energy is a limitless energy resource that can be used to produce electricity forever. Photogalvanic
cells can convert solar energy into electricity with inherent power storage. The electrolyte(s) and
a combination of two electrodes are the main materials required for fabrication of these cells. So far,
platinum has been used as the working electrode in photogalvanic cells. Platinum is an extremely rare
and expensive metal. Copper and its alloy (brass) have been identified as alternative working electrodes
to substitute the platinum working electrode in photogalvanic cells. In addition, copper and brass
utilization is identified to be an effective, user-friendly, and safe approach for high-power generation.
Therefore, in the present work, cheap and easily obtainable copper and brass (alloy of copper and zinc)
working electrodes have been exploited with the twin aim of high-power generation with less input cost.
In the present study, the observed power, current, potential, and efficiency for the copper electrode are
552.3 uW, 4030 pA, 713 mV, and 8.54%, respectively, and those for the brass electrode are 546.4 uW,
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Accepted 23rd April 2024 5320 pA, 739 mV, and 6.12%, respectively. The observed electrical performance is greatly enhanced
compared to most of the already reported photogalvanics with platinum electrode. Copper and brass are

DOI: 10.1039/d4ra01091d slightly and slowly corroded by the alkali, but despite this electrode loss, both materials are promising to
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1. Introduction

Solar energy is the radiant light and heat from the sun. Solar
energy holds relevance and significance for human civilisation.
Different techniques and appliances, such as photovoltaic
cells,” perovskite solar cells,” organic solar cells (polymer solar
cells),? dye-sensitized solar cells,* quantum dots,® photogalvanic
cells,*® etc., are available for harnessing solar energy. Among all
these techniques, the photovoltaic technique is commercially
popular the world over for solar electricity generation. Its recent
success as an economically viable source of electricity is foun-
ded on a simple optoelectronic device, the crystalline silicon
solar cell.* The evolution of the crystalline silicon solar cell
device is opening exciting opportunities. To realize the aim of
practical application of the photogalvanic cells in daily life, the
electrical output of these cells has to be further enhanced to
a level at least comparable to that of the photovoltaic cells. The
photogalvanic cell is a good approach for directly converting
solar energy into electricity because these cells are simple and
capable of producing solar energy with inherent storage
capacity. Photogalvanic cells are electrochemical devices based

Department of Chemistry, Jai Narain Vyas University, Jodhpur-342033, Rajasthan,
India. E-mail: poorankoli@yahoo.com; saren2jyoti@gmail.com
(ESI) DOL:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4ra01091d

14648 | RSC Adv, 2024, 14, 14648-14664

produce the highest power. In the future, this electrode loss can be checked by using inhibitors.

on the photogalvanic effect. The photogalvanic cell technique
consists of two dissimilar electrodes: a working electrode
(usually platinum, Pt) that is exposed to light, and a counter
electrode or reference electrode (usually a saturated calomel
electrode, SCE) that is in the dark. The space between the
electrodes is filled with a solution of photosensitizer (photon-
absorbing species), reductant (electron-donating species) and
surfactant (efficiency enhancer agent) in alkaline medium. The
role of the working electrode in photogalvanic cells is to facili-
tate electron exchange between the semi/leuco reduced sensi-
tizer molecule and external circuit. The counter electrode helps
to complete the circuit and conducts the flow of current through
the circuit.

In the beginning, photogalvanic researchers focused on
using a coated Pt electrode with Fe** as a reducing agent.”®
Later on, they started using non-coated Pt electrode.”** The
reported electrical output for both coated and uncoated plat-
inum electrodes was low. The comparatively low electrical cell
performance of the photogalvanic cell was attributed to the
large size of the Pt electrode (1 cm X 1 cm) with a saturated
calomel electrode.”™ The photogalvanic cell's electrical
performance was relatively low until the researchers started
employing a small-sized Pt electrode in place of the large-sized
Pt electrode.”®™® The diffusion-controlled photogalvanic cells
rely on ion diffusion throughout the bulk of the electrolytic
solution. Therefore, one of the primary factors influencing the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrodes' efficiency is the diffusion of ions. Thus, in order to
obtain optimal diffusion, researchers focused on using a small
Pt electrode with SCE, which less hinders the ion mobility and
successfully enhances the photogalvanic performance. The Pt
electrode presents itself as an excellent option as an inert
electrode because of its superior ability to facilitate electron
exchange. No other metal is able to make such claims. There-
fore, the platinum electrode has been widely explored as
a working electrode in photogalvanic cells. However, it is highly
expensive and not available easily in the local market. Its
procurement is very costly and time-consuming. In contrast,
copper metal and brass alloy materials are cheap and easily
available, even at the household level. Therefore, procuring
copper metal and brass alloy is cheaper and less time
consuming. One additional advantage of copper and brass is
that the electrical output for the copper- and brass-based cells is
relatively higher than that for platinum electrode-based cells.

From this literature survey, it is observed that researchers
have focussed mainly on the costly and non-ubiquitous small
platinum working electrode for enhancing the working effi-
ciency of photogalvanic cells. Gangotri and Meena,""> Madh-
wani et al,” and Pramila and Gangotri** have exploited the
platinum electrode (1 cm x 1 c¢cm) in photogalvanic cells for
solar energy conversion and storage.

There has been a research gap in neglecting the chemical
diversity of the working electrodes (e.g, the use of copper and
brass). To have good conversion efficiency, the working elec-
trode material should have more sites to receive electrons from
the semi/leuco reduced sensitizer molecule and, in turn,
facilitate movement of electrons towards the external circuit.
This property of electrodes is dependent on the chemical
nature of the material constituting the electrode. In the present
work, in using copper and brass working electrodes instead of
platinum electrode in the photogalvanic cell, there are many
advantages. Firstly, the cost of the photogalvanic setup would
be reduced if copper and brass electrodes are used instead of
platinum electrodes because platinum electrodes are more
expensive and non-ubiquitous. In the Indian market, platinum
costs ~30 USD per g, but copper and brass are ubiquitous and
more affordable at USD 8.56 per kg and USD 3.83 per kg,
respectively. Copper and brass are also readily available in
household materials and scraps, but platinum is more difficult
to obtain. Secondly, copper and brass are active electrodes,
which means copper and brass electrodes are more likely to
react with the electrolyte and undergo chemical changes; they
will also contribute in the photocurrent generation through
the thermal process, whereas platinum is an inert electrode.
The contribution of platinum is only for the exchange of
electrons. Lastly, copper and brass electrodes may also have
different electrochemical properties compared to platinum
electrode, which would affect the efficiency and kinetics of the
electrolysis process. Overall, while copper and brass electrodes
can be used in photogalvanic cells, they may result in different
outcomes compared to using platinum electrodes, particularly
in terms of cost and electrical output. The electrochemical
behavior of copper also has been of considerable interest in
many areas of technology, including solar cell technology—
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such as in organic solar cells;*® photovoltaic cells,* integrated
circuits® and heat exchangers,** but there is no reported study
on using copper and brass (copper alloy) as working electrodes
in photogalvanic cells.?**

Therefore, in the present study, copper and copper alloy
(brass) electrodes of different dimensions have been exploited
as the working (anodic) electrode along with graphite electrode
as the counter (cathodic) electrode, with Allura Red as photo-
sensitizer, p-galactose as reductant, and didecyl dimethyl
ammonium chloride as surfactant in alkaline medium. In the
present research, the novel electrode materials (copper and
brass) have been used with the hope to further improve the
electrical performance of the photogalvanic cell.

2. Material and methods

2.1. Chemicals used

Allura Red was used a photosensitizer. p-Galactose, didecyl
dimethyl ammonium chloride and NaOH were used as reduc-
tant, surfactant, and alkaline medium, respectively. The stock
solutions of Allura Red dye (M/500), p-galactose (M/100), didecyl
dimethyl ammonium chloride (M/10) and NaOH (1N) have been
prepared in singly distilled water. To keep the colored stock
solution safe from light, it was stored in a dark container. Here,
‘M’ stands for molarity, which is defined as the number of
moles of dissolved solute in one liter of the solution.

2.2. Preparation of stock solutions

Allura Red (M/500): 50 ml of M/500 Allura Red stock solution
was prepared by dissolving 0.612 g of Allura Red in 50 ml of
deionized water.

p-Galactose (M/100): 50 ml of M/100 p-galactose stock solu-
tion was prepared by dissolving 0.90 g of p-galactose in 50 ml of
deionized water.

Didecyl dimethyl ammonium chloride (DDAC) (M/10): 50 ml
of M/10 DDAC surfactant stock solution was prepared by dis-
solving 1.810 ml of DDAC surfactant in 50 ml of deionized
water.

NaOH (1 M): 250 ml of 1 M of NaOH stock solution has been
prepared by dissolving 15 g of NaOH pellets in 250 ml of
deionized water.

An entirely new and unexplored combination of Allura Red
as photosensitizer, p-galactose as reductant and didecyl
dimethyl ammonium chloride (DDAC) as surfactant was tried in
the present work. Allura Red is an azo dye, anionic in nature,
and highly soluble in water (22 g/100 ml at 25 °C). Allura Red
dye was used in this work due to its very high solubility in water,
good absorbance in the visible region (501-507 nm) and effi-
cient light-harvesting property.

DDAC was used as a surfactant in the present work due to its
cationic nature. DDAC is a nonvolatile and photolytically stable
salt that is highly soluble in water.?®

The use of anionic Allura Red dye and cationic DDAC
surfactant is supposed to serve as a very suitable dye-surfactant
anionic—cationic pair for solar energy conversion and storage
through the photogalvanic cells.

RSC Adv, 2024, 14, 14648-14664 | 14649
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It has been reported in the literature that dye and surfactant
molecules with opposite charges form a stable dye-surfactant
complex in which the dye molecule is surrounded by surfactant
micelles in some regular geometry, which retards intermolecular
twisting and results in an enhancement of fluorescence.”

Further, there are no reports on p-galactose as a reductant in
photogalvanic cells. p-Galactose is a reducing sugar that is
capable of acting as a good reducing agent. In an alkaline
solution, a reducing sugar forms some aldehyde or ketone,
which allows it to act as a good reducing agent.

Alkaline medium NaOH was used in the present work
because dye stability, dye solubility, and the dye's electron-
donating tendency depends on the strength of the alkali
medium of the electrolyte. Further, cell performance is poor in
acidic medium. The low ability of the dye and reductant to
donate electrons to platinum could be caused by proton
attachment to the heteroatom and double bonds in the dye and
reductant. This effect is not present in alkali media; the anion
formation of dye and reductant enhances their electron-
donation power. Therefore, in the present paper, the photo-
galvanics of an entirely new electrolyte of Allura Red (dye
sensitizer), p-galactose (reductant), and didecyl dimethyl
ammonium chloride (DDAC, as surfactant) in alkaline medium
(NaOH) was studied. The unexplored combination of Allura
Red-p-galactose-DDAC-NaOH with these characteristics have
encouraged the authors to use these chemicals for further
enhancing the electrical output of photogalvanic cells.

2.3. Electrodes used

Copper metal (Cu) and brass (alloy of copper and zinc) were
used as working electrodes. Graphite has was used as counter
electrode; it is inert in nature and has a wide range of possible
uses, including energy storage and conversion. It is good for the
environment because graphite electrodes do not need to be
changed regularly, with their long operating life and easy
availability in batteries.

2.3.1. Preparation of copper and brass electrodes. Two
sizes of copper electrodes (i.e., 0.3 cm x 0.2 cm x 0.05 cm, and
1.0 cm x 1.0 x cm X 0.05 cm) were used. From the market,
a large copper sheet of thickness 0.05 cm was purchased. From
this copper sheet, copper electrodes of the required dimensions
were cut and used. Two sizes of brass electrodes (i.e., 0.3 cm x
0.2 cm x 0.05 cm, and 1.0 cm X 1.0 x cm x 0.05 cm) were also
used. Similarly, from the market, a large brass sheet of thick-
ness 0.05 cm was purchased. From this brass sheet, brass
electrodes of the required dimensions were cut and used.
Similarly, the platinum electrode was also prepared. Further, in
this research, the combined surface area of all six faces of an
electrode was assumed to be the active surface area of the
electrodes. For electrodes of 0.3 cm x 0.2 cm X 0.05 cm and
1.0 cm X 1.0 X cm x 0.05 cm dimensions, the active electrode
area was considered as 0.17 cm> and 2.2 cm”, respectively.

2.4. Apparatus used

The present research used the following apparatus: two digital
multimeters (model-DT830D UNITY), one for measuring
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potential in millivolts and another for measuring current in
microamperes; copper connecting wires (to make circuit wires);
a rheostat/potentiometer Elcon B 1M 1706 (to change the
circuit's resistance); a brass plug circuit key (to close the circuit);
a 200 watt Philips bulb (as an illuminating source); a HTC LX-
101A Luxmeter (+5 percent of the reading, to measure the
illumination intensity); a digital pH meter (Nexqua company, to
measure pH of the electrolyte solution); and a water quality test
meter C-100 for measuring various physical parameters of the
solution, including total dissolved solids (TDS), electrical
conductivity (EC), temperature (TEMP), seawater gravity (S.G.),
and salt.

2.5. Experimental setup, experimental method and
calculation formula

A very simple experimental setup was used in the present
research work, consisting of a light source (200 watt Philips
bulb), two digital multimeters (DT830D UNITY) to measure the
current and potential, a rheostat/potentiometer Elcon B 1M to
adjust the resistance of the circuit, a circuit key, and an exter-
nally blackened H-shaped glass tube with a diffusion length of
4.5 cm. One arm of the H-shaped glass tube has a transparent
window for illumination to act as an illuminated chamber, and
the other arm, without a window, acts as the dark chamber.
Chemically different types of working electrodes (copper metal
and brass of different dimensions) were used as working elec-
trode (as negative terminal, anodic). A graphite electrode
(cylindrical shape, length 4.1 cm x diameter 0.3 cm) was used
as counter electrode (as positive terminal, cathodic) (Fig. 1). The
working electrode was dipped in the illuminated chamber
against the window. The graphite electrode was immersed in
the dark chamber.

During the experiment, a complete electrolyte solution con-
sisting of Allura Red (photosensitizer), p-galactose (reductant),
DDAC (surfactant) and sodium hydroxide was put into the H-
cell, and then a stable potential (called dark potential, Vgai)
is observed in the dark while the circuit is open. The bulb is
then turned on, and the copper/brass electrode (whichever is
employed in the experiment as a working electrode) becomes
illuminated. A rise in potential is then noticed at a regular
interval of time. There is a sudden jump in the potential (called
maximum potential, V;,.y), and after that, the potential gradu-
ally goes down to a relatively stable potential (called open-
circuit potential, V,.). In order to observe the maximum
current (I..) at zero external resistance (load), the circuit is
then closed using the circuit key. After some time, the current
gradually decreases to equilibrium current (I.q, also called
short-circuit current, Iy.). The potential at I is nearly zero. To
study the I-V characteristics of the cell, the resistance of the
circuit was adjusted using a potentiometer/rheostat from
minimum to maximum. The power corresponding to the
highest value of the product of ‘I and ‘V’ is called power at
power point (Ppp), or maximum power.** The potential corre-
sponding to this P, is the potential at power point (V},), and
the current corresponding to this Py, is current at power point
(Ipp)- Cell performance is determined by calculating the
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Fig. 1 Experimental setup of a photogalvanic cell (A, a digital multimeter used as ammeter; V, another digital multimeter used as voltmeter; R,

a potentiometer/rheostat; K, key).

conversion efficiency (CE), fill factor (FF), and storage capacity
(in terms of the half change time, ¢, 5).

The FF and CE are calculated as FF = (Poueput)/(Voe X Isc), CE
= (Poutput X 100%)/(P; x A), and CE = (FF x V. X Iy x 100%)/
(P; x A), respectively, where ‘P;’ and ‘A’ represent the illumina-
tion intensity in mW cm™?, and the total surface area of all six
faces of the Pt electrode are in cm?, respectively. Further, the
Vmax and In.x are positively related with CE; thus, CE will be
higher when the values of Vj,,.x and I, are higher.

For all classes of solar cells (e.g., photovoltaic cells, dye-
sensitized solar cells, perovskite solar cells, etc.), the CE and
FF values are concordant (if CE is high then FF is also pro-
portionately high). However, for the photogalvanic cells as in
the present study, the CE is high, but FF is not proportionately
high. For photogalvanic cells, it may be attributed to photo-
decay of the dye photosensitizer, the short life of excited states
of the dye photosensitizer, and the diffusion requirement of
photosensitizer molecules, etc.*

3. Mechanism of photogeneration of
current in the photogalvanic cell

The photopotential and photocurrent generation in the photo-
galvanic cell can be explained by the following mechanism:**-*

1°° Step: photophysical processes in the illuminated
chamber: on illumination, the dye molecule (e.g., Allura Red or
any other sensitizer molecule) gets excited. The excited dye
molecule accepts an electron from the reductant (p-galactose)
and is converted into the semi or leuco form of the dye.

Allura Red ™% Allura Red* (S) 2% Allura Red* (T) (1)

© 2024 The Author(s). Published by the Royal Society of Chemistry

Allura Red* (T) + (p-galactose) —
Allura Red™ (semi or leuco) + p-galactose™  (2)
2™ Step: photophysical processes at the working electrode:
at the working electrode, the semi or leuco form of the dye
molecules loses an electron and is converted into the original
dye molecule.

Allura Red™ — Allura Red + e™ (at working electrode)  (3)

Co
(e

Dark Chamber

Illuminated Chamber

Fig. 2 Mechanism of photogeneration of the current. Here, hv,
photon; Gal, b-galactose reductant molecule; Gal+, oxidized form of
p-galactose reductant molecule; e, electron; AR-, Allura Red dye
photosensitizer molecule; AR*, Allura Red molecule in excited state.
Working electrode (Pt, Cu, Brass) in illuminated chamber, graphite
counter electrode in dark chamber.
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3" Step: photophysical processes in the dark chamber and at
the counter electrode: at the counter electrode (graphite) region,
the dye molecule accepts an electron from the counter electrode
and gets converted into the semi or leuco form. Finally, the
leuco/semi form of the dye and oxidized form of the reductant
combine to give the original dye (Allura Red) and reductant (-
galactose) molecules. This cycle goes on in the cell.

AlluraRed™ +e” —
Allura Red™ + (semi or leuco) (at graphite electrode) (4)

Allura Red™ + p-galactose™ — Allura Red + p-galactose (5)

Here, the Allura Red*, Allura Red ™, p-galactose and p-galac-
tose" are the excited form of the dye (photosensitizer), semi or
leuco form of the dye, and the reductant and its oxidized form,
respectively. S, T and I, represent the singlet excited-state dye;
triplet excited-state dye and intersystem crossing, respectively.
This mechanism is diagrammatically represented in Fig. 2.

4. Results and discussion

The photogalvanics of the copper and brass electrodes in the
Allura Red-p-galactose-DDAC photogalvanic system has been
studied by constructing different cells. The study was done in
two successive steps: first, the study of electrochemical prop-
erties of the copper and brass working electrodes under the
same experimental conditions; and second, the step-
comparison of the electrical data of copper and brass elec-
trodes with the already published electrical data of the platinum
electrode to select the most suitable electrode material for the
photogalvanic cell. The results of the present study on the
photogalvanics of the copper and brass electrodes in the Allura
Red-p-galactose-DDAC photogalvanic system are described as
follows.

4.1. Photogalvanics of copper working electrode

4.1.1. Photogalvanics of copper working electrode (0.3 cm
x 0.2 cm). The main theme of the present research work is to
study the electrochemical properties of the chemically different
working electrodes (copper and brass) under the following
electrolyte conditions: 0.5 ml of M/500 Allura Red-D dye with
the final concentration of 2.85 x 10™°> M, 0.5 ml of M/100 p-
galactose (reductant) with the final concentration of 1.42 X
10~* M, 0.5 ml of M/10 didecyl dimethyl ammonium chloride
(surfactant) with the final concentration of 1.42 x 10™° M, pH
13.66, light intensity 7.299 mW cm?, diffusion length (D) =
4.5 cm, and graphite electrode (cylindrical shape, length 4.1 cm
x diameter 0.3 cm). A 1 N NaOH stock solution was prepared.
Thereafter, 16 ml of this 1 N NaOH stock solution was used to
make the electrolyte solution. The total volume of the electrolyte
solution is 35 ml. The pH of this electrolyte solution is 13.66.

The experimental results for the copper electrode are pre-
sented in the Table 1 (first, second, and third experiments done
under same conditions).

The observed electrical parameters in the first experiment for
the copper electrode (0.3 cm X 0.2 cm) are as follows: dark

14652 | RSC Adv, 2024, 14, 14648-14664
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Table 1 Photogalvanics of copper working electrode (0.3 cm x 0.2
cm) in Allura Red-p-galactose-DDAC-NaOH electrolyte

[Allura Red] [p-galactose] [DDAC]*

Cell parameter Experiment 1 Experiment 2 Experiment 3

Vdark (mV) 433 335 424
Vinax (V) 730 760 697
Voe (MV) 713 721 580
¢ (min) 15 15 12
Imax (HA) 7850 7900 5710
L (nA) 4030 4360 4950
Ppp (LW) 552.3 529.0 536.5
Vpp (MV) 263 230 271
Iop (1A) 2010 2300 1980
CE (%) 8.54 7.16 8.04
FF 0.19 0.16 0.18

“ At [Allura Red] = 2.85 x 10~° M; [p-galactose] = 1.42 x 10~* M; [DDAC]
=1.42 x 10~* M; Cu electrode size = 0.3 cm x 0.2 cm; Cu electrode area
= 0.17 cm?; light intensity = 7.299 mW cm™?; graphite electrode =
4.1 cm x 0.3 cm; diffusion length [D;] = 4.5 cm.

potential, 433 mV; maximum potential, 730 mV; open-circuit
potential, 713 mV; charging time (¢), 15 min; maximum
current, 7850 pA; short-circuit current, 4030 pA; maximum
power, 552.30 uW; potential at power point, 263 mV; current at
power point, 2010 pA; solar conversion efficiency, 8.54%; and
fill factor, 0.19.

The observed electrical parameters in the second experiment
for the copper electrode (0.3 cm x 0.2 cm) are as follows: dark
potential, 335 mV; maximum potential, 760 mV; open-circuit
potential, 721 mvV; charging time (¢), 15 min; maximum
current, 7900 pA; short-circuit current, 4360 pA; maximum
power, 529.00 uW; potential at power point, 230 mV; current at
power point, 2300 pA; solar conversion efficiency, 7.16%; and
fill factor, 0.16.

The observed electrical parameters in the third experiment
for the copper electrode (0.3 cm x 0.2 cm) are as follows: dark
potential, 424 mV; maximum potential, 697 mV; open-circuit
potential, 580 mV; charging time (¢), 12 min; maximum
current, 5710 pA; short-circuit current, 4950 pA; maximum
power, 536.58 uW; potential at power point, 271 mV; current at
power point, 1980 pA; solar conversion efficiency, 8.04% and fill
factor, 0.18.

4.1.2. Study of potential variation with time during illu-
mination of the NaOH-Allura Red-p-galactose-DDAC-copper
(0.3 cm x 0.2 cm) photogalvanic system. In the photogalvanic
system of Allura Red-p-galactose-DDAC-copper, the H-cell is
filled with a known amount of electrolyte solution (total volume
35 ml, consisting of the reductant, dye, surfactant, alkali, and
water solvent). In the dark condition, the cell is allowed to attain
equilibrium potential (stable potential), called dark potential
(Vdark, Observed 433 mV in the present case), while the circuit is
open. Thereafter, the cell is charged by illuminating it with
artificial light with the intensity of 7.299 mW cm 2 while
keeping the circuit open. During illumination, the potential is
observed at 5 minute time intervals. The observed potential at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Study of potential variation with time during illumination for
the NaOH-Allura Red-p-galactose-DDAC-copper (0.3 cm x 0.2 cm)
photogalvanic system

Time (min) 0 5 10 12 15
721

Potential (mV) 432 423 730 (Vinax) 713 (Voo)

—potential vs time

800 -
750 4
700 A
650 o
600 A
550 4
500 A
450 -
400 = T T J

V, . (MV) =730
V,, (mV) =713

Potential (mV)

Time (min)

Fig. 3 Study of potential variation with time during illumination for the
NaOH-Allura Red-p-galactose-DDAC-copper (0.3 cm x 0.2 cm)
photogalvanic system.

zero time is 432 mV. On illumination, the potential rises and
reaches the highest potential called maximum potential (Viax,
730 mV in present case); after some time, the potential goes
down and attains a quasi-equilibrium potential (stable poten-
tial) called the open-circuit potential (Ve, 713 mV in present
case) (Table 2 and Fig. 3). The open-circuit potential (Voc, 713
mV) was obtained after 15 minutes of continuous illumination.
Therefore, in the present case, the time duration of 15 min was
designated as the charging time of the cell.
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4.1.3. Study of variation of current with potential (I-V
characteristics of cell), and current with power, for the Allura
Red-p-galactose-DDAC-copper (0.3 cm x 0.2 cm) photogalvanic
system. The study of I-V characteristics of the cell represents the
relationship between the voltage and the current flowing
through it. It is one of the most common methods of deter-
mining how an electrical device functions in a circuit. In the
present work, after fully charging the Allura Red-p-galactose-
DDAC-copper photogalvanic system, the circuit is closed by
a circuit key to observe the maximum current (I;ax), 7850 HA at
the external resistance (load) of zero. After some time, the
current goes down marginally to a relatively stable value called
equilibrium current (Iq) or short-circuit current (Iy), 4030 pA.
The potential at (I;.) is nearly zero. With the help of the
potentiometer/rheostat, the resistance of the circuit is varied
slowly from zero potential to maximum potential value, along
with their corresponding current values, ie., from the short-
circuit current value until the current is zero, to study the I-V
characteristics of the cell (Table 3 and Fig. 4). The point in the I-
V curve called the power point (Pyy), 552.3 tW, was determined
where the product of potential and current was maximum.

For this Allura Red-p-galactose-DDAC-copper (0.3 cm X 0.2
cm) photogalvanic system, the value of the cell's electrical
parameters obtained at the experimental conditions (temp.
34.7 °C, humidity 12%, electrolyte temp. 34.5 °C, pH of solution
13.66) is summarized as follows: dark potential, 433 mV;
maximum potential (Viax), 730 mV; open-circuit potential (Vo.),
713 mV; charging time (min), 15 min; maximum current (Iyax),
7850 pA; short-circuit current (Ig.), 4030 pA; power at power
point (Pyp,), 552.3 uW, current at power point (I,,), 2010 mV,
potential at power point (V},,), 263 mV, fill factor (FF), 0.19, and
conversion efficiency (CE) 8.54%.

4.1.4. Electrolyte composition variation for the photo-
galvanics of the copper working electrode (0.3 cm x 0.2 cm).
The effect of variation of electrolyte composition in the Allura

Table 3 Study of variation of current with potential (/-V characteristics of cell), and current with power for Allura Red-p-galactose-DDAC-

copper (0.3 cm x 0.2 cm) photogalvanic system®

Current (pA) Potential (mV) Power (LW) Current (pA) Potential (mV) Power (LW)
4030 110 443.30 1210 321 388.41
3840 123 472.32 1120 324 362.88
3420 152 519.84 1050 330 346.50
3350 156 522.60 900 356 320.40
2010 (I,p) 263 (Vyp) 552.30 (P,p) 820 373 305.86
1900 264 501.60 720 395 284.40
1800 269 484.20 610 425 259.25
1780 272 484.16 500 447 223.50
1700 277 470.90 410 462 189.42
1600 287 459.20 360 472 148.32
1540 295 454.30 240 488 117.12
1420 297 421.74 110 511 56.210
1320 307 405.24 000 534 000

% CE = 8.54%; FF = 0.19; dye = 0.5 ml of M/500; reductant = 0.5 ml of m/100; surfactant = 0.5 ml of m/10; pH = 13.66; Cu electrode size = 0.3 cm X
0.2 cm; Cu electrode area = 0.17 cm?, graphite electrode = 4.1 cm x 0.3 cm; room temp. = 34.7; humidity = 12%; solution temp., 34.5; distance from
the bulb = 8 cm; light intensity = 7.299 mW cm ™ ?; initial E.C. of solution = 119.1; initial TDS of solution = 59.5 ppm; final temp. of solution = 58.7 ©
C; final TDS of solution = 61.2 ppm; final E.C. of solution = 114.9.
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Fig. 4 Study of variation of current with potential (/-V characteristics
of cell), and current with power for the Allura Red-p-galactose-DDAC-
copper (0.3 cm x 0.2 cm) photogalvanic system.

Red-p-galactose-DDAC-copper (0.3 cm x 0.2 cm) photogalvanic
system has been studied by constructing four photogalvanic
cells (Table 4, Fig. 5 and Sec. 1 of ESI}). It has been observed in
this study that the electrical power output for the second cell is
highest. In the second cell, the dye, reductant, surfactant and
NaOH show the highest cell performance at the optimal dye
concentration of 0.57 x 107> M, reductant 0.28 x 10~* M,
surfactant 0.28 x 10> M, and NaOH pH 13.66.

The magnitude of the power (instead of the efficiency) was
used to rate a cell as the best cell for the following reasons.
Electrical generation plants are designed and built to provide
power. Such plants are rated in watts, many megawatts usually.

Table 4 Electrolyte composition variation for the photogalvanics of
the copper working electrode (0.3 cm x 0.2 cm)

Cell parameter 1% cell” 2™ cell® 3 cell® 4™ cell?
Vetark (V) 362 391 433 423
Vinax (MV) 746 764 730 720
Voe (mV) 700 737 713 705

¢ (min) 10 10 13 10
Imax (LA) 7500 7670 7850 6290
L (nA) 4440 4390 4030 3050
Pyp (UW) 611.2 621.6 552.3 522.9
Vop (mv) 320 222 263 249
Ipp (na) 1910 2800 2010 2100
CE (%) 9.65 9.61 8.54 10.24
FF 0.19 0.19 0.19 0.24

%1% cell [dye 0.28 x 10> M, reductant 0.14 x 10~* M, surfactant 0.14 x
1073 M, NaOH pH 13.66]. ° 2" cell [dye 0.57 x 10~ M, reductant 0.28 x
10~* M, surfactant 0.28 x 10> M, NaOH pH 13.66]. © 3" cell [dye 2.85 x
107> M, reductant 1.42 x 10~* M, surfactant 1.42 x 10> M, NaOH pH
13.66]. ¢ 4™ cell [dye 8.5 x 10~° M, reductant 4.28 x 10~* M, surfactant
4.28 x 10~* M, NaOH pH 13.66]; common for all cells: Cu electrode size
= 0.3 cm x 0.2 cm, Cu electrode area = 0.17 cm?, graphite electrode =
4.1 cm x 0.3 cm, light intensity = 7.299 mW cm ™2, diffusion length (D)
= 4.5 cm, pH = 13.66.
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They send out an amount of current at a certain voltage (Power
= I x V). Therefore, power output is the most important factor
to determine how much electricity can be generated to meet the
demands of a household or a commercial facility. Conversion
efficiency, on the other hand, measures how effectively a cell
converts input energy into useable output energy. It is
a measure of the cell's effectiveness in utilizing the available
resources. For solar cells, conversion efficiency indicates how
much sunlight is converted into electricity.

4.1.5. Photogalvanics of the larger copper working elec-
trode (1.0 cm x 1.0 cm). For the photogalvanics of the larger
copper working electrode (1.0 cm x 1.0 cm), the electrolyte
composition and other physical cell fabrication variables are the
same as for the study of the photogalvanics of the smaller
copper working electrode (0.3 cm x 0.2 cm).

The observed electrical parameters for the large copper
working electrode (1.0 cm x 1.0 cm) are as follows: dark
potential, 428 mV; maximum potential, 692 mV; open-circuit
potential, 644 mV; charging time (¢), 15 min; short-circuit
current, 3520 pA; maximum current, 7100 pA; maximum
power, 568.2 pW; potential at power, point 246 mV; current at
power point, 2310 pA; solar conversion efficiency, 0.88; and, fill
factor 0.25 (Table 5).

It has been observed in the study that different electrical
power outputs were found for the different electrode areas. This
shows that the electrode area affects the cell performance. It
means the cell performance is electrode-area-dependent, and
the cell shows the highest performance at some optimal elec-
trode area due to different reasons.

It has been observed that the electrical power output (568.2
uW) for the large copper working electrode (1.0 cm x 1.0 cm) is
higher than the electrical power output (552.3 pW) for the small
copper working electrode (0.3 cm x 0.2 cm).

In the photogalvanic cell, the excited and reduced dye
molecules collide with the working electrode, and through this
process, the excess electron from the dye molecule is trans-
ferred to the working electrode. The number of electrons
transferred per second from the dye to the copper electrode
constitutes the current in the external circuit. How many dye
molecules at a time may interact with the copper electrode
depends on the electrode surface area. For a larger electrode
area, the number of dye molecules interacting with copper
electrode may be more, which will result in a higher electrical
power compared to the smaller area.

4.2. Photogalvanics of the brass working electrode

4.2.1. Photogalvanics of the brass working electrode
(0.3 cm x 0.2 cm). In the Allura Red-p-galactose-DDAC-brass
photogalvanic system, each cell has 0.5 ml of M/500 Allura
Red-D dye with resultant concentration 2.85 x 10> M; 0.5 ml of
M/100 p-galactose (reductant) with resultant concentration 1.42
x 10~ M; 0.5 ml of M/10 didecyl dimethyl ammonium chloride
(surfactant) with resultant concentration 1.42 x 10> M; 16 ml
of 1 N NaOH having resultant pH of 13.66; light intensity 7.299
mW cm™?; diffusion length (Dy) = 4.5 cm; pH = 13.66; and
graphite electrode (cylindrical shape, length 4.1 cm x diameter

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Variation of power and open-circuit potential with dye concentration for photogalvanics of the copper working electrode.

Table 5 Photogalvanics of the larger copper working electrode
(1.0cm x 1.0 cm)

[Allura Red] [p-galactose] [DDAC]*

Electrical parameters of the cell

Vdark (mV) 428 Ppp (LW) 568.2
Vinax (mV) 692 Vpp (MV) 246
Voe (mV) 644 Ipp (nA) 2310
t (min) 15 CE (%) 0.88
Imax (HA) 7100 FF 0.25
I (HA) 3520

@ At [Allura Red] = 2.85 x 10~ M; [p-galactose] = 1.42 x 10~* M; [DDAC]
=1.42 x 10> M; Cu electrode size = 1.0 cm x 1.0 cm; Cu electrode area
= 2.2 cm?; graphite counter electrode = 4.1 cm x 0.3 cm; light intensity
= 7.299 mW cm™?; diffusion length [D;] = 4.5 cm.

0.3 c¢m). The electrochemical property of the brass working
electrode has been studied under the same experimental
conditions as used for the copper electrode.

The experimental results for the brass electrode are pre-
sented in Table 6 and Fig. 6 (first, second, and third experi-
ments done under same conditions).

The observed electrical parameters in the first experiment for
the brass electrode (0.3 cm x 0.2 cm) are as follows: dark
potential, 451 mV; maximum potential, 788 mV; open-circuit
potential, 739 mV; charging time (¢), 15 min; maximum
current, 9200 pA; short-circuit current, 5320 pA; maximum
power, 546.4 uW; potential at power point, 216 mV; current at
power point, 2530 pA; solar conversion efficiency, 6.12%; and
fill factor, 0.13.

The observed electrical parameters in the second experiment
for the brass electrode (0.3 cm x 0.2 cm) are as follows: dark
potential, 489 mV; maximum potential, 743 mV; open-circuit
potential, 722 mV; charging time (), 15 min; maximum
current, 6000 pA; short-circuit current, 4810 pA; maximum

© 2024 The Author(s). Published by the Royal Society of Chemistry

power, 543.7 pW; potential at power point, 171 mV; current at
power point, 3180 pA; solar conversion efficiency, 6.83%; and
fill factor, 0.15.

The observed electrical parameters in the third experiment
for the brass electrode (0.3 cm x 0.2 cm) are as follows: dark
potential, 424 mV; maximum potential, 741 mV; open-circuit
potential, 716 mV; charging time (¢), 15; maximum current,
6180 pA; short-circuit current, 3950 pA; maximum power, 540.6
uW; potential at power point, 218 mV; current at power point,
2480 pA; solar conversion efficiency, 8.32%, and fill factor, 0.19.

In Section 4.1.1 for the copper electrode, and in this Section
4.2.1 for the brass electrode, the experiments were repeated
three times under similar conditions to determine the repro-
ducibility of the results for the copper and brass electrodes.

Table 6 Photogalvanics of the brass working electrode (0.3 cm x 0.2
cm) in Allura Red-p-galactose-DDAC-NaOH electrolyte

[Allura Red] [p-galactose] [DDAC]*

Experiment Experiment
Cell parameter Experiment 1 2 3
Vgark (mV) 451 489 424
Vinax (MV) 788 743 741
Vo (mV) 739 722 716
t (min) 15 15 15
Imax (1A) 9200 6000 6180
I (uA) 5320 4810 3950
Ppp (W) 546.4 543.7 540.6
Vpp (mV) 216 171 218
Ly (14) 2530 3180 2480
CE (%) 6.12 6.83 8.32
FF 0.13 0.15 0.19

“ At[Allura Red] = 2.85 x 10> M; [p-galactose] = 1.42 x 10~* M; [DDAC]
=1.42 x 107* M; brass electrode size = 0.3 cm x 0.2 cm; brass electrode
area = 0.17 cm?; graphite electrode area = 4.1 cm x 0.3 cm; light
intensity = 7.299 mW cm™?; diffusion length (D) = 4.5 cm; pH = 13.66.
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Fig. 6 Comparison of the power outputs of the copper and brass
working electrodes in three similar experiments (reproducibility of the
power output).

It is observed that the electrical output of the cell is repeat-
able and reproducible with both electrodes (i.e., copper and
brass). It is obvious from the comparable (quite similar) elec-
trical power output values observed in the three experiments for
copper and brass electrodes, i.e., the obtained power for the
copper electrode is 552.30 pW, 529.00 uW, and 536.58 uW for
the first, second, and third experiments, respectively. The ob-
tained power for the brass electrode is 546.4 pW, 543.7 uW, and
540.6 uW for the first, second, and third experiments, respec-
tively. Here, it is to be noted that some error (like measurement
of solution, etc.) is inevitable while repeating the experiments
leading to the minor variation in power output.

4.2.2. Study of potential variation with time during illu-
mination of the NaOH-Allura Red-p-galactose-DDAC-brass
(0.3 cm x 0.2 cm) photogalvanic system. In the dark condi-
tion, the cell filled with electrolyte is allowed to attain equilib-
rium potential (stable potential) called dark potential (Vgark,
observed to be 451 mV in the present case) while circuit is open
(Sec. 2 of ESIt). Thereafter, the cell is charged by illuminating it
with artificial light with intensity 7.299 mW cm ™ while keeping
the circuit open. During illumination, the potential is observed
at time intervals of five minutes. The observed potential at zero
time is 451 mvV. Upon illumination, the potential rises and
reaches a highest potential, called the maximum potential
(Vmaxs 788 mV in present case), and after some time, the
potential goes down and attains a quasi-equilibrium potential
(stable potential) called the open-circuit potential (V,, 739 mV

Table 7 Study of potential variation with time during illumination of
the NaOH-Allura Red-p-galactose-DDAC-brass (0.3 cm x 0.2 cm)
photogalvanic system

Time (min) 0 5 8 10 15
Potential (mV) 451 444 788 (Vina) 746 739 (Voo)
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Fig. 7 Study of potential variation with time during illumination of the
NaOH-Allura Red-p-galactose-DDAC-brass (0.3 cm x 0.2 cm) pho-
togalvanic system.

in present case; Table 7 and Fig. 7). The open-circuit potential
(Voey 739 mV) was obtained after 15 minutes of continuous
illumination. Therefore, in the present case, the time duration
of 15 minutes was designated as the charging time of the cell.

4.2.3. Study of variation of current with potential (I-V
characteristics of cell), and current with power, for the Allura
Red-p-galactose-DDAC-brass (0.3 cm x 0.2 cm) photogalvanic
system. The I-V characteristics of the cell represent the rela-
tionship between the voltage and the current flowing through it.
It is one of the most common methods of determining how an
electrical device functions in a circuit. In the present work, after
fully charging the Allura Red-p-galactose-DDAC-brass photo-
galvanic system, the circuit is closed by the circuit key to observe
the maximum current (I;,,x) 9200 pA at the external resistance
(load) of zero. After some time, the current goes down margin-
ally to a relatively stable value called equilibrium current (), or
short-circuit current (Ig.), of 5320 pA. The potential at (I) is
nearly zero. With the help of the potentiometer/rheostat, the
resistance of the circuit is varied slowly from zero potential to
maximum potential value along with their corresponding
current values, i.e., from the short-circuit current value until the
current is zero, to study the I-V characteristics of the cell (Table
8 and Fig. 8). The point in the I-V curve called the power point
(Ppp) 546.4 yW was determined where the product of potential
and current was maximum.

For the Allura Red-p-galactose-DDAC-brass electrode (0.3 cm
x 0.2 cm) photogalvanic system, the value of the cell's electrical
parameters obtained at the experimental conditions (temp.
34.7 °C, humidity 12%, electrolyte temp. 33.8 °C, pH of solution
13.66) is summarized as follows: dark potential, 451 mV;
maximum potential (Vi,ay), 788 mV; open-circuit potential (V,.),
739 mV; charging time (min), 15 min; maximum current (/ax),
9200 pA; short-circuit current (), 5320 pA; power at power
point (Pyp,), 546.4 uWj; current at power point (I,,), 2530 mV;
potential at power point (V},,), 216 mV; fill factor (FF), 0.13; and
conversion efficiency (CE), 6.12%.

The error analysis has been correlated with the accuracy of
the current and potential measurements by the digital

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Study of variation of current with potential (/-V characteristics of cell), and current with power, for the Allura Red-p-galactose-DDAC-

brass (0.3 cm x 0.2 cm) photogalvanic system?

Current (pA) Potential (mV) Power (uW) Current (pA) Potential (mV) Power (uW)
5320 62 329.8 1730 275 475.7
4320 84 362.8 1630 283 461.2
3580 122 436.7 1500 298 447.0
3510 130 456.3 1480 300 444.0
3490 133 464.1 1410 308 434.2
3400 140 476.0 1320 320 422.4
3310 150 496.5 1200 333 399.6
3280 153 501.8 1120 381 426.7
3200 159 508.8 1030 420 432.6
3130 170 532.1 950 540 513.0
3070 172 528.0 910 560 509.6
2910 185 538.3 870 574 499.3
2810 193 542.3 770 584 449.6
2770 197 545.6 720 598 430.5
2660 205 545.3 600 621 372.6
2530 (Ip) 216 (Vpp) 546.4 (Pyp) 560 632 353.9
2440 223 544.1 480 642 308.1
2300 236 542.8 420 663 278.4
2200 241 530.2 320 662 211.8
2110 249 525.3 230 680 156.4
2040 254 518.1 70 717 50.1
1950 262 510.9 000 733 000
1810 269 486.8

“ CE = 6.12%; FF = 0.13; dye = 0.5 ml of M/500; reductant = 0.5 ml of M/10; surfactant = 0.5 ml of M/100; pH = 13.66; brass electrode size = 0.3 cm
x 0.2 cm; brass electrode area = 0.17 cm?; graphite electrode = 4.1 cm x 0.3 ¢cm; room temp. = 34.7; humidity = 12%; solution temp 34.5 = 33.8;
distance from the bulb = 8 cm; light intensity = 7.299 mW cm ™ ?; E.C. = 113.1; TDS = 56.3 ppt.

multimeter. In this experiment, the Haoyue digital multimeters
(model-DT830D UNITY) were used. The accuracy of measure-
ments of the DC current and DC potential from this multimeter
is £2.0% and £1.0%, respectively. Therefore, in the observation
data in Table 8 and at other places in the manuscript, the error
values of +2.0%, +1.0%, and +3.0% are estimated in the
measurement of the current, potential, and power of the cell.
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power vs current
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Fig. 8 Study of variation of current with potential (/-V characteristics
of cell), and current with power, for the Allura Red-p-galactose-
DDAC-brass (0.3 cm x 0.2 cm) photogalvanic system.

© 2024 The Author(s). Published by the Royal Society of Chemistry

4.2.4. Electrolyte composition variation for the photo-
galvanics of the brass working electrode (0.3 cm x 0.2 cm). The
effect of variation of electrolyte composition in the Allura Red-p-
galactose-DDAC-brass (0.3 cm x 0.2 cm) photogalvanic system
was studied by constructing four photogalvanic cells (Table 9;
Sec. 3 of ESI¥).

For electrical systems like solar cells, the power is indeed the
product of measured current at a corresponding potential.
Thus, power is a direct measurement, whereas the conversion
efficiency is a calculated statistical measure. Both the fill factor
and conversion efficiency are measures of cell performance. In
the present set of four experiments, the chemical compositions
(like concentration of dye, etc.) of the cells in all four different
experiments are different. In first, second, third, and fourth
experiments, the observed power (W) and fill factor (FF) are
705.9 pW, 0.30; 637.2 pW, 0.26; 546.4 pW, 0.13; and 472.6 W,
0.27; respectively. From the observations, it is clear that there is
quite an appreciable difference in the fill factor values leading
to the quite appreciable difference in efficiency data of the four
experiments.

4.2.5. Photogalvanics of the larger brass working electrode
(1.0 em x 1.0 cm). For photogalvanics of the larger brass
working electrode (1.0 cm X 1.0 cm), the electrolyte composi-
tion and other physical cell fabrication variables are same as for
the study of the photogalvanics of the smaller brass working
electrode (0.3 cm x 0.2 cm).

The observed electrical parameters for the larger brass
working electrode (1.0 cm x 1.0 cm) are as follows: dark

RSC Adv, 2024, 14, 14648-14664 | 14657
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Table 9 Electrolyte composition variation for the photogalvanics of
the brass working electrode (0.3 cm x 0.2 cm)

Cell parameter 1% cell” 2™ cell® 3 cell® 4™ cell?
Vaaric (mV) 371 339 457 439
Vinax (MV) 763 733 788 719
Voe (MV) 713 720 734 688

¢ (min) 10 20 20 10
Imax (HA) 6360 7830 9200 5900
L (nA) 3290 3370 5320 2500
Ppp (W) 705.9 637.2 546.4 472.6
Vyp (MV) 303 236 216 278
Ipp (nA) 2330 2700 2530 1700
CE (%) 17.06 13.45 6.12 10.43
FF 0.30 0.26 0.13 0.27

@ 1% cell [dye 0.28 x 10~° M, reductant 0.14 x 10~* M, surfactant 0.14 x
107> M, NaOH pH 13.66]. ° 2™ cell [dye 0.57 x 10~° M, reductant 0.28 x
10~* M, surfactant 0.28 x 10> M, NaOH pH 13.66]. ¢ 3™ cell [dye 2.85 x
107> M, reductant 1.42 x 10~* M, surfactant 1.42 x 10° M, NaOH pH
13.66]. ¢ 4™ cell [dye 8.5 x 107° M, reductant 4.28 x 10'M,
surfactant 4.28 x 10 °> M, NaOH pH 13.66]; common for all cells:
brass electrode size = 0.3 cm x 0.2 cm; brass electrode area = 0.17
cm?; graphite electrode = 4.1 cm x 0.3 cm; light intensity = 7.299
mW cm?; diffusion length (Dp) = 4.5 cm, pH = 13.66.

potential, 441 mV; maximum potential, 706 mV; open-circuit
potential, 684 mvV; charging time (), 20 min; short-circuit
current, 3300 pA; maximum current, 7430 pA; maximum
power, 505.4 uW; potential at power point, 266 mV; current at
power point, 1900 pA; solar conversion efficiency, 0.70%; and
fill factor, 0.22 (Table 10).

Also, it has been observed that the electrical power output
(546.4 uW) for the small brass working electrode (0.3 cm x 0.2
cm) is higher than the electrical power output (505.4 pW) for the
large brass working electrode (1.0 cm x 1.0 cm). The better
electrical output of the small electrode is due to the relatively
less hindrance to diffusion of ions, as the photogalvanic cells
are diffusion-controlled cells, depending on the diffusion of
ions in the bulk of the electrolytic solution. Further, the larger
brass electrode will affect the cell adversely due to steric
hindrance in the diffusion path of the dye molecules.

The electrode properties of a material are dependent on its
chemical, physical, electronic, and morphological properties.

Table 10 Photogalvanics of the larger brass working electrode (1.0 cm
x 1.0 cm)

[Allura Red] [p-galactose] [DDAC]*

Electrical parameters of the cell

Vdark (mV) 441 PPP (HW) 505.4
Vinax (MV) 706 Vpp (MV) 266
Ve (mV) 684 ipp (MA) 1900
¢ (min) 20 CE (%) 0.70
Inax (HA) 7430 FF 0.22
se (1A) 3300

¢ At[Allura Red] = 2.85 x 10> M; [p-galactose] = 1.42 x 10~* M; [DDAC]
=1.42 x 107> M; brass electrode size = 1.0 cm X 1.0 cm; brass electrode
area = 2.2 cm?; light intensity = 7.299 mW cm™?; graphite counter
electrode = 4.1 cm x 0.3 c¢my; diffusion length [Dy] = 4.5 cm.
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Therefore, the optimum size of the electrodes for optimum cell
performance is supposed to be different for different electrode
materials. Under similar electrolyte conditions, the optimum
size of the copper electrode will be different than that for the
brass electrode for optimum cell performance. This is due to the
fact that the chemical and physical properties of the copper
material are different than that for the brass material. Conse-
quently, the different natures of copper and brass may be the
reason for the different electrical power output for the copper
and brass electrodes of the same sizes.

It has been observed that under similar experimental
conditions, the electric power output for the copper electrode is
relatively higher than that of the brass electrode. The reported
electrochemical impedance spectroscopy study on the corrosion
parameters of copper alloys (brass) in NaOH solution shows
a higher value of charge transfer resistance, indicating lower
electron release.* Further, it is also reported that copper metal
in the NaOH solution has a lower transfer resistance value,
indicating a higher electron release from the metal.*® Hence,
compared to brass (copper alloy), copper metal has a greater
tendency to release electrons. These electrons migrate towards
the circuit and will promote more passage of current.

5. Comparison of the photogalvanics
of copper, brass, and platinum working
electrodes

The comparative photogalvanics of the chemically different
working electrodes (i.e., copper and brass) was studied under
similar conditions of the cell fabrication variables. The differ-
ence is only in the chemical nature of the working electrodes.
The photogalvanics of copper and brass working electrodes
were compared at two dimensions, i.e., 0.3 cm X 0.2 cm and
1.0 cm X 1.0 cm. Under similar experimental conditions, the
electrical power outputs for both the small (0.3 cm x 0.2 cm)

Table 11 Comparison of the photogalvanics of copper and brass
working electrodes (0.3 cm x 0.2 cm)

Brass electrode®
(0.3 cm x 0.2 cm)

Copper electrode®

Cell parameter (0.3 cm x 0.2 cm)

Vaark (mV) 433 451
Vinax (V) 730 788
Voe (mV) 713 739
¢ (min) 13 15
Inmax (HA) 7850 9200
isc (LA) 4030 5320
Ppp (uW) 552.3 546.4
Vpp (mV) 263 216
ipp (HA) 2010 2530
CE (%) 8.54 6.12
FF 0.19 0.13

“ At[Allura Red] = 2.85 x 10~° M; [p-galactose] = 1.42 x 10~* M; [DDAC]
=1.42 x 10~* M; pH = 13.66; copper and brass electrode size = 0.3 cm
x 0.2 cm; copper and brass electrode area = 0.17 cm?; light intensity
7.299 mW cm”?; graphite electrode area = 4.1 cm x 0.3 cm; diffusion
length [D;] = 4.5 cm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 12 Comparison of the photogalvanics of copper and brass
working electrodes (1.0 cm x 1.0 cm)

Brass electrode®
(1.0 cm x 1.0 cm)

Copper electrode”

Cell parameter (1.0 cm x 1.0 cm)

Vdark (rnV) 428 441
Viax (MV) 692 706
Voe (MV) 644 684
t (min) 15 20
Imax (1A) 7100 7430
isc (HA) 3520 3300
Pyp (W) 568.2 505.4
Vop (mv) 246 266
ipp (na) 2310 1900
CE (%) 0.88 0.70
FF 0.25 0.22

¢ At[Allura Red] = 2.85 x 10> M; [p-galactose] = 1.42 x 10~ * M; [DDAC]
= 1.42 x 10~* M; pH = 13.66; copper and brass electrode size = 1.0 cm
x 1.0 cm; copper and brass electrode area = 0.17 cm?; light intensity =
7.299 mW cm™?; graphite electrode area = 4.1 cm x 0.3 cm; diffusion
length [Dy] = 4.5 cm.

and the large (1.0 cm x 1.0 cm) copper electrode are relatively
higher than those of the brass electrode (Tables 11 and 12). The
reported electrochemical impedance spectroscopy study on the
corrosion parameters of the copper alloy (brass) in NaOH
solutions shows a higher value of charge transfer resistance,
indicating lower electron release.*® Further, it is also reported
that copper metal in NaOH solution has a lower transfer resis-
tance value, indicating higher electron release from the metal.**
Hence, compared to brass (copper alloy), the copper metal has
a greater tendency to release electrons.

The electrode properties of a material are dependent on its
chemical, physical, electronic and morphological properties.
Therefore, the optimum size of the electrodes for optimum cell
performance is supposed to be different for different electrode
materials. Under similar electrolyte conditions, the optimum
size of the copper electrode will be different than that for the
brass electrode for optimum cell performance. It is due to the
fact that the chemical and physical properties of the copper
material are different than those for the brass material.
Consequently, the different natures of copper and brass may be
the reason for the different electrical power output for the
copper and brass electrodes of the same sizes.

It has been observed that under similar alkaline conditions,
the electric power output for the copper electrode is relatively
higher than that of the brass electrode. Further, the dissolution
of both electrodes (copper as well as brass) was also observed in
the present study, where the corrosion is correlated with the
weight loss. The loss of the metal specimen during corrosion
was tested by taking the weight of the metal electrode before
and after each cycle of a 10-cycle experiment. Before the
experiment, the weight of the copper electrode sized 0.3 cm x
0.2 cm was 2.037 g, and after the experiment, it was 1.934 g.
Similarly, the weight of the brass electrode sized 0.3 cm X
0.2 cm before the experiment was 2.208 g, and after the exper-
iment, it was 2.115 g. Whereas, no noticeable weight loss has
been found in platinum due to its inert property.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In alkaline medium, the relative photogalvanics of the
copper and brass electrodes can be explained on the basis of
published studies.**** The reported electrochemical impedance
spectroscopy study on the corrosion parameters of copper alloys
(brass) in NaOH solution shows a higher value of charge
transfer resistance, indicating lower electron release from the
brass electrode.* Further, it is also reported that the copper
metal in NaOH solution has a lower transfer resistance value,
indicating a higher electron release from the copper metal
electrode.* Hence, compared to brass (copper alloy), the copper
metal electrode has a greater tendency to release electrons and
consequently higher capacity to show power output (552.3 pW
for copper; 546.4 uW for brass).

Similarly, the dissolution of the copper and brass electrodes
as observed in the present study in alkaline medium can be
explained on the basis of published studies.**** For copper in
NaOH alkaline medium, four anodic peaks are reported corre-
sponding to the successive formation of a monolayer of Cu,0,
a thick layer of CuO and CuO,”” and, finally, a higher oxide
Cu,0; before the evolution of oxygen.

The reported cyclic voltammetric study of the electro-
chemical behavior of copper material at various alkali concen-
trations shows the following most possible oxidation reactions
of copper.*®

Cu+OH — Cu(OH") +e” (6)
2Cu(OH") — Cu,O + H,0 (7)

Cu,O + 20H™ — 2CuO + H,0 + 2¢~ (8)
Cu,0 + 20H + H,0 —2Cu(OH ), + 2e~ 9)

The resulting Cu(OH™), exists in the equilibrium: Cu (OH7), =
CuO + H,O

The cyclic voltammetric study of the electrochemical
behavior of brass is also reported for the NaOH solutions. Two
potential regions (the preferential and the simultaneous
dissolution potential regions) are reported in the anodic portion
of the voltammogram. In the first region, selective dissolution
(dezincification) of the less noble zinc material occurs with
appearance of two anodic peaks showing the formation of ZnO
film of a duplex nature. In the second potential region, the
simultaneous dissolution of both the zinc and copper materials
occurs with the appearance of three anodic peaks showing the
formation of Cu,O, Cu(OH),, and CuO on the electrode surface,
respectively. It is reported that alloying zinc with copper
decreases the dissolution of zinc from the alloy. This behavior
could be explained on the basis that the dissolution is limited
by the non-steady-state diffusion of zinc atoms from the bulk of
the alloy to the alloy solution interface, which implies that the
rate-determining step of dezincification is the diffusion of zinc
atoms. The process of preferential dissolution of zinc leads to
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the formation of a layer rich in copper and depleted in zinc on
the electrode surface.”

Because of the oxidation of brass and copper, the photo-
galvanic cell's electric output has been increased as a result of
electrons lost from the electrode surface. When exposed to an
alkaline solution, copper has been found to corrode (oxidise)
more quickly than brass (copper alloy). The corrosion of brass,
an alloy consisting of copper and zinc, is lower because there is
no metal coupling effect.*®

The electrochemical properties of the platinum electrode
was also studied under the same experimental conditions as
used for the copper and brass electrodes (Sec. 4 of ESIt) (Table
13).

Under similar experimental conditions, the observed elec-
trical outputs of the copper, brass, and platinum working
electrodes are 552.3 uW, 546.4 uW, and 443.8 uW, respectively.
The comparison of the data under similar experimental condi-
tions shows that the electrical outputs for the copper and brass
electrodes are higher than the electrical output for the platinum
working electrode.

The photogalvanic cells are based on the photogalvanic
effect. The photogalvanic effect arises due to the photophysical
processes occurring in the body of the electrolyte solution.®®
Therefore, the role of electrodes in photogalvanic cells is mainly
to complete the electrical circuit and to efficiently facilitate
electron exchange. Platinum bears all these properties. Plat-
inum is an inert metal with very good electron exchange
capacity. Therefore, the platinum electrode has been widely
explored as a working electrode in photogalvanic cells.">**
However, platinum has some drawbacks, such as its high cost
and unavailability in the local market. Its procurement is very
costly and time-consuming. In contrast, copper metal and brass
alloy materials are cheap and easily available even at the
household level. Therefore, the procurement of copper metal
and brass alloy is cheaper and less time consuming. One more
additional advantage of copper and brass is that the electrical
output for the copper- and brass-based cells is relatively higher
than that for the platinum electrode-based cells.

6. Comparison of the present
photogalvanics of copper and brass
electrodes with the published
photogalvanics of the platinum
electrode

In the present study, the observed electrical power outputs for
the photogalvanics of the copper and brass working electrode
are 552.3 uW and 546.4 uW, respectively. The electrical power
output reports for the photogalvanics of the platinum working
electrodes are 158.72 uW,*® 138.60 uW,*® 174.2 uW,** 345.0 uW,**
367.8 uW," 989 uW,* and 1170 uW* (Table 14).

The observed electrical power output for the photogalvanics
of copper and brass is found relatively higher compared to most
of the reported photogalvanics of the platinum electrode.
Further, the observed electrical power outputs for the copper
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Table 13 Photogalvanics of platinum working electrode (0.3 cm x 0.2
cm) in Allura Red-p-galactose-DDAC-NaOH electrolyte

[Allura Red] [p-galactose] [DDAC]*

Electrical parameters of the cell

Vdark (MV) 435 Ppp (1W) 443.8
Vinax (mV) 726 Vpp (MV) 269
Voe (MV) 721 Iop (HA) 1650
¢ (min) 20 CE (%) 11.61
Imax (HA) 5510 FF 0.25
I sc (},I.A) 2400

“ At [Allura Red] = 2.85 x 10 > M; [p-galactose] = 1.42 x 10~ * M; [DDAC]
= 1.42 x 10~* M; Pt electrode size = 0.3 cm x 0.2 cm; light intensity
7.299 mW cm~?; graphite electrode area = 4.1 cm x 0.3 cm; diffusion
length [D;] = 4.5 cm.

and brass electrodes are also found relatively lower compared to
the some reported photogalvanics of the platinum electrode.

The higher electrical outputs of the copper and brass elec-
trodes in comparison to the platinum electrode can be traced to
the mechanism of photogeneration of the current from the
photogalvanic cells and the electrochemical standard reduction
potential of the platinum, copper and brass (alloy of copper and
zinc) electrodes. From the mechanism, it is obvious that the
migration of electrons from the working electrode towards the
external circuit causes the flow of the current. A higher tendency
of the working electrode to give electrons towards the circuit
will also favor the current. The composition of the brass elec-
trode is 66% Cu and 34% Zn. Therefore, the electrochemical
nature of the Cu and Zn elements will decide the electro-
chemical nature of the brass electrode.

The standard reduction potentials for platinum (Pt**/Pt),
copper (Cu**/Cu), copper (Cu®>*/Cu*), and zinc (Zn>'/Zn) are
+1.2 V, + 0.34 V, + 0.15 V, and —0.76 V, respectively. From the
electrochemical series, a higher standard reduction potential
(more positive value) indicates a higher tendency to receive
electrons (lower tendency to give electrons). So, the copper (Cu)
and brass (Zn-Cu) working electrodes have a higher tendency to
give electrons than the platinum (Pt) electrode. Therefore, the
electrical current and power are relatively higher for copper (Cu)
and brass (Zn-Cu) working electrodes than for the platinum (Pt)
working electrodes.

Further, the electrical output of copper and brass electrodes
is also supplemented by the use of a more effective counter
electrode (i.e., graphite in the present study) in place of the
saturated calomel electrode used as counter/reference electrode
in previous studies.

Moreover, platinum (Pt) is expensive, while copper (Cu) and
brass (alloy of Cu and Zn) possess the lowest price compared to
platinum (Pt).

The superior electrical and thermal conductivity of copper
and brass materials, coupled with their inherent corrosion
properties, ensures a reliable and efficient electron transfer
process in the cell. Additionally, copper and brass are widely
available and economically viable materials, making them
sustainable for large-scale implementation. Further, copper and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 14 Comparison of present photogalvanics for the copper and brass electrodes with platinum electrode from published work

Photogalvanic system

Electrical parameters of the cell

S.  Working electrode Reference/counter Dye-reductant-surfactant- Power CE
No. used electrode used NaOH Vimax ~ Imax  Tse (uW) (%) Year Reference
1 Copper (0.3 x 0.2  Graphite Allura Red (dye)-p-galactose 730 7850 4030 552.3 8.54  Present
cm?) (reductant)-DDAC study
(surfactant)-NaOH
2 Copper (1.0 x 1.0  Graphite Allura Red (dye)-p-galactose 692 7100 3520 568.2 0.88  Present
cm?) (reductant)-DDAC study
(surfactant)-NaOH
3 Brass (0.3 x 0.2 Graphite Allura Red (dye)-p-galactose 788 9200 5320 546.4 6.12  Present
cm?) (reductant)-DDAC study
(surfactant)-NaOH
4 Brass (1.0 x 1.0 Graphite Allura Red (dye)-p-galactose 706 7430 3300 505.4 0.70  Present
cm?) (reductant)-DDAC study
(surfactant)-NaOH
5 Platinum (1.0 x SCE Rose bengal (dye)-p-xylose 885.0 575 460.0 158.72 1.52 2010 39
1.0 cm?) (reductant)-NaLS
(surfactant)-NaOH
6 Platinum (1.0 x SCE Methyl orange (dye)-p-xylose 1085.0 625.0 480 427.20  1.6245 2011 40
1.0 cm?) (reductant)-NaLS
(surfactant)-NaOH
7 Platinum (1.3 x SCE Safranine-O (dye)-EDTA 871.8 400.0 200.0 174.2 0.7213 2013 41
1.3 cm?) (reductant)-NaLS
(surfactant)-NaOH
8 Platinum (1.0 x SCE Fast green FCF (dye)-fructose 1083 431 380 138.60 1.33 2014 28
1.0 cm?) (reductant)-NaOH
9 Platinum (0.4 x SCE Sudan-I (dye)-fructose 1020 1800 1350 367.8 11.49 2021 17
0.2 cm?®) (reductant)-NaOH
10  Platinum (0.2 x Graphite Quinoline yellow-cellobiose- 902 10 8000 989 15.08 2022 42
0.15 cm?) DTAB-NaOH 000
11 Platinum (0.6 X Graphite Bromo cresol green (dye)- 750 25 8000 1170 9.02 2022 43
0.23 cm?) formaldehyde (reductant)- 000
surfactant-NaOH
12 Platinum (0.1 x Graphite Carmoisine A (dye)-Lactic 731 5500 2500 345.0 25.4 2023 44

0.3 cm?)
(surfactant)-NaOH

brass corrosion can be controlled by using corrosion inhibitors
or by moulding with different metals that can resist corrosion
for further studies. While alternative materials may have certain
advantages, copper and its alloys' unique combination of
properties makes them the most practical and reliable choice
for enabling a sustainable future through solar power genera-
tion technologies.

7. Challenges in present work and
suggestions for future

The major challenges faced in the present work are related to
the dissolution of the copper and brass electrodes in the alka-
line electrolyte. Future research on photogalvanic cells may plan
to tackle these challenges of corrosion-induced electrode loss.
In the present study, the copper and brass electrodes are slowly
corroded by alkali.

This loss of copper and brass electrode material can be
prevented by the use of inhibitors reported in the literature.*
Different inhibitors are used for the protection of metals and
their alloys. However, nowadays, researchers have focused on

© 2024 The Author(s). Published by the Royal Society of Chemistry

acid (reductant)-CAPB

nontoxic and environmentally friendly inhibitors. Generally,
leaf extracts and organic inhibitors are reported as more effi-
cient inhibitors as compared to other inorganic and toxic
inhibitors.*> The corrosion inhibition by plant extracts is
generally attributed to the existence of complex organic mole-
cules, e.g., tannins, alkaloids, nitrogen bases, carbohydrates,
amino acids, and proteins. The polar functional groups with the
heteroatoms (N, S, O), along with the conjugated double bonds
or aromatic rings, create the major adsorption centers in these
plant extracts. The main adsorption centers of these heterocy-
clic compounds are polar functionalities with N, S, or O atoms
and alternate double bonds, along with the presence of
aromatic rings in their chemical structure.*® The organic
inhibitors possess features like the presence of hetero atoms
and/or double bonds, large surface area, active center, etc.,
which upon adsorption on the metal surface will blanket a large
area of the metal and thus isolate it from the aggressive ions
present in the environment. Benzotriazole (BTA) is also re-
ported as a corrosion inhibitor for copper and its alloys in acidic
and alkaline solution, because of its high inhibition efficiency.
Benzotriazole is an organic compound consisting of benzene
and a triazole ring, whose formula is C¢H;N3. The presence of
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nitrogen atoms in the triazole ring enables bonding with copper
and is a basis for the inhibitive effect of BTA.*” The benzo-
triazole can be either neutral, negatively charged (BTA™) or
protonated (BTAH,") depending on the pH of the test solution.
Due to the high pK, (8.4) constant, i.e., in acidic environment (at
low pH), the molecule is predominantly in neutral or undisso-
ciated form (BTAH). As the pH increases towards alkalinity (low
pK. = 1), the deprotonation of the molecule increases,
becoming present in the BTA™ form. Benzotriazole has been
extensively used for inhibition of copper corrosion by forming
a monolayer or multilayer protective barrier layer in aqueous
solutions.*® Various mechanisms, though some contradictory in
nature, have been proposed for benzotriazole molecule
adsorption or film formation on copper surface. Cotton et al.
proposed the formation of the surface complex of Cu-BTAH
during the immersion of copper in BTAH solution, where
soluble copper ion is formed.*” Cotton and Scholes postulated
that a polymeric film of 50 A thick BTA forms on copper cova-
lently bonded by the replacement of the H atom from the N-H
group and a coordination bonding involving a lone pair of
electrons from one nitrogen atom.*® The formation of linear
polymeric Cu(1) BTAH structure was not limited to a monolayer
but could grow to several thousand A thick due to the transport
of Cu(i) ions from the matrix of copper metal through the
surface film.>

The compounds 2-amino-5-ethylthio-1,3,4-thiadiazole, 2-
amino-5-ethyl-1,3,4-thiadiazole and 5-(phenyl)-4H-1,2,4-
triazole-3-thiol are also good corrosion inhibitors, but due to
their adverse effects on the environment, health and organisms
in recent times, the focus of research is transferred to the
inhibiting action of biological molecules or mixtures of natural
compounds called “green inhibitors”.*> Graphene-based mate-
rials may also be used as photoanodes in future research.> The
present work used graphite as counter electrode. To further
enhance the electrical performance of the photogalvanics of the
NaOH-Allura Red-p-galactose-DDAC electrolyte, the use of
alternative counter electrodes like NiSe,/MoSe,@N-BCCSs,**
double-shell N-C-in-Co/N-C electrocatalysts with nanorod- and
rhombic dodecahedron-shaped hollow morphologies,” and
CoeM0sC,/CO@NC,* zinc oxide (ZnO) materials,”” and CusS or
PbS deposited ZnO nanorods should be considered.>®

8. Conclusion

In the present research, entirely new and unexplored chemically
different working electrodes (copper and brass) in place of
platinum have been exploited in photogalvanic cells. Photo-
galvanics has mainly focused on the costly and non-ubiquitous
platinum working electrodes. In the present work, the photo-
galvanics of cheap and easily available copper and brass
working electrodes has been studied with the twin objective of
developing cheaper photogalvanic cells with enhanced elec-
trical output. The observed results for photogalvanics of the
copper working electrode-Allura Red photosensitizer-p-galac-
tose reductant-DDAC surfactant, and the brass working
electrode-Allura Red photosensitizer-p-galactose reductant-
DDAC surfactant, include the power of 552.3 puW and
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efficiency of 8.54%, and the power of 546.4 W and efficiency
6.12%, respectively. The observed electrical outputs for the
photogalvanics of copper and brass electrodes are relatively
higher than that of most reported platinum photogalvanics. The
chemically active nature and favorable redox potentials of
copper and brass materials may be one of the reasons for their
enhanced electrical output. Despite the loss of copper and brass
electrode material during production of the current, the pho-
togalvanics of copper and brass provides a relatively more effi-
cient and cheaper route for solar energy conversion and storage
through photogalvanic cells. It has been observed that under
similar experimental conditions, the electrical power outputs
from both the small and large copper electrodes are relatively
higher than that of the brass electrode. The reason for the
higher power of the copper electrode may be its lower value of
charge transfer resistance.

Considering the overall cell performance, cost effectiveness,
and availability, the copper and brass electrodes are identified
to be the best option for solar power generation through the
photogalvanic cell. The drawback in the loss of copper and
brass in photogalvanics may be checked in future research by
using inhibitors.
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