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High school and preservice chemistry teacher education students’ understanding of 

voltaic and electrolytic cell concepts: Evidence of consistent learning difficulties across 

years 

Sri Rahayu, David F. Treagust & A. L. Chandrasegaran 

Abstract 

High school students learn the basic voltaic and electrolytic cell concepts during their last 

year prior to entering an undergraduate teacher-education science degree. During the four 

years of university, students complete a sequence of topics designed to build on conceptual 

understanding presented in previous years.  At the end of their degrees, graduating students 

are expected to have developed a comprehensive understanding of the subject that they are 

required to teach.  In this research, we designed and developed a 12- item diagnostic 

instrument which addressed 10 propositional content knowledge statements based on the 

Grade 12 chemistry curriculum that will be taught. In this cross-section study, 50 Grade 12 

high school students and 216 preservice chemistry teacher education undergraduates in 

Years 1-4 responded to the Electrochemistry Conceptual Test (ECT) consisting of 12 two-

tier multiple-choice items. The instrument was content validated by authors and peers prior 

to administration and when implemented had a Cronbach alpha reliability coefficient of 

0.64. Overall, the students across years possessed basic knowledge about electrochemical 

cells but frequently were unable to explain their knowledge. While the grand mean trend in 

understanding electrochemistry concepts from high school through university study did 

show some improvement, the mean scores remained relatively low and the year group 

means per item showed no such trend exacerbated by items having varying levels of 

difficulty. Based on this research, the lack in understanding about electrochemical concepts 

suggests that instruction in high school and ongoing university chemistry education faces 

ongoing challenges.   
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Introduction 

Rationale for the Study 

Most studies of students’ understanding of science concepts documented in the research 

literature concern a specific year level and identification of alternative conceptions held by 

students and how the implementation of different conceptual change strategies for that year 

level can enhance learning outcomes (Soeharto, Csapo, Sariminah, Dewi & Sabri, 2019; Lee 

& Osman, 2017). This information is very useful for teachers and researchers. Other studies 

that investigate learning over multiple years can provide useful information for teachers, 

researchers and for curriculum planning by illustrating the effectiveness of educational 

programs and identifying any consistent learning problems as well as teaching opportunities. 

This style of research has led to programs investigating learning progressions (see for 

example, Alonzo & Gotwals, 2012; Shepard, 2018). 

 In their three or four-year undergraduate science degree programs, universities offer 

a sequence of topics that are designed to build on conceptual understanding presented in 

previous years so that at the end of their degree graduating students have developed a 

comprehensive understanding of the subject. This situation applies to the concepts of 

electrochemistry that is the focus of this research. This study involved a five-year cross age 

study comparing understanding of electrochemical concepts of Indonesian Grade 12 high 

school students and undergraduate chemistry education students in years 1 to 4 of their 

university education. Although the study was conducted with Indonesian high school 

students and undergraduates, the findings could be relevant to any cohort of undergraduates. 

To the best of our knowledge no similar studies to ascertain undergraduates’ understanding 

of basic electrochemical concepts, first learned in high school, as they progressed through 

university have been documented in the extant literature.  
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Literature Review 

Studies of Electrochemistry Concepts 

Electrochemistry is a topic that is included in the high school curriculum in most countries. 

Research in chemistry education conducted over the past 30-40 years indicates that students 

experience difficulty in understanding several key chemistry concepts, one of which is 

electrochemistry (Authors, 2002; Childs & Sheehan, 2009; Tsaparlis, 2019). During this 

period, numerous studies have been conducted at different levels to elucidate students’ 

understanding of electrochemical concepts (e.g., Authors, 2012; Günter & Alpat, 2017; 

Niaz & Chacón, 2003; Özkaya, 2002) or teaching these ideas in innovative ways to 

engender a deeper understanding (Keen, Coutoure, El Meseh & Sevian, 2020; Sanders, 

Crettol, Brown, et al., 2018). Research has shown that students who develop alternative 

conceptions about electrochemistry in the early stages of instruction can limit their 

understanding as they continue their studies at higher levels (Sanger & Greenbowe, 1997). 

However, knowledge about students’ misrepresentations of electrochemical concepts can 

help in developing more appropriate instructional materials and strategies (Authors, 2002).  

 One reason that electrochemistry is considered as one of the difficult topics both at 

the high school and undergraduate levels is because most processes occur at the 

submicroscopic level that cannot be observed directly. That visualization of invisible 

processes raises difficulties for many students is well-known (Garnett, Garnett & Hackling, 

1995) and continues to be investigated (Herga, Čagran, & Dinevski, 2016; Lee & Osman, 

2017). Several similar alternative conceptions about the behaviour of galvanic and 

electrolytic cells have been identified in various studies involving high school students as 

well as undergraduates and preservice teachers. Most studies documented in the research 

literature in the field of electrochemistry concern a specific year level and identify 
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alternative conceptions held by students (Akram, Surif & Ali, 2014; Cheung, 2011; Garnett, 

Garnett & Hackling, 1995; Huddle & White, 2000; Özkaya, Üce, Sarıçayır & Sahin, 2006) 

or recommend implementing either conceptual change strategies at a particular year level 

that could help overcome students’ difficulties (Amponsah, Kotoka, Beccles, & Dlamini, 

2018; Önder, 2017; Niaz, 2002) or provide alternative approaches involving animations 

(Yang, Andre, Greenbowe, & Tibell, 2003) or multimedia (Osman & Lee, 2014; Lee & 

Osman, 2017). In a large-scale study with a random sample of high school students, 

multiple-choice items showed their difficulties in learning electrochemistry were based on 

four general alternative conceptions related to electric current during electrolysis producing 

ions, electrons migrating through the solution, the cathode being a minus pole, and the plus 

and minus poles having net electronic charges (Schmidt, Marohn & Harrison, 2007). 

 Building on this research and from our own former work (Authors, 2011, 2012) we 

developed an instrument comprising two-tier items to examine the development of students’ 

understanding of electrochemical concepts across the last year of high school and four years 

of university chemistry education. This research extends existing research in terms of (a) the 

range of research subjects - Germany Grades 11-13 high school students ( Schmidt et al., 

2007), Indonesian and Japanese Grades 11- 12 students (Authors, 2011), Malaysian Grade 

10 students (Authors, 2012) and Singapore Grade 10 students (Loh & Subramaniam, 2018); 

(b) the approach for collecting data – interviews (Bradley, & Ogude, 1996; Rosenthal, & 

Sanger, 2012), multiple choice test where students justify their choice in writing (Schmidt et 

al. 2007), multiple choice test without justification for students’ choice (Authors, 2011), and 

an open-ended questionnaire (Loh and Subramaniam, 2018); (c) a more extended concept 

coverage than only oxidation–reduction reaction (Rosenthal, & Sanger, 2012), the basic 

concepts of electrolysis (Authors, 2012), and the knowledge structure of Galvanic cells 

(Loh & Subramanian, 2019).  
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Studies Across Years 

In the chemistry domain, investigations across years have included US high school and 

university students’ understanding of molecular structure and bonding (Birk & Kurtz, 1999), 

Turkish students’ conceptions of the particulate nature of matter from secondary to tertiary 

levels (Ayas, Ozmen & Calik, 2010), and progression and consistency of thermal concepts 

held by Turkish grade 8 and grade 10 students (Adadan & Yavuzkaya, 2018). Birk and 

Kurtz (1999) used a 15 two-tier test on molecular structure and bonding to diagnose 

alternative conceptions over a time span of 10 years of student experience, along with the 

development of accepted conceptions, from high school to faculty. The results from this 

sample showed that at high school students had little understanding of molecular structure 

and bonding, students in their first year of college began to show some understanding but 

revealed a lack of comprehension, at the advanced graduate and faculty level, alternative 

conceptions were mostly not evident although performance was still not at 100%.  

 In a similarly designed study, students’ understanding of the particulate nature of 

matter over five years, ranging from first year of senior high school to second year 

university educational levels, was investigated by Ayas et al. (2010) using a questionnaire 

with five open-ended questions. The results indicated that the understanding of the students 

was mixed and not linear at all educational levels. The research findings also suggest that 

most of the students, including those at the university level, held alternative conceptions, 

could not make sense of knowledge and link their theoretical knowledge to daily 

phenomena. The authors commented that these students are likely rote rather than 

conceptual learners and chemistry may not have been linked to everyday life.  

 The extent of conceptual development and the patterns of consistency in 656 Turkish 

students’ understanding of thermal concepts across distinct age groups from grade 8, grade 
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10, to first year of college was examined by Adadan and Yavuzkaya (2018). Data were 

collected using all 19 items of the Thermal Concept Evaluation (TCE) (Yeo & Zadnik, 

2001) which consisted of four conceptual groups, namely: (I) heat transfer and temperature 

changes (II) boiling (III) heat conductivity and equilibrium, and (IV) freezing and melting. 

The findings indicated a substantial development of students’ scientific understanding of 

thermal concepts across grade levels but the participants in each group did not develop the 

four thermal concepts in a similar extent.  Similarly, the conceptual development of the four 

thermal concepts occurred in an uneven manner across grade levels. Students’ alternative 

conceptions about thermal concepts generally decreased in frequency across grade levels but 

certain alternative conceptions were observed in every grade level to a similar extent. The 

number of students who consistently used scientific ideas increased across grade levels, 

while the number of students who consistently used non-scientific ideas decreased across 

grade levels. However, the number of students who used scientific and non-scientific ideas 

inconsistently generally increased each year of the science curriculum. These findings can 

be associated with either fragmentation or alternative conceptions that result from the 

gradual enrichment processes students experience when they try to integrate scientific 

concepts into their conceptual frameworks. 

 These studies across years of education broadly show that while development 

through schooling does improve from year to year, such change is not linear and that earlier 

identified alternative conceptions remain or recur.  This is the departure point for this cross-

age study that examines learning electrochemistry concepts across five years of education. 

 

Methodology 

Sample and Curriculum Context 
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In Indonesia, electrochemistry first taught in high school in grade 12 lays the foundation for 

more advanced study at university level when the basic concepts are taught during the first 

and second years of university chemistry education studies and continued in third year as 

applications of the concepts and in fourth year strengthening an understanding for their 

future teaching of the concepts.  The course content in grade 12 and the four years of 

university are shown Table 1.  

Table 1 Electrochemistry curriculum content for Senior High School grade 12 and Years 1-

4 of the preservice chemistry education program 

 

Grade/Year Course Content 

Senior 

High 

School 

grade 12 

Chemistry The concepts of oxidation-reduction 

Balancing redox reactions 

Galvanic/Voltaic cells 

Notation for cells 

Standard reduction potentials 

Corrosion  

Electrolytic cell  

Application of electrolysis process in industry 

Year 1 Basic 

Chemistry  

Review of oxidation-reduction concept  

Review of balancing redox reactions  

Galvanic/Voltaic cells  

Standard reduction potentials  

Corrosion (protect against corrosion of iron) 

Electrolytic cells  

Application of electrolytic process, predicting the product 

of electrolysis, electroplating and purifying metals  

Year 2 Physical 

Chemistry  

Migration of ions:  transport number using Hittorf and 

moving boundary methods, electric current, ion 

mobility and ionic conductivity 

Equilibrium Electrochemistry: half reactions and 

electrodes, electromotive force, variety of cells, cell 

potentials, application of standard reduction potentials 

Year 3 Analytical 

Chemistry & 

Instrumentation  

 

 

Electrochemical Cells and Electrode Potentials: redox 

reaction, electrochemical cells, NERST equation, 

effects of concentrations on potentials  

Potentiometric Electrodes and Potentiometry: redox 

electrode, voltaic cell, reference electrodes 

Redox and Potentiometric Titrations: balance redox 

reactions, redox titration curve, titration with 

oxidizing/reducing agents, potentiometric titrations  

Voltametric measurement: current 

migration/electrochemical technique 
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Year 4 Review of 

Senior High 

School 

Chemistry 

curriculum 

content  

 

The concepts of oxidation-reduction 

Balancing redox reactions 

Galvanic/Voltaic cells 

Notation for cells 

Standard reduction potentials 

Corrosion  

Electrolytic cell  

Application of electrolysis process in industry 

Research Question 

The research question that guided the study was: How does students’ understanding of basic 

voltaic and electrolytic cell concepts develop across the last year of high school and four years 

of an Indonesian university chemistry education program? 

Research Design and Participants 

Using a quantitative case study approach (Creswell, 2012), data were collected from 

students who were readily accessible to the first author who is a member of the staff at the 

university where the undergraduate students were enrolled and has access to high schools 

through the university’s preservice teacher preparation program. The sample comprised 50 

high school students in grade 12 and 216 preservice chemistry teacher education 

undergraduates as follows: Year 1– 58, Year 2- 51, Year 3– 45 and Year 4 – 62. The high 

school students and the undergraduates were informed that they would be asked to take a 

conceptual test on electrochemistry, the results of which would be used for writing an article 

for submission to a journal. The data were collected at the end of the second semester of 

each year of schooling when electrochemistry curriculum content provided in Table 1 was 

covered by participants of respective Year. The data was collected within 1– 2 weeks after 

electrochemistry instruction finished. Permission to conduct the study was sought from the 

Ethics Review Board in the local Municipality and the university. Permission was received 

from the Head of Chemistry Department and the lecturers who provided the schedule for 

students to take the electrochemistry test and from the students. The students were also 
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informed about the purpose of the questionnaire and that they had a choice whether or not to 

participate. 

Teaching Program for Electrochemistry for High School and Preservice Chemistry 

Teacher Education Students 

An electrochemical cell is a system which consists of a voltaic/galvanic cell or an 

electrolytic cell; the former uses spontaneous redox reactions to produce electrical energy 

while the latter uses an electric current to produce a chemical reaction. The electrochemistry 

topic is taught in the Indonesian language to students in the last year of high school and for 

each year of the program for preservice chemistry teacher education undergraduates. In high 

school, the electrochemical concepts are commonly taught using a conventional strategy, 

such as lecture aided by power-point slides, algorithm problem solving and two or three 

laboratory experiments over the duration of 20, 45-minutes sessions. Teachers usually 

provide worksheets and also most of students have Indonesian Chemistry textbooks.  

 At university, the topic is generally delivered using a conventional strategy, such as 

lecture, algorithm problem solving, and collaborative discussion over a duration of four 150 

minutes sessions. Students took laboratory session (4 x 50 minutes) for the electrochemistry 

topic in separate course (Practicum of General Chemistry course) in the same semester. In 

General Chemistry, the dominantly used textbooks in the English language are those written 

by Chang and Overby (2011), McMurray, Fay and Robinson (2016), or Brown et al. (2018).  

An Indonesian language translated version of the Chang and Overby textbook is available 

from the university bookstore so students use the translated version to more easily 

understand the chemistry concepts in the Indonesian language rather than in English.   

 The electrochemistry topic is taught in the Indonesian language to Year 2 preservice 

chemistry teachers who took Physical Chemistry II in the fourth semester. The content of 

electrochemistry in this semester is more advanced compared to the electrochemistry in 
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general chemistry over a duration of 16 x 100 minutes sessions. In Physical Chemistry, 

lecturers used mainly textbooks written by Ball (2015), Castellan (1983) and Levine (2009). 

There is no translation of these textbooks in the Indonesian language but students are 

provided with module material in Indonesian by lecturers based on the textbooks.  

 In Year 3 of the preservice chemistry teacher education program, the Analytical 

Chemistry and Instrumentation course comprises applied electrochemistry concepts and 

principles in the fifth semester (see Table 1). Lecturers used the Analytical Chemistry 

textbook written by Christian, Dasgupta, & Schug (2014) and Harvey (2000) and provided 

module material in the Indonesian language.  In Year 4 of the preservice chemistry teacher 

education program, at the end of seventh semester, the undergraduate students go to the 

senior high school for their Practicum. Before visiting the high school, at the university, 

they prepare and review all high school chemistry topics, including electrochemistry. The 

university also provides an elective course ‘Review of Senior High School Chemistry 

Curriculum Content’ with the purpose to strengthen students’ necessary/basic knowledge 

for teaching chemistry at the high school level as shown in Table 1. Although preservice 

chemistry teachers are already equipped with General Chemistry course, more advanced 

chemistry course and application of some basic concepts in other course during the 

university study, it was evident from comments by lecturers that students sometimes still 

faced difficulty in understanding basic concepts that needed for teaching high schools.  

 

Development of the Research Instrument  

The Electrochemistry Conceptual Test was developed by the authors to investigate the 

learning in this program based on 10 major propositional content knowledge identified in 

the literature as shown in Table 2 and consists of 12 two-tier multiple-choice items. The 12 

items in the Electrochemistry Conceptual Test were defined by 10 propositional content 
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knowledge statements needed to understand the five major concepts. Most items stated in 

Table 2 were developed by the authors as well as other sources, such as Schmidt et al. 

(2007) and Authors (2012). Schmidt et al. (2007) implemented a multiple-choice test from 

which we took four items, used the items as the first tiers in our test and then developed the 

second tiers. We also took a two-tiers item from Authors (2012) and modified it so that it 

matched with the concept assessed and propositional content knowledge statement.  The 

instrument (in the English and Indonesian languages) is presented as the Electronic 

Supplementary Materials #1. 

 

 

Table 2 Electrochemistry Conceptual Test and Sources of Items 

 

Concepts assessed Propositional content knowledge statements Item 

no. 

Source  

Arrangement of 

the components 

of a voltaic cell 

and their 

functions. 

1. The electrode that is involved in the reaction of a 

voltaic cell is called an active electrode while the 

electrode that is not involved in the reaction is 

an inactive electrode. 

1 Authors 

2. The salt bridge in a voltaic cell enables ions to 

move between the half-cells. 

2, 3 Authors 

Generation of 

electrical 

energy from 

redox reactions 

in a voltaic cell. 

3. When a voltaic cell is established, electrons 

produced at the anode (where oxidation occurs) 

are conducted through the external circuit and 

are consumed at the cathode (where reduction 

occurs). 

4 Authors 

4. For the electrolyte to remain neutral, cations 

migrate from the anode half-cell towards the 

cathode half-cell while anions migrate in the 

opposite direction.   

5, 6 Schmidt 

et al., 

2007 

Authors 

Working 

principles of 

electrolytic 

cells. 

5. In an electrolytic cell an external current source 

(e.g., a battery) is used to produce a chemical 

change. 

7 Schmidt 

et al, 2007 

6. The solution that is electrolyzed in an electrolytic 

cell is a strong electrolyte which consists of 

freely moving cations and anions. 

8 Schmidt 

et al., 

2007 

7. The cathode of the electrolytic cell is connected 

to the negative pole of the battery so it has a 

negative charge, while the anode is connected to 

the positive pole and has positive charge. 

9 

 

Authors  
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Redox reactions 

in electrolytic 

cells 

8. The electrons that are released at the anode by the 

anions migrate through the metallic wire to the 

cathode via the battery. 

10 Authors 

9. During electrolysis, the concentration of the 

electrolyte may change depending on which 

species reacts at the anode and the cathode. 

11 Authors 

 10. In the process of electroplating the metal that is 

to be coated is the cathode and the metal that is 

used as the coating metal is the anode. 

 

12 Modified 

from 

Authors 

(2012) 

 

 The two tiers of the items are multiple-choice in nature. The first tier provides a 

content response to the question with one scientifically correct response and a number of 

incorrect responses, often alternative conceptions known to be held by students. The second 

tier solicits a reason for the answer to the first tier. This multiple-choice tier also consists of 

one scientifically correct response and other responses that were commonly known 

alternative conceptions. The items that were developed by the authors were based on the 

method proposed by Author (1988). When students can answer correctly in both tiers, this 

meant that they are more likely to fully understand the concept/sub-concept measured. The 

test was carefully designed based on previous research for the first and the second tiers 

based on misconceptions in the literature and conducting interviews by the authors to 

complete the options. As shown in Table 2. the instrument comprises two parts to assess 

understanding of voltaic cells (items 1- 6) and electrolytic cells (items 7-12). 

 

Data Analysis Procedures  

 In this research, the instrument was used to diagnose learning outcomes of students’ 

understanding of electrochemistry concepts. We report item difficulty and discrimination 

indices and item analysis to compare the student scores on the instrument. We also analysed 

the data to identify any alternative conceptions that would appear to be limiting the students’ 

further understanding these concepts.  
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Pilot study  

In developing the items, a pilot study was conducted. A multiple-choice instrument with 

open-ended responses was given to a class of 32 preservice chemistry education students. 

These open-ended responses were analysed and the most common alternative conceptions 

were used as responses to construct the second tier of the multiple-choice items. One of the 

responses in the second tier was the scientifically correct response. The first version of the 

two-tier instrument had 55 items. The two-tier instrument was piloted with a sample of two 

classes, comprising a different group of 67 preservice science education teachers who took 

General Chemistry at that time. The curriculum of preservice science teachers is similar to 

the curriculum of the preservice chemistry education teachers in this university. The test had 

a reliability of 0.91 with 50 valid items, later reduced to 12 items as a manageable number to 

be administered to students in one class period. Analysis with these 12 items which has a 

Cronbach alpha reliability coefficient of 0.64 is described below. 

Validity  

The 12 items in the Electrochemistry Conceptual Test were validated by two chemistry 

academics from the Chemistry Department of the first author’s university. Each validator 

was given a list of the items and a scoring sheet using a rubric shown in Table 3. They were 

asked to examine each item in terms of communicativeness of the language of the item and 

the correctness of the item corresponding to the concept in the specification grid that was 

provided. The first validator scored 1 for three items and 2 for nine items. The second 

validator scored 2 for all items. After discussing with each other and making changes to the 

three items, the two validators reached complete agreement (Lavrakas, 2011). 

Table 3 Rubrics for Validation of the Electrochemistry Conceptual Test  

 

Score Explanation 

2 The item was both easily understood AND corresponds to the content 

knowledge statements written in the specification grid. 
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1 The item was either easily understood OR corresponds to the content 

knowledge statements written in the specification grid. 

0 The item was neither easily understood nor corresponds to the content 

knowledge statements written in the specification grid. 

 

Reliability  

The items involved the principles related to the working of voltaic cells and electrolytic 

cells. The Cronbach’s alpha reliability value for the whole instrument of 0.64 was over the 

threshold value of 0.50 recommended by Nunally and Bernstein (1994). Adams and 

Weiman (2010) argue that for Formative Assessment of Instruction (FASI) tools, a low 

reliability can be reasonable and a high value an indication of redundant items in the 

assessment tool. An example of an item each about voltaic cells and electrolytic cells in the 

Electrochemistry Conceptual Test is shown in Figures 1 and 2, respectively. The complete 

instrument is in the Electronic Supplementary Materials #1 (ESM1 in English version and 

ESM2 in Indonesian version). 

 

Item 1 

Several transition metal elements are usually used as electrodes in electrochemical 

cells.  

Zn and Cu in the voltaic cell in Figure 1 can be considered as: 

 

 

 

 

 

 

 

 

 

 

 

 

   A*. Active electrodes.  B. Inert electrodes. 

The reason for my answer is: 

1. Zn and Cu are transition metals that have strong tendency to be oxidized. 

2. The Zn and Cu electrodes do not change when the cell is operating. 

3*. Zn and Cu are involved in the redox reactions that occur in the cell. 

4. The masses of the electrodes decrease during the reaction. 

   (* represents correct responses) 

 

1M CuSO4 solution 

Light bulb 

1M ZnSO4 solution 

Zn →Zn2+ + 2e¯ 

Cu Zn 

Wire 

Figure 1 
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Fig. 1. Item #1 on voltaic cells from the Electrochemistry Conceptual Test 

 

Fig. 2. Item #9 on voltaic cells from the Electrochemistry Conceptual Test 

 

Item difficulty and discrimination indices  

Item difficulty indices and discrimination indices of the 12 items are summarised in Table 4. 

 

Table 4 Item difficulty and discrimination indices for the items in the Electrochemistry 

Conceptual Test 

 

Item 

No. 

Item 

difficulty 

index 

Item 

discrimination 

index 

 Item 

No. 

Item  

difficulty 

index 

Item 

discrimination 

index 

1 0.66 0.60  7 0.61 0.43 

2 0.48 0.38  8 0.30 0.53 

3 0.67 0.40  9 0.52 0.59 

4 0.36 0.69  10 0.21 0.48 

5 0.45 0.57  11 0.38 0.71 

6 0.18 0.41  12 0.36 0.45 

 

Item 9 

Consider the electrolytic cell in Figure 6. 

 

 

 

 

 

 

 

 

 

 

How are the anode and the cathode of the cell determined? 

A. By determining the electrode at which a deposit is produced. 

B* By considering the poles of the battery that are connected to the electrodes. 

C. By comparing the standard reduction potentials of K and I. 

 

The reason for my answer is: 

1.  As both the electrodes are the same, either one could be the anode or the cathode. 

2*. The anode is connected to the positive pole of the battery and the cathode to the 

negative pole. 

3. The element with the higher reduction potential is reduced and deposited at the 

cathode. 

Figure 6 

Molten KI 

Carbon electrode 

Carbon electrode 
Battery 



 

 
 

16 

 Item difficulty is measured by the number of respondents who provided a correct 

answer for an item divided by the total number of responses. The smaller the number 

obtained, the more difficult the item. The discrimination index of an item is a measure of 

how well the item is able to discriminate between high achieving and low achieving 

respondents. The index is computed from equal-sized (usually 27%), high and low scoring 

groups on a test. The difference between the number of successes of the high scoring group 

and the low scoring group divided by the size of the group, gives the discrimination index. 

Values of 0.4 and above are considered as highly discriminating while values below 0.2 are 

low and do not discriminate well between the two groups of respondents. The data in Table 

4 show a spread of difficulty indices ranging from 0.18 to 0.66 for the 12 items. Three items 

(1, 3 and 7) may be considered easy with difficulty indices of 0.66. 0.67 and 0.61, 

respectively. Items 6 and 10 with difficulty indices of 0.18 and 0.21, respectively, are 

moderately difficult. The remaining seven items are moderately easy with difficulty indices 

ranging from 0.30 to 0.52. As for the discrimination indices, all the 12 items with 

discrimination indices close to or above 0.4 discriminate well between the higher achieving 

27% of students and lower achieving 27% of students.   

 

Results  

Number of items correct across five years of study 

Students’ responses to the items were analysed using SPSS software (Version 22). The two-

tier items were considered correctly answered if students provided correct responses to both 

tiers of each item. Correctly answered responses were coded ‘1’ while incorrect responses 

were coded ‘0’. The total maximum score for tier 1 was 12. The total maximum score for 

the combined tiers was 12, calculated when students’ responses for both tiers were correct. 

(When one tier was incorrect or both tiers were incorrect, it was coded ‘0’). The 
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Electrochemistry Conceptual Test consisted of two main categories of items involving 

voltaic cells (6 items) and electrolytic cells (6 items). The mean scores of tier 1 and the 

combined tiers were analysed for the total test and the two categories are shown in Table 5 

and Figure 3. 

Table 5 Electrochemistry Conceptual Test mean scores by year level for the total test and 

the Voltaic cells (6 items) and Electrolytic cells (6 items)  

Year Level 
 

Max Score 

N Total 
Tier 1 

12 

Total 
Both Tiers  
12 

Voltaic 

Tier 1 

6 

Cells 

Both Tiers  
6  

Electrolytic 

Tier 1  
6 

Cells 

Both Tiers 

6 

Grade12 50 5.84 3.98 3.14 2.10 2.70 1.88 

1 58 5.81 3.78 3.10 2.07 2.71 1.71 

2 51 7.33 5.24 3.98 3.00 3.35 2.24 

3 45 7.29 5.53 3.69 2.89 3.60 2.64 

4 62 8.15 6.19 4.39 3.27 3.76 2.92 

 

 

Fig. 3. Mean score of tier 1, combined tiers and total of tier-1 and total of combined tiers in 

each year group 

 

To ascertain whether or not the difference in the mean scores between the groups was 

significant, a one-way between-groups analysis of variance (ANOVA) was performed to 

0

1
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Tier 1 (Electrolytic Cells)

Combined Tiers (Electrolytic Cells)

Total of Tier 1

Total of Combined Tiers
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explore the effect of year level on the total scores. The results of the ANOVA analysis 

involving the overall scores of each group showed that there were statistically significant 

differences after making changes for a Bonferroni adjustment in understanding between 

students in the different year levels [F (3, 212) = 10.77, p = 0.000]. However, the statistical 

differences in the combined tiers mean scores were between undergraduates in (a) Year 1 and 

Year 3 [(Myr1 = 3.78, SDyr1 = 2.48; Myr3 = 5.53, SDyr3 = 2.13); p = 0.002; eta-squared = 0.78], 

and (b) Year 1 and Year 4 [Myr1 = 3.78, SDyr1 = 2.48; Myr4 = 6.19, SDyr4 = 2.50); p = 0.000; 

eta-squared = 0.97]. There were no statistical differences between mean scores for other 

combinations of years nor for scores between Grade 12 and Year 1. The finding is positive 

with these changes between Year 1 and Year 3 and 4 showing eta squared (Cohen’s d) (Cohen, 

1988) large effect sizes of 0.78 and 0.98, respectively. 

 Students’ overall understanding of electrochemical concepts as reflected in the 

combined tiers mean scores shows that there is an improvement in students’ understanding 

from Year 1 to Year 4 (ranging from 3.78 to 6.19 as shown in Table 5) but these scores are 

low compared to a maximum possible score of 12.  A similar increase in understanding is 

displayed for electrolytic cells (see Table 5). For voltaic cells, however, the increasing trend 

is disrupted when comparing the performance of Years 2 and 3 undergraduates. Tables 5 

also shows that the tier 1 mean scores were always higher than the mean scores for the 

combined tiers suggesting that the students may have learned the answers to the questions 

without clear understanding; they had selected the correct response to the first tier but were 

unable to explain their choice of answer.  

Percentage of Student Correct Responses for the 12 Items Across Five Years of Study  

A comparison of students’ responses to the first tier and the combined tiers of each of the 12 

items is summarised in Table 6 for high school students and undergraduates from each of 
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the four years. Graphs of these results in Figures 4 and 5 illustrate the unevenness of scores 

from year to year with these Indonesian students.  

Table 6 Comparison of tier 1 and combined tier correct responses to the Electrochemistry 

Conceptual Test for high school students and the undergraduates from each year 

 

Level Item 

no. 

Tier 1(%) Combined 

tiers (%) 

 Item 

no. 

Tier 1(%) Combined 

tiers (%) 

High School (N= 50) 

 1 86 (A) 36 (A3)  7 60 (B) 45 (B2) 

 2 62 (B) 54 (B3)  8 60 (B) 38 (B3) 

 3 82 (C) 72 (C2)  9 56 (B) 56 (B2) 

 4 38 (B) 12 (B4)  10 20 (C) 2 (C2) 

 5 36 (C) 28 (C3)  11 26 (C) 18 (C1) 

 6 10 (A) 8 (A2)  12 48 (A) 30 (A1) 

Year 1 (N = 58) 

 1 78  54  7 74  55  

 2 45  31   8 50 21  

 3 76  71  9 55  48  

 4 60  21   10 19   9  

 5 31  21  11 31  21  

 6 21  12   12 41  17  

Year 2 (N = 51) 

 1 88  74   7 80  60  

 2 65  41   8 40  24  

 3 69  59   9 67  57  

 4 71  47   10 37  22  

 5 80  65   11 53  31  

 6 26 16  12 59  33  

Year 3 (N = 45) 

 1 91  76   7 78  62  

 2 71  53  8 60  38 

 3 82  76  9 58  53 

 4 44  24  10 38  16 

 5 49  42  11 60 51  

 6  31  18  12 67  44  

Year 4 (N = 62) 

 1 90  69  7 79 68 

 2 87  66  8 69 39 

 3 73  65  9 50 50 

 4 77  48  10 57  36 

 5 69  55  11 63  52  

 6 42 26  12 58  49  

Note: 1. The correct responses for each item are shown in parentheses in the high school 

level 2. The responses are to the nearest whole percent.  
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Fig 4. Percentage score of tier 1 of each item test for high school and year 1-4 preservice 

chemistry education groups 

 

 

 

Fig. 5. Percentage score of combined tiers of each item test for high school and Year 1-4 

preservice chemistry education groups 
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The trend of unevenness of scores was also observed for students’ responses to each of the 

items in each of the years (see Table 6 and Figues 4 and 5). There was only one exception to 

this trend: in Item 9, Year 4 students scored the same percentage (50%) for both the first 

and the combined tiers of the question. 

Discussion of Results 

The electrochemical test was shown to be both valid and reliable and identified students’ 

understanding of the learning concepts at the end of high school studies and across the four 

years of university studies but the findings raise concerns about the level of understanding. 

The discussion of results from the instrument are presented in terms of the four Concepts 

Assessed shown in Table 2, namely, Arrangement of the components of a voltaic cell and 

their functions (see Items 1, 2 and 3), Generation of electrical energy from redox 

reactions in a voltaic cell (Items 4, 5 and 6), Working Principle of electrolytic cells (Items, 

7, 8, 9) and Redox reactions in an electrolytic cell (Items 10, 11, 12). Detailed tabulated 

results are presented in the Electronic Supplementary Materials #2. 

Arrangement of Components of a Voltaic Cell and their Functions (Items 1-3)  

Item 1 is shown in Figure 1. The results in Table 6 show that students’ correct answers 

increased steadily from high school to Year 1 till Year 3 and slightly decrease in Year 4 

(36%, 54%, 74%, 76%, and 69%, respectively). By Year 2, approximately 70% of students 

understand the concept but the notion of transition metals remains a strong choice for some 

students. Students have increasingly sound understanding of the function of electrodes in 

voltaic cells, when they were exposed directly to the concepts. As shown in Table 1, the 

students were taught the voltaic concepts in grade 12, general chemistry, physical 

chemistry, and its application in analytical chemistry. In Year 4, although the Chemistry 

Department provides elective course (i.e., Review of Senior High School Chemistry 
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curriculum content), not all students enrol in the course. There are similar patterns of 

students’ answers from grade 12 in high school  to Year 4 at university. Besides the trend of 

students’ increased sound understanding of concepts, they also hold alternative conceptions, 

such as “understanding that Cu and Zn are active electrodes as transition metals that have 

strong tendency to be oxidized”.   

 Item 2 is questioning about function of salt bridge: what will happen if the salt 

bridge was replaced by a piece of Pt wire that is a conductor of electricity? Even though 

there is an increased sound understanding from Year 1 to Year 4, correct responses are less 

than 70% of students, 31%, 41%, 53%, and 66%. Most high school students have better 

understanding than Year 1 and Year 2. It seems this concept is difficult for almost all 

students.  Many students in high school (20%) and Year 1 (33%) held the alternative 

conception that electricity is produced because there is a continuous flow of electrons 

through the platinum wire. However, students who hold this alternative conception 

decreased in Years 2 and 3 and was not evident in Year 4. A similar pattern of students’ 

conception happened from grade 12 to Year 3 of students. Students responded that 

electricity is produced because there is a continuous electron flow from the external wire 

and go to solution in voltaic cells, then pass through platinum wire. Both the answer and the 

reason are incorrect. If the salt bridge is replaced by a piece of platinum wire, no electricity 

is produced.  The basic misunderstanding is the function of the salt bridge combined with 

students’ understanding that platinum is an element with high electrical conductivity. 

Similar results are reported by Sanger and Greenbowe (1997) and Author (2011). In the 

study by Amposah (2020, p.365) who explored grade-12 students' conceptions regarding 

electrochemistry in South Africa, fsimilar results were found where students conceptions 

about electron movement hampered their conception of the function of the salt bridge.  
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 Item 3 enquires about the function of gelatine of salt bridge if a strong electrolyte is 

replaced by a weak electrolyte. Students’ responses of correct answers are varied between 

59% - 76% from Year 1 till Year 4. Even, most grade 12 students (74%) have sound 

understanding of this concept.  However, there is similar pattern of alternative conceptions 

hold by students from high school to Year 4, that is “an electric current will not be 

produced, because a weak electrolyte does not ionise completely and so the charge at the 

cathode and anode is not neutralised.”  

 

Generation of Electrical Energy from Redox Reactions in a Voltaic Cell (Items 4-6)  

Items 4 and 5 which refer to the voltaic cell in Figure 1 enable teachers or researchers to 

identify students’ understanding of the role of the electrons and ions, respectively, when the 

voltaic cell is operating.  It is clear form these two items that this sample of grade 12 and 

university preservice chemistry education students have not developed a good 

understanding of the workings of a voltaic cell with wide range of possible choices selected 

for both items with responses ranging from 12% and 28% in high school to 48% and 54% in 

Year 4. 

 Responses to item 6 that examined electron flow with a salt bridge between two 

electrolytes had even lower correct responses from 12% to 26%., These same learning 

difficulties in electrochemistry related to electric current during electrolysis producing ions, 

electrons migrating through the solution, the cathode being a minus pole, and the plus and 

minus poles having net electronic charges were identified by Schmidt et al. (2007) with 

secondary-school students’ responses to multiple choice test items.  In a study to examine 

the effectiveness of an interactive multimedia module on students’ learning of the 

electrochemistry, Tien and Osman (2017) noted that  students assumed that the electrons 
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flowed in the electrolyte to complete the circuit, a similar finding to the study with Pakistani 

students by Akram et al. (2014).  

 

Working Principle of Electrolytic Cells (Items 7-9) 

Item 7 required students to identify the cathode in electrolytic cells and provide the correct 

reason. A slight majority of the students increasingly have the correct concept from grade 

12 to Year 4, 45%, 55%, 60%, 62% and 68%, respectively. The same pattern of alternative 

conceptions that exist from grade 12 to Year 4, ranged from 12% to 18% of the students. 

These students do not recognise that in an electrolytic cell, the source of the electrons is the 

external power source which must draw electrons away from the anode; thus, the anode 

must be connected to the positive terminal of the battery. Meanwhile, the power source 

drives electrons toward the cathode, so the cathode must be connected to the negative 

terminal of the battery. Other researchers have reported similar scientifically inappropriate 

understandings about the electrodes in electrolytic cells in  Japan, Malaysian and the US 

(Authors, 1992; 2002; Sanger & Greenbowe, 1997).  

 Item 8, with four content choices and four reasons, showed that the students’ sound 

understanding was not linier, in which, grade 12 students and Years 3-4 students had similar 

understanding (38 - 39%), and Years 1- 2 responded lowest (21-24%). There is a consistent 

alternative conception across years. Students gave correct answer for the tier-1 but were 

unable to provide the correct reason in tier-2. The alternative concept is that “at the negative 

electrode two H+ ions bond together to form H2”. Students are unable to recognize that 

reduction occurs in the negative electrode not covalent bonding of H2. Authors (2012) 

investigated the nature of redox reaction at an electrode was investigated with 330 

Malaysian students; only 32% answered correctly those items that were related to anode and 

cathode in electrolytic cells. The study showed that the electrolysis reaction seems difficult 
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for students to understand because of the abstractness of the concept  that  needs formal 

explanations of invisible interactions at the particulate level of representations (Carr, 1984)  

 Item 9 required students to determine the anode and the cathode in an electrolytic cell 

and give the reason for this choice (see Figure 2). Less than 70% of students in each level 

(ranged between 48% - 57%) provided the correct answer to consider the poles of the 

battery that are connected to the electrodes, because the anode is connected to the positive 

pole of the battery and the cathode to the negative pole. Some students from grade 12 to 

Year 4 (except Year 3), ranged from 12% - 24%, hold the alternative conception that the 

anode and the cathode of the cell are determined by which electrode has a deposit. From 

item 9, an alternative conception identified  in Years 1- 4 university students was not 

understanding that the anode and the cathode of the cell are determined by comparing the 

standard reduction potentials of K. This difficulty of understanding has been identified in 

other research when students were unable to understand the role of the anode and cathode in 

electrolytic cells (Authors, 2012, Acar & Tarhans, 2007; Bong & Lee, 2016). 

Redox Reactions in Electrolytic Cell (Items 10-12)  

The responses to items 10 - 12 with four content choices (except item 12) and four reasons, 

showed that the students responded similarly to items 4 and 5 with a lot of variability of 

responses so little can be determined about this sample of students. In both items, although 

less than 53% students increasingly possess content knowledge about electrolysis process 

there were no consistent explanations for the changes that had occurred. All possible 

alternative conceptions were chosen across the five years. That there are consistent 

difficulties with this concept was identified by Amponsah (2020) and Loh and 

Subramaniam (2018) and is consistent with Author (2012) where, based on their selection 

of the items correctly, less than 45% of students displayed an understandings of electrolysis.  
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Especially for item 10, students’ responses were random and there was no consistency 

which implied that the students had difficulty concerning the abstract concepts of ions, 

cations and anions. The particulate nature of matter (e.g ions, cations, anions) is one of 

fundamental concepts to learning chemistry (Abraham, Williamson,  & Westbrook, 1994; 

Nakhleh, 1992). If the students do not understand the fundamental concept, they will find 

electrochemistry concepts difficult (Sirhan, 2007).  Another issue that may have accounted 

for the random responses for Item 10 is that the referring Figure 5 was on a previous page 

and the student did not refer to that figure. 

Conclusion  

The results of the study suggest that these Indonesian students in grade 12 high school and 

Years 1-4 undergraduate preservice chemistry teacher students have not fully understood 

the electrochemical concepts at the end of their teacher education program. In Indonesia, 

students learn electrochemistry concepts in Grade12 in high school and during their first and 

second years at university and are shown applications of electrochemistry concepts in later 

years of the course. Also, the basic electrochemistry concepts are reviewed before their 

practicum in senior high school. Despite these learning opportunities, these students’ 

knowledge and understanding of basic electrochemistry concepts appears to remain limited 

throughout the university studies. However, there was a general trend of increase in 

understanding of electrochemical concepts as students proceeded from first to fourth year in 

university as shown Table 5 and Figure 3.  While Year 4 undergraduates displayed the best 

understanding of these concepts, their overall scores for both voltaic and electrolytic cells 

were below the maximum possible scores. 

 The overall results of this study also indicate that students’ scores for the combined 

tiers of each item were less than those for the first tier indicating that although students 

possessed correct knowledge about several concepts, they were unable to explain the 
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reasons for their particular answers. This trend suggests that students may have learned 

several concepts by rote without understanding.  Based on the findings of this study, we can 

conclude that there was insufficient development of students’ understanding of 

electrochemical concepts from high school and through the four years of university 

education. The expectation is that the electrochemistry curriculum at university level should 

build on what students have learned at grade 12. The limited progress is likely partly due to 

students retaining the alternative conceptions which they may have first developed from 

high school. Nevertheless, similar to the investigation of students’ scientific understanding 

of thermal concepts across grade levels by Adadan and Yavuzkaya (2018), the conceptual 

development occurred in an uneven manner across grade levels, as shown in Table 6 and 

Figures 4 and 5, even though there was a general mean increase. 

Implications for teaching  

The findings of this study suggest that there are inherent weaknesses in the implementation 

of the electrochemistry curricula at the high school and university level, at least in this 

Indonesian sample, but that the overall results have similarities with studies of students in 

other countries who are learning electrochemistry concepts.  It is likely that the university 

lecturers in this study assumed that students in their chemistry education classes already 

learned the electrochemical concepts from their high school studies.  Unfortunately, there is 

no opportunity to address students' alternative conceptions in the General Chemistry course 

due to the dense content to be taught in this course. Also, students enter the Preservice 

Chemistry Teachers program from many different public and private high schools and 

municipalities in East Java. Similarly, these undergraduate students may still have 

difficulties and hold alternative conceptions when they learn more advanced 

electrochemistry in Physical Chemistry II. In this course, there was no special treatment also 

for students' alternative conceptions and teaching strategy is similar to that for General 
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Chemistry. Given what science educators know about diagnosing and improving learning, 

we recommend that the university chemistry lecturers modify their instruction to facilitate 

more meaningful learning. Administering a diagnostic test may be useful to identify 

students’ understanding or alternative conception of electrochemistry concepts in the 

General Chemistry course (Year 1), or even in the Physical Chemistry (Year 2) and 

Analytical Chemistry (Year 3) courses, and more importantly in the course of Review of 

senior high school topics. Especially in the course that reviews senior high school topics, a 

teacher candidate should be aware of some alternative conceptions held by students and be 

prepared how to accommodate these conceptions in their teaching before going to schools. 

Further some education in-service with the lecturers would be helpful to advice on using 

research findings on this topic by implementing conflict cognitive strategy, an animation, or 

modelling. This in-service education could include computer animations at the particulate 

level to help students develop and improve their conceptual understanding of 

electrochemistry topics (Cole, Rosenthal, & Sanger, 2019; Tsaparlis, 2019). However, care 

needs to be made so inaccurate visual images are avoided; even accurate visual images 

should be scrutinised for avoiding alternative conceptions by the students viewing them 

(Cole, Fuller, & Sanger, 2021). 

Limitations of the Study 

The advantages of using two-tier multiple-choice items are that students recall their 

knowledge and have the opportunity to compare a correct answer with several incorrect 

ones in both tiers. Also, the test is time-efficient with large samples. However, the second 

tier is mostly difficult for students if they do not have a clear understanding of the concept 

behind the first tier.  Making the correct choices, especially when there is no opportunity for 

discussion, with a large number of choices in both tiers can result in very diverse response 

patterns which was the case for item 8 on the working principle of electrolytic cells and 
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items 10-12 concerning redox reactions in electrolytic cells. Especially, items with three or 

four content choices and three or four reasons choices may be too difficult to answer in the 

allocated time for completing the instrument.  Another limitation of this study is that the 

data were collected in one university in Indonesia where the focus is teacher education, in 

this case chemistry teacher education. Nevertheless, there are many universities with the 

same goals across all provinces in Indonesia and many countries around the world. Hence, it 

is likely there are similar teaching approaches and the same student learning outcomes with 

limited understanding of electrochemical cells. 
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