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Abstract

A simple method for construction of small-scale and low-cost galvanic cells was developed as a teaching tool
for electrochemistry of high school students. The method was designed based on the concept of “Green chemistry”
reducing use of chemicals, less waste generation, and time consumption while retaining the experimental concepts.
The galvanic cells contain various electrodes, including Cu, Zn, Al, Mg and Fe, and a low cost salt bridge which was
made from a cotton thread (with the length of 18 cm) soaked with electrolyte solutions. Our experimental setup
corresponded to the conventional platform; but with lesser use of electrolyte solution (2.00 mL). The cells were
studied for the optimum conditions including concentration of electrolyte of each cell (0.01 M), the solutions employed
as salt bridge (0.01M KNO;) as well as the study of reagent lifetime of electrolyte (720 h). The results obtained from
the constructed galvanic cells were compared to those from the galvanic cells developed through conventional
method. According to the t-test, the cell potential values obtained from both methods were comparable (f,, = 2.414,
torictical = 2-447) at p= 0.05. The analysis of pre-test and post-test scores of the students (before and after using the
developed cells, respectively) was also performed revealing the mean values of 4.69 and 8.15, respectively, with the
difference of mean percentage for the pre-test and post-test scores being 34.89%. CV (coefficient variation) was
24.09% and 15.82% for the pre-test and post-test, respectively. According to the paired-samples t-test analysis, the
scores of the two examinations were significantly different (f,,ceneq = 9-55, Laiical = 2-07) at p=0.05. The improved post-
test scores obtained from the students indicate their increased understanding towards the small scale and low cost
galvanic cells. The approaches presented herein are expected to be cost-effective and useful teaching tool

incorporated into high school education.
Keywords: Small scale, Galvanic cell, Salt bridge, High school

Introduction

In several parts of the world, higher education
institutions are still depending on use of macro scale
experiments (traditional approach) for an educational
illustration in chemistry. Thus, lack of instrumentations,
apparatuses, chemicals or laboratories in many schools

suppresses learning process to students. There are two

important aspects in “Green Chemistry” (modern approach)
which can be applied for the improvement of the
learning process. One is based on the idea of
miniaturization in way that experiments in chemistry
(oxidation and reduction, electrochemistry, galvanic

cell, electron transfer, acid and base etc.) can be
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scaled down which are carried out in simpler and
smaller platforms (e.g. using injection bottles, dropper
bottles, syringes, well plates, plastic pipettes) as well
as being more economic than the traditional macro
scale approach (e.g. employing glassware in the
laboratory). The other aspect is to perform effective
chemical experiments which consume less chemical
and reduces generation of waste with high product
yields. Thus, the small-scale and effective experiments
have a potential to enable teaching materials for
students in huge classes, as well as for many
institutions in developing countries lacking technical
services (i.e. electricity, running water) and standard-
type equipments.

Electrochemistry has been regarded as one of
the most difficult topics by both students and teachers
(Finley et al.,1982). High school students find it difficult
to understanding the fundamental concepts of
electrochemical cells and electrolytes which involve
the processes of oxidation-reduction, electron transfer
and ion conduction (Ebenezer, 2001; Lin et al., 2002;
Ringnes, 1995). A key challenge is to provide better
insight into the flow directions of ions in electrolyte and
electrons in electrodes (Sanger and Greenbowe, 1997).
Chemists normally apply particle models to provide an
explanation for such problems. However, the chemist’s
conceptual models have been found to be complex for
many students (Ahtee et al., 2002; Garnett et al.,
1990; Garnett and Treagust, 1992; (")zkaya, 2002). As
a result, the students are not enthusiastic in learning
electrochemical phenomena. This also results in
difficulty for many teachers teaching electrochemistry.

Electrochemical processes involve oxidation-
reduction (redox) reactions transferring electrons from
one species to the others. Galvanic cells (traditionally
presented in the form called Daniell cells) are widely
used for illustration of the electrochemical processes
applied in either qualitative or quantitative analysis. In

most applications, a galvanic cell contains two electrodes
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partly immersed into two separated electrolyte solutions.
The two electrode ends, which are not in contacted
with the electrolytes, are connected via conductive
wires. Providing that there is potential difference
between the two electrodes, redox reactions occur at
the electrode/electrolyte interfaces facilitating flows of
electrons (or electric current in the wires) and ions (in
electrolytes) (Varkey et al., 2014). The two separated
half-cells (each of which contains the electrode and
electrolyte) are connected via a salt bridge resulting in
a closed electrical circuit within the cell. The salt
bridge functions as an electrical contact between the
two electrolyte solutions maintaining the ion flow as
well as preventing a mixing of the solutions (Umland
and Bellama, 1999; Whitney, 1903). Conventionally, a
galvanic cell is constructed by using considerably
large volume of electrolyte with the use of either agar
or paper as a supporting material in the salt bridge
(Figure 1A).

The concepts of microscale chemistry and
“Green Chemistry” have been further described in
many articles (Anderson, 1996; Bradley 2002; Craig et al.,
1989; Epp 1995; Grgnneberg et al., 2007; Grgnneberg et
al., 2006; Kamata and Yajima 2013; Kelkar and Dhavale
2000; Kvittingen and Verley 2004; Liberko 2007; Singh
et al.,, 1999; Waterman and Thompson, 1995). Mini
galvanic cells were developed as a teaching platform
illustrating semi quantitative analysis in electrochemistry
(Craig et al., 1989). The cell consists of two droppers
clogged by cotton plugs which were dipped into a 2-
dram vial (17 mm X 60 mm) containing ammonium nitrate
(functioning as a salt bridge in aqueous state). Each
dropper contains electrolyte solution and a small metal
electrode. Although the cell performance was good,
such a platform is slightly different from the conventional
platform employing a solid supporter as a salt bridge
(e.g. as llustrated in Figure 1A) which is usually
shown in many text books. The unsteady voltage of

the previously reported cell caused by inconsistency in
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cotton plug packing was also noted (Craig et al., 1989)
as well as short cell lifetime which may be another
disadvantage. This study aimed to develop small-scale
and low-cost galvanic cells as teaching materials in
electrochemistry for high school students. To the best
of our knowledge, a small platform of galvanic cells
with approximately 10-fold reduction of electrolyte
volume using cotton thread as a material in the salt
bridge has not been previously reported. The aim of
this work is to develop such a platform (Figure 1B)

aimed to be used in high school laboratories.

A) I,’—_-ﬁ--\_ ] Agaror papersalt bridga

20,00 mL, 1 M MgS0, 20.00 mL, 1 M GuS0,

B) - Cotton thread
i

-

Voltmete

2.00mL, 0.01 M Mg50,  2.00mL, 0.01 M CulQ,

Figure 1 Comparison between (A) conventional and

(B) developed platforms of galvanic cells.

Experimental
Preparation of electrolytes and electrodes

All electrolytes were prepared with laboratory
grade reagents and distilled water. A 0.01 M solution
of each electrolyte was separately prepared by

dissolving 0.2496 g of CuS0O,'5H,0 (CARLO ERBA),
0.2874 g of ZnSO,*7H,0 (CARLO ERBA), 0.24647 g of

MgS0O,:7H,0O (Ajax Finechem), 0.27801 g of FeSO,*7H,0O
(CARLO ERBA), 0.6659 g of Al,(SO,);*18H,0 (Ajax
Finechem), 0.1019 g of KNO, (Ajax Finechem), 0.0846
g of NaNO; (Ajax Finechem) or 0.0584 g of NaCl in
100 mL of deionized water. All 0.01 M electrolyte
solutions (2.00 mL) were transferred into separated
vials. Electrodes (strips of different metals) were
cleaned by sanding and/or dipping in 3 M HCI and cut

into the dimension of 0.54 mm x 9 cm.

Preparation of galvanic cells

A small-scale galvanic cell was made from
two vials (7 cm height). A cotton thread (with the
length of 18 cm) pretreated in 2.00 mL of 0.01 M of
saturated potassium nitrate solution (Ajax Finechem,
AR.) was used as a salt bridge. The pretreated thread was
dipped into vials, left for hardening (about 5 minutes)
and then carefully adjusted into an appropriate
position as shown in Figure 1B. Each vial was then
filled with electrolyte and a metal electrode the length
of which was slightly longer than the depth of the vial.

The used equipments are shown in Figure 2.

- Common metal
Cotton thread

Figure 2 Apparatus used for small-scale galvanic cells

Measurement and optimization of galvanic cell potential
Measurement of potential of the studied galvanic
cells was performed as followed. The black wire was

connected to the electrode with smaller reduction
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potential (anode), and the red wire was connected to
the other electrode with higher reduction potential
(cathode). After connecting each wire to a digital
multimeter (model AT9205B, ATTEN® INSTRUMENT),
the cell potential (E,,) produced by each pair of the
half-cells was measured as shown in Figure 1B.
Optimization of cell potential was performed involving
types, concentrations and volumes of electrolytes as

well as reagent life time and stability of the cells.

Application of the developed method

The developed galvanic cells were applied as
teaching materials in electrochemistry. A total number
of 31 students (11 male, 35.48% and 20 female, 64.52 %)
within the age range of 14-16 years participated in the
study conducted in July, 2014. They are from Satree-
siriket School, Amphoe Sisaket, Sisaket province, Thailand.
Performance of the galvanic cells was evaluated which
is based on how well the students’ knowledge can be
improved. This was performed by the comparison of
pre-test and post-test scores in electrochemistry of the

students before and after using the galvanic cells.

Analysis of data for developed method

The mean scores for each test were analyzed
by using software statistics, involving sample mean,
standard deviation, coefficient of variation (CV), relative

standard deviation, percentage of score, and f-test.

Results and discussion
Optimization of the cell potential

Parameters affecting cell potential were examined
using the separated cells. Figure 3A shows that the
cell potential increased with the increasing electrolyte
concentration. The experiment was performed by fixing
concentration of one half-cell (0.1M) and increasing
the concentration of the other half-cell up to 0.01 M;
whilst, further increase in the concentration from 0.005 M

to 0.03 M resulted in the potential decrease. Therefore,
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0.01 M was chosen for further experiments. The potential
values of the galvanic cells with different pairs of
electrodes and electrolytes using cotton thread as salt
bridges were compared to the theoretical values which

were calculated by using Nernst's equation as followed.

0 0.591

cell T n

E., =E log Q (1)

cell

where E(c)eII is the standard reduction potential
the cell which can be calculated from the standard
reduction potential of each half cell. Q is the reaction
quotient depending on activity ratio of ions in electrolytes
employed in the two half-cells. The activity ratio can
be approximated to be the ratio of ion concentrations.
According to the Equation 1, values of E relative to

that of E0

«oidepend on Q. A Q value being more than,

0

less than, or equal to 1 corresponds to E_

being
less than, more than, or equal to 1, respectively.

Any increase in Q of the cell results in reduction
of Eg,, while decrease in Q increases E.,. Thus, E,
can be tuned by changing Q value which can be
simply performed by varying concentration ratio of two
electrolytes used in the cell (Oldfield, 1988) For a
galvanic cell prepared using [Zn2+] = [Cu2+] = 1.0 M,
the Q value is 1 (log;,Q 1 = 0). The potential of this

cell (E is the same as the cell

Zn |Zn2+||Cu2+|Cu )

. 0
potential at the standard state (EZn |2n2+||0u2+|0u)

which is calculated to be 1.10 V, for instance. When
the concentration of Zn”" (aq) is increased to be 10
times of [Cu”] (with [Zn°] = 1.0 M and [Cu’] = 0.1
M), the corresponding Q value is 10 (log,(Q = 1). The

calculated EZ is decreased to be 1.07

n |Zn2+||Cu2+|Cu
V. If [Zn""] = 0.01M and [Cu”] = 0.1M, the resulting Q

is 0.1(log,,Q = —1). The calculated E
(log1o ) zn |zn?*|lcw?*|cu

is increased to be 1.13 V which corresponded to our

experiment shown in Figure 3A.
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Cell potential (V)

001 002 003 004
Concentration of electrolyte (M)

Cell potential (V)

05 1.0 15 2.0 25 3.0 35 4.0
Volume (mL)

Figure 3 (A) Dependence of electrolyte concentration
(M) at the fixed volume of 2.00 mL and fixed
of the concentrations of one half cell at 0.1
M. (B) Influence of the electrolytes volume
(mL) at fixed concentration of electrolytes at
0.1M of cathode half cell and 0.01 M of anode
half cell.

(a) Culcu”IMg”"[Mg,  (b) Culcu”||zn"|zn,
(c) culcu”|IFe”’[Fe,  (d) Culcu’|AIAl,
(e) Znjzn IFe”|Fe,  (f) Znjzn IAITA,

(9) Znizn"| Mg”' Mg, ~ (h) AlIAI"IFe” |Fe,
(i) FelFe” Mg Mg, and (j) AlJAI” IMg” [Mg.

The effect of electrolyte volume on the cell
potential is shown in Figure 3B. The cell potential
increased with increasing volume of electrolyte until 2
mL since the contact surface areas between electrodes
and electrolytes increased which enhanced E.,, e.g.
due to reduction of resistance within the electrode/
electrolyte junction (Allen, 1995). The increasing E,
values reached the saturated values at 2-3 mL. Thus,
this condition was selected minimizing amount of used

solution.

The effect of salt types used as salt bridges
on the cell potential was also studied. Although high

Ece1 Was obtained with the use of 0.01 M NaCl,,, the

aq):
cell lifetime is relatively short (about 0.33 h). 0.01 M
KNO;,, was observed to be better salt resulting in
very stable cells as well as providing high cell
potential, as illustrated in Figure 4. Potassium ion is
remarkably nonreactive, and most potassium salts are
soluble in water (Whitney, 1903). Also noted that
NaCl,q might not be a good choice when zinc, silver
or lead electrodes were applied due to the precipitation
of many common anions, e.g. ZnCl,, AgCl, PbCl,,

which is caused by the presence of NaCly, (lverson

aq)
and Duke, 1957; Ohno 2011). The long term use of
this salt solution also causes imbalance of ions in the
electrochemical cell. The results of other studied cells
were also in good agreement with Figure 4. Therefore,

0.01M KNO; (,q, was selected for further study.

1.0
S
~ 0.8
S ﬂ%;%
"E 0.6
3
O 0.4-
Q
% 0.24 —=— KNO, used as a salt bridge
O —e— NaCl used as a salt bridge
O-O T T T T T

0 1 2 3 4
Time (h)

Figure 4 Stability test of the cell prepared with the salt
bridge containing KNO; (o, and NaCl,q of
Cu|Cu2+||M92+|Mg cells concentration 2.00 mL
in 0.01 M of electrolyte.

The lifetime of the developed small-scale cells
is investigated as shown in Table 1 for the lifetime of
the Cu(s)lCu2+(aq)||MgZ+(aq)|Mg(s) cell and the other cells
studied also corresponded to Table 1. The cell potential
values measured in different sets of the experiments
were not significantly different within %RSD < 2, suggest-

ing that the precision of the developed small-scale cells
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Table 1 Mean (X), standard deviation (SD) and relative standard deviation (%RSD) values of E

Cu |Cu2+||M92+|MQ

using 2.00 mL and 0.01 M of electrolytes in both half-cells at different application time.

Cell voltage (V)

Cell of Cu|Cu®*[|[Mg”*|Mg Time (h)

0 1 2 3 4 24 720
Set 1 1.38 1.40 1.39 1.40 1.42 1.41 1.43
Set 2 1.38 1.41 1.39 1.37 1.42 1.38 1.40
Set 3 1.40 1.43 1.42 1.39 1.44 1.40 1.39
M 1.39 1.41 1.40 1.39 1.43 1.40 1.41
SD 0.01 0.01 0.01 0.01 0.01 0.01 0.02
%RSD 0.83 1.08 1.23 1.10 0.80 1.09 1.47

is high and workable. It could also be concluded that

the reagent can be effectively used up to one month.

Comparison of small scale method and conventional
method

The comparison between conventional and developed
cells was illustrated in Figure 5 for different half-cell
couples. Both methods were observed to be
comparable. According to the t-test, the cell potential
of each 7 cell was not significantly different (f, =
2.414, t iica = 2.447) at p = 0.05. The Cu-Fe, Zn-Mg,
Cu-Zn and Al-Mg cells developed in this study reveals
significantly lower E., compared to the conventional
cells. However, qualitative analysis of different cells is
considered to be the same using either conventional
or herein approaches. With the benefits of low cost
and small scale, it is worthwhile applying the developed

cells in this study as teaching materials in the future.

The students learning outcome

The learning potential of the developed method
were determined using pre-test and post-test scores of
the students before and after experiencing the developed
cells. The data imply that the application of the small-
scale and low-cost galvanic cells was able to meet the
desirable goal with higher post-test scores of the students

as shown in Table 2. This table reveals student’s post-
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test scores were significantly higher (with X =8.15and
SD = 1.29) than their pre-test scores (with X =469 and
SD = 1.13).

1.64{ ms Conventional method

gz Developed method
1.2

0.8

0.4+

Cell potential (V)

0.0+

Type of cells

Figure 5 Comparison of potential values of different

cells being developed by the conventional
method and the developed method in this

study.

This outcome indicates an applicable teaching
innovation to improve students’ knowledge in electro-
chemistry. According to the result of CV showed that
the post-test scores (CV = 15.82) is improved when
compared with the pre-test (CV = 24.09), suggesting
that the improvement of students’ s understanding (the
criteria of consideration of CV value in education study
were divided into 3 parts 0-15 was an excellent method,

15.1-20 was a good method and > 20 was a poor method).
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According to the t-test, the t values of two examinations
were topened = 9-55 and tiic = 2.07 with p = 0.05. This

observation indicates significant degree of difference

between the two data. The students learmning experience

with the small-scale experiments is very satisfactory.

Table 2 Descriptive statistics, being number of students (N), mean value of scores (X ), standard deviation (SD),

coefficient of variation (CV), of pre-test and post-test of scores for small scale and low cost of galvanic cell

with p = 0.05 and Total mean = 10.

Variable N M SD Percentage CV (%) t-test
Pre-test 31 4.69 1.13 46.90% 24.09 9.55
Post-test 31 8.15 1.29 81.50% 15.82 2.07

Conclusions

The small-scale and low-cost galvanic cells
have been developed and successfully applied as the
teaching materials in electrochemistry which was
confirmed by the improved post-test scores of the high
school students after using the cells. It was found that
the developed cells have a potential to reduce the
solution consumption, at least by 15 mL per experiment
as well as producing less amount of waste in the
laboratory. The application of this approach is thus
environmentally friendly and worthwhile. Besides the
‘Green’ chemistry aspect, the developed cell efficiency
is comparable to the results obtained from the
conventional macro-scale cells. The presented concept
is expected to be a model example of small-scale

experiments for sustainable future.
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