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Abstract: Chemistry is filledwith complex and abstract concepts in interconnected systems. It is considered as
the central science for linking with other scientific disciplines. Chemistry cannot be separated from our daily
life. But it has been a challenge for school students to learn its concepts at various levels of educational
systems. In this article, I will start with an introduction on investigations of students’ conceptions of chemical
concepts, teachers’ understanding of students’ knowledge of scientific phenomena, and strategies for pro-
moting students’ conceptual change in learning science, including model-based and modeling-based in-
struction as well as adoption of innovative technology in learning sciences (such as, the use of facial
expressions system augmented reality and virtual reality in learning chemistry). And then, I will describe a few
outreach activities on promoting public understanding of chemistry, developing educators’ competence in
teaching chemistry, as well as investigation on gender gap in STEM sponsored by ISC, IUPAC and other unions
and partners.

Keywords: chemistry education; IUPAC Distinguished Women in Chemistry and Chemical Engineering;
modeling; women in science.

Introduction

Chemistry is a science discipline that studies properties and behaviors of chemical matters. It includes
chemical elements, compounds, and interactions among atoms, ions, and molecules in a complex system.
Chemistry education is to study how researchers or teachers can convey the nature, properties, and structure of
matters, as well as impact of chemistry on daily lives effectively and how students construct their knowledge
structure and develop inquiry skills in chemistry learning. In this report, I will share some of mymain research
streams in the area of science education, in particular, in chemistry, over the past 30 years. The research topics
include students’ conceptions of chemistry, teacher professional development, instructional strategies for
promoting learning in chemistry, computer-based approaches to science learning, assessment of students’
performance in learning chemistry, etc. (see Fig. 1).

Students’ conceptions of chemistry

Research has shown that conceptions are personal, robust, and incoherent [1] and regardless of levels of
education, gender, races, or geographic areas, learners have various but similar alternative conceptions about
chemical concepts, and more importantly, they are difficult to change [2]. Chemistry is a scientific discipline
that is filled with complex and abstract concepts and interactions among the concepts, which increases the
difficulties and challenges of its teaching and learning. To construct meaningful representations of scientific
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phenomenon while learning chemistry, it is important to link the aspects in macroscopic, (sub-)microscopic,
and symbolic representations [3–6] and to connect meaningful representations.

The central concepts to be learned in chemistry at secondary school level include structures and properties
of elements, oxidation and reduction, acids and bases, chemical equilibrium, and applications of chemistry.
The fundamental concepts of chemistry will serve as vehicles for learning advanced concepts in chemistry. A
chemical system involves elements and chemical compounds, their interactions, and factors and impacts of
such interactions. Not only is the macroscopic perspective of the scientific phenomenon making learning
chemistry challenging, the microscopic, abstract, and symbolic representations of the chemical reactions and
theories are also making such conceptualization difficult. Researchers of learning theories have found that
students come to classrooms with prior knowledge that often are not consistent with scientific explanations
and principles [7–9] and lacks the ability to visualize. This may be attributed to their capacity of cognitive
understanding of the physical world or the context that the learners are in. For instance, students need to
understand what the compositions and properties of atoms are to understand how a chemical reaction might
occur. They also need to understand the properties and structures of elements and compounds to understand
the impact of chemical reactions, such as exothermic or endothermic reactions [10].

Research in chemistry education has found various types of alternative conceptions students own. It is
crucial to uncover the kinds of students’ comprehension of chemistry so that useful strategies can be provided
to facilitate students’ learning of chemistry. To uncover students’ understanding of science, various ap-
proaches have already been taken. One of them is the two-tier test diagnostic assessment tool, the first tier for
factual knowledge while the second tier for explanations to the first tier responses proposed by Treagust
[11–13]. It was adopted in an integrated project (including chemistry, biology, and physics) entitled The
National Science Concept Learning Study (NSCLS) sponsored by theMinistry of Science and Technology (MOST,
former National Science Council) in Taiwan. The tool aims to assess elementary, junior high, and senior high
school students’ conceptual understanding of the subjects mentioned above to help us understand chemistry
from students’ epistemic points of view. The author of this article was the coordinator of the chemistry group
and also the principal investigator of the sub-project on examining secondary school students’ conceptions of
gas particles, acid and base, and chemical equilibrium for four years [10]. The chemistry group involved eight
professors in chemistry education from different universities and 4–8 in-service teachers from schools at
different levels joining each professor’s group.

Fig. 1: A path of my research areas.
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There were about 3600, 7000, and 3000 students in elementary (grade 4), junior high (grades 8 & 9), and
the second year of senior high schools (grade 11), respectively, took the survey. Students were chosen based on
the stratified sampling method (e.g., location—south, north, west, and east; school size) [14]. This method was
adopted from the Trend of International Mathematics and Science Study (TIMSS). Due to the unique contri-
bution of this study, specifically in terms of the sizes of the student samples from different school levels using
the two-tier diagnostic tools in this study, the International Journal of Science Education published a special
issue titled Taiwan’s National Science Concept Learning Study: A Large Scale Assessment Project using Two-Tier
Diagnostic Tests in 2007.

Based upon the analyses, the results showed that 20 % of junior and 8 % of senior high school students
thought that the size of the gas particles in a balloon increases when the balloon is expanded by heating [10].
The percentages of such alternative conceptions were not as high as we would expect based on the findings
from other studies (e.g., [15–18]). However, the results still revealed that about 20 % of the junior and senior
high school students believed that hydrogen is distributed in the upper portion of the container because it is
lighter compared to oxygen (weight model). Close to 35 % of the secondary school students believed that
particles are not randomly distributed in a bottle. This finding is consistent with other studies (e.g., [19,20]).
Understanding based on personal experiences is not a surprise to be found in this field of science education
research because this alternative conception is consistent with students’ epistemic belief that it is easier for
heavier objects to sink to the bottom of the bottle compared to lighter objects. Students have little concepts
about dissociation of the chemical compounds. Also, close to 30 % of the secondary school students across
different levelsmistook ethanol (C2H5OH) to be a base because of–OH that is always considered as an indicator
for metal hydroxide compounds (e.g., NaOH, Mg(OH)2) [21]. In addition, regardless of student levels, students
did not recognize that the shape of sugar changed at the saturate (equilibrium) state ([10,22] cited in [10]). The
same technique of two-tier diagnostic instrument was later adopted in Chiang et al.’s study [23] along with a
semi-structured interview and a drawing concept map task to investigate 340 grades 10–12 senior high school
students’ conceptions of oxidation-reduction reaction in Taiwan. The results show that most 11th graders
performed equally well as the 12th graders in questions on the concept of electronic gain and loss in oxidation–
reduction reactions, although there are slight differences which are not statistically significant. The 12th

graders obtained higher scores in questions for defining the oxidation number and its application; scores
increased as the grades increased.

From these studies, we found that moving from concrete levels of the scientific phenomenon and physical
experiences to abstract representations was a challenge for students when they construct their cognitive
structure of the chemical concepts. The progressive trajectory was slow and gradual but it was still promising
as the grades increase [10]. We also noticed that, as expected, the older students outperformed the younger
students, not only on the nature of components in a scientific phenomenon but also in the explanations
involving the macroscopic and microscopic points of view. This revealed that the accumulative process of
scientific concepts overcame the counterintuitive conceptions as learning occurred [10]. Although we could
not attribute the increase in new knowledge or the removal of incorrect understanding of chemistry to any
particular source from this early study, we later identified some possible sources influencing their under-
standing, such as daily life experiences, textbooks, discourse, and instruction [24]. The most impressive
finding was the Chinese characters that, on the one hand, served to facilitate student understanding of the
nature of chemistry (such as acid rain in Chinese implies acidity of the rain), and on the other hand, had a
detrimental effect on students’ conceptualization (such as Calcium Carbonate, acid in Chinese, it coinciden-
tallymeans acidity so the studentswillmistake it as a kind of acidic compound.Herron [25] once points out that
language plays a central role in teaching and learning science. In our study, the types of students’ under-
standing of certain chemical concepts were apparently influenced by Chinese characters. This diagnostic
approach allowedus tomake inferences about the impact of our science education systemandpredictwhich of
the students’ conceptions are learned andwhich of the students’ conceptions neededmore attention in science
practice [26]. On the other hand, the micro-level of analysis (second tier) of students’ arguments provided us
with explanatory information about how students generate their representations of conceptions in relation to
the physical world, scientific symbols, scientific models, and terminologies for learning science.
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Teachers’ predictions of students’ conceptions in chemistry

Shulman [27] proposed the idea of Pedagogical Content Knowledge (PCK), including knowledge and beliefs
about the science curriculum, students’ understanding of specific science topics, assessment in science,
instructional strategies, knowledge about learning environment, students’ knowledge, and resources of in-
struction [27–30], to improve the effectiveness of instruction, researchers and practitioners reoriented their
teaching practice from content-oriented instruction to student-centered instruction.While such competence in
chemistry are important (e.g., [31]), among the studies, researchers found that problems usually emerge when
secondary school students shifted their perceptions of the physical world frommacro to micro levels and from
2D to 3D representations of compounds. One possible explanation was that students lacked practice or the
necessary manipulation of concrete objects (such as molecular models) to construct their understanding of 3D
structures. Without understanding students’ difficulties, science teachers cannot provide appropriate and
meaningful instruction to overcome the difficulties of learning chemistry [30,32]. Researchers advocated that a
teacher should understand pupils’ ideas and the origins of such ideas to avoid ineffective communication in
the classroom [28,33].

Based upon our findings on students’ alternative conceptions of chemical concepts [10], two studies about
teachers’ knowledge of students’ performance on the nature and behavior of gases [34] and acid and base [35]
were carried out. Below are the descriptions of the two studies.

First, Liang, Chou, & Chiu [34] used six two-tier items about the behavior of gas particles in two containers
in an animated diagnostic test to test students inmiddle schools. Teacherswere then asked tomakepredictions
of students’ test performance on those items. There were 194 junior high school students (including 102 8th

grade and 92 9th grade students), and 31 junior high school physical science teachers in Taiwan who partici-
pated in this survey. The test items were designed in parallel in terms of the pressure of the gases and the
settings of the apparatus (see Fig. 2). To closely match students’mental representations of the dynamic nature
of the movement of gas particles, the test items were designed with an animation software to allow the
molecules tomove inways that reflect students’descriptions about the behaviors of particles (see Fig. 2, details
can be found in [34]). The results revealed that albeit the 9th graders outperformed the 8th graders as expected,
only a low percentage of students could answer the entire set of six questions correctly. The students were

Fig. 2: Examples of test items in horizontal and vertical settings of the apparatus.
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influenced by the different orientations of the apparatus when the pressure and the amount of gas particles
were changed. We found that students changed their models about gas behavior when the orientation of the
apparatus changed from a horizontal to a vertical position and vice versa, and that the students had difficulty
using a consistent model to answer all of the questions, especially questions involving a change in gas
pressure.

The results also showed that the physical science teachers could not predict students’understanding of the
behavior of gas particles accurately. For instance, the teachers thought the questions presented in horizontal
situations were much easier than those questions presented in vertical situations. On the contrary, we found
that the effect of pressure made it more difficult for students to correctly answer the test items, whereas some
teachers thought that the effect of the orientation of the apparatus made this more difficult for students. The
comparison revealed a mismatch between the teachers’ predictions of the students’ difficulties in answering
the test items and the reality [34]. Regardless of the orientation of the apparatus and changes of pressures of
gases, the results showed that the students lacked the conceptions of random distribution of particles in a
closed system, which is a fundamental concept about movement of particles in learning chemistry. Without
knowing the core problems that the students confront, it is impossible to construct a scientific andmeaningful
dialogue between students and teachers and for teachers to deliver sense-making instructional materials and
interpretations of the phenomenon when teaching chemistry.

Secondly, students having alternative conceptions about acid and base is not a surprise. In fact, it has been
evident for more than 30 years (e.g., 36–44). For instance, students considered acid as harmful [42], believed
neutralization would always result in a neutral solution [41], and “OH” in a chemical are always related to
basicity (ignoring organic compounds); whereas the symbol “H” is related to acidity [10], bases was far less
developed than that of acids [43], strong acids produce a higher hydrogen ion and concentration, and themore
H in the formulas, the higher its pH value [37,45], all acids are toxic andmake substances corrosive [10,45], and
only acids conduct electricity and bases do not [45].

Few teachers are aware of students’ inconsistentmodels or alternative conceptions of acids and bases [46].
Even if the teachers were aware of the difficulties of learning some specific topics, they would still teach
without recognizing the important role of students’ knowledge representations in chemistry learning [37].

In such cases, imprecise predictions of students’ performance were not unique. After the national survey,
Lin and Chiu [35] then conducted a case study with a junior high school chemistry teacher, Mrs. Chen, who
majored in applied chemistry at a prestigious national university and had six years of teaching experience. She
was interviewed before and after instruction to examine teacher–student interactions, discourse, scientific
symbols, and representations in textbooks, as well as daily experiences to explore the possible sources
influencing students’ mental representations [47–50]. The research found that Mrs. Chen did not use any
specific tool to investigate students’ preconceptions about the topics she planned to teach before her teaching
and her anticipations were mainly based on her understanding of the intended contents of the textbooks. It
reflects a problem of not examining students’ prior knowledge before starting a new topic in teaching practice
that might be common in many other school practices.

Based upon the interviews on the students’ mental representations and sources influencing the concep-
tualization of the intended concepts, Lin and Chiu [35] found that the teacher had a more accurate anticipa-
tions of high achievers’ mental models compared to low achieving students’. Also, the teacher made a more
accurate prediction on the diverse sources influencing higher achievers’mental models. It is understandable
that high achievers’ had mental models that are more similar to the intended (or target) concepts and the low
achievers have various alternative and fragmented conceptions which might not align with the teacher’s
knowledge repertoire. In such a situation, designing sense-making materials to remedy their gap of under-
standing of the concepts might be a challenge [35]. With little understanding of the characteristics and
inconsistent nature of lower achievers’ conceptual models and sources of generating learning obstacles (such
as daily life experiences), the teacher underestimated the effects of her teaching on the performance of those
students and failed to provide appropriate remedial instruction.

In both cases, it highlights the importance of knowing students’ starting points of specific content
knowledge by teachers as a professional in science teaching. Teachers’ profession development should not
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only focus on deepening their understanding of the disciplinary core contents but also on ways to teach
students according to their knowledge repertoire in order to make science meaningful to their learning.

Promoting conceptual change and modeling competence

Ontological approach for conceptual change

Although learning chemistry is challenging for many secondary school students and teachers, there are
promising instructional strategies to elicit students’ understanding of abstract and complex concepts in
chemistry. Researchers proposed various approaches to assist students to conquer the challenges of learning
sciences. As a classic research in the area of conceptual change, the Conceptual Change Model proposed by
Posner et al. [51] has been adopted in many instructional materials to promote students’ learning of science.
Posner et al. [51] advocated four conditions to be fulfilled before conceptual accommodation may occur,
namely learner being dissatisfied with the existing conceptions, the new conception being intelligible to the
learner, the new conception initially appearing plausible, and seems to be fruitful for extension or to newareas
of inquiry. Hewson and his colleagues [52–55] further articulated conceptual status in “conceptual ecology”
that can be used to assess students’ understanding of sciences. That is, as learners are dissatisfied with and in
between competing and existing conceptions, there is likelihood for the new conception achieving higher
status than the prior conception, a conceptual change will occur. If it does not reach a higher status, the old
conception will remain. Such epistemological perspective was widely accepted and adopted as the conditions
in instructional design [56]. Along the same line from the epistemological perspective, Vosniadou provided a
possible explanation of why students have difficulties in learning science. She proposed that the pre-
suppositions of each concept might support or hinder students to learn a new concept. Such epistemological
presuppositions come from their observations and culture. On the contrary, Chi and her colleagues [2,57,58]
proposed the Incompatibility Theory to uncover the difficulties of constructing scientific concepts for learners.
She claimed that it is easier to change from one naïve conception to scientific concepts (e.g., categories of
matters) within an ontological category (such as Matter) than across different ontological categories (such as
fromMatter to Process). The former reassignment of a specific concept within one ontological category simply
involves hierarchical conceptual shifts or incremental changes, but no ontological shifts. While re-
organization of a conception requires learners to reassign a concept to a completely different ontological
category and thus it might be more difficult to take place. In Chi’s theory, robust “misconceptions” belong to
different ontological categories from those for scientific concepts but they may still carry a coherent nature in
their knowledge structure. We not only concur with Chi’s theory about conceptual change but we also claimed
that “although Posner’s theory is widely accepted by science educators and easy to comprehend and apply to
learning activities,… it does not delineate what the nature of a scientific concept is, which causes difficulty in
learning the concept (p. 689).” This might be the first argument challenging Posner et al.’s theory. Below is an
example that we carried out with the approach of ontological categories for learning chemical equilibrium. A
similar approach was adopted for gas properties [59].

In chemistry education, there are very few studies discussing the ontological approach about students’
alternative conceptions and Chiu, Chou, & Liu [56] was one of them. They adopted Cognitive Apprenticeship
instruction in guiding students to explore their understanding of the nature of chemical equilibrium. During
the intervention, a prompting activity was designed to direct students’ attention to the target content, to make
Predictions, Observation, and Explanations [60] of each chemical demonstration, as well as assess their
learning while they interacted with the materials and experiments. The results indicated that some of the
concepts of chemical equilibrium, such as the dynamic movement of the particles at equilibrium, were more
difficult to learn than others. The focus on the nature of the chemical equilibrium of this study was to
successfully and significantly help students construct the dynamic nature of the chemical equilibrium via the
ontological approach of instruction. Our argument about the flow of the use PSGH theory [51] was echoed by
other researchers in the area of conceptual change in science education [61].

924 M.-H. Chiu: My journey in chemistry education



Using facial recognition system to diagnose students’ conceptual change

While conceptual change research has shown challenges for students to conceptualize scientific phenomenon,
various pedagogical strategies were proposed and implemented. One of the successful strategies was the
conceptual conflict approach. The approach is a well-knownmethod designed to move students from holding
erroneous understandings to holding scientific concepts. Through presenting counterintuitive events to
learners, it has been shown that the dissonance generated within learners propelled them to seek to modify
their existing conceptions [62–66].

However, how do students react to learning new concepts emotionally? In education, it seems that there is no
consensus about how emotion impacts learning. Some researchers argued that affect was positively correlated to
confusionbutnegatively correlated toboredom[67]. Itwasalsoargued thatpositive emotions canpositivelypredict
student achievements and negative emotions negatively predict achievements [68,69]. However, it was also found
that students would have to experience negative emotions as they confront concepts that contradict their preex-
isting understandings before they could experience the positive emotions [70,71].

As we know little about students’ reactions to counterintuitive scenarios while learning complex scientific
concepts, we conducted a series of facial expression studies to investigate how students would react and
whether or not the innovative technology, FaceReader, can help us identify the moment of learning.

Our first study about the use of facial microexpression state (FMES) on diagnosing students’ learning was via
facing a counterintuitive scientific phenomenon (see Fig. 3) in which seven primary expressions (neutral, happi-
ness, surprise, disgust, sadness, anger and fear; proposed by [72,73]) were registered and analyzed [62]. In the
study, a heatless boiling ofwater experiment and a kinetic experimentwith Prediction–Observation–Explanation–
Visualization–Comparison (POEVC) design was shown to 48 high school students and 54 university students. The
processes of the designs were similar for both experiments. Taking the heatless boiling experiment as an example
(see Fig. 3), the students tookpretests before the experiment, followedbyademonstration video inwhichwater in a
flask was boiled, sealed with a cork, and turned upside down with an ice bag placing on top of the inverted flask.
The students were asked to make a prediction of the outcome of the demonstration (Boiling water demonstration
video: http://www.youtube.com/watch?v=IyeOfUGBxsA). Also, theywere asked to observe the full demonstration
of the experiment and asked to explain the reasons behind the result of the demonstration. The microscopic
animation of the experiment behind the water boiling was presented to them and followed by a posttest. An
interview about comparing their predictions and the outcomes of the experiment was conducted. This study
showed that not only is the utilization of facial expression as a welfare assessment tool low [74], the adoption of
facial expression in education is also limited.

Fig. 3: The pictorial representation of procedures and contents of Example 1 (Boiling water demonstration).
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The results showed that the counter-intuitive scenarios did trigger students’ incorrect predictions. Over
75 % of the students made incorrect predictions on both experiments. Among them, the absence of FMES
changes indicates a lowered likelihood of conceptual change. Those with FMES change were twice more likely
to undergo conceptual change than those without FMES change. Also, about 80 % of those without FMES
change experienced no conceptual change. It was evident that FMES change was an effective method for
detecting conceptual conflicts and identifying what happened during the learning process [62,75].

To move one more step further, we explored the possibility of utilizing the decision tree method in
predicting students’ performance during learning processes, in particular, to understand the relationship
between FMES changes and conceptual change when students are faced with different representations. The
results showed thatwith regard to dominant expression distributions, negative expressionwas higher than the
“Surprised” expression in all segments, except during Textual Instruction. Moreover, there is no significant
difference (p > 0.05) between the dominant expressions of students with and without conceptual change.
Students with positive expressions during Video Segment 1 or Video Segment 2 were found to have no
conceptual change. The proportion of students with negative expression as their dominant expression was
higher. This was followed by the expression of “Surprised”. Positive expression was the least frequent
dominant expression, and it was only found in Video Segment 1 or Video Segment 2. We further used R, a
statistical software, to construct the Classification and Regression Trees (CART) [76] and it became apparent
that when students’ dominant expression was “Surprised” during the first video segment and “Negative”
expressions during the third video segment, it could be predicted that students would fall under the
conceptually changed group. When students’ dominant expressions were “Surprised” in both first and third
video segments, then we could predict these students would end up in the no conceptual change category.
Because this might imply that the students did not understand what happened so they felt surprised even
watching the video for the third time. Lastly, if the dominant expression in the first video segment was “Not
Surprised”, then it could be predicted that the students would not undergo conceptual change [77]. In these
analyses, they were evident that the importance of facial expression of “Surprised” as an indicator to differ-
entiate students as either conceptually changed or no conceptual change in conceptual conflict scenarios. This
finding was consistent with our study using the decision tree models to identify three key FMESs, namely
Surprised, Sad and Disgusted, that could be used to predict student conceptual change in a conceptual
conflict-based scenario [78].

Based upon the findings from previous studies, we were wondering whether the different representation of
scientific knowledge can facilitate students’ understanding of the complex knowledge and enhance their willing-
ness tomakechangesof their conceptualunderstandingof specificphenomenon.We found that exhibitingnegative
FMES through all three major representation segments of the instructional process (i.e., scientific demonstration,
textual instruction, and animated instruction) suggests a higher probability of conceptual change among students
with sufficient background knowledge on the topic. For students with insufficient prior knowledge, the result was
the opposite [65]. More importantly, the results show that animated representationswere critical to the prediction of
students’ conceptual change, followedby textual explanations andfinally endswith the video demonstration of the
experiment. It suggested that the animations of particles’movement in themicroscopicworld can support students’
construction of the dynamic nature of particles, while simply watching the videos of a scientific phenomenon at
macroscopic level did not guarantee the learning is occurred. Although these findings are from the second exper-
iment on kinetics, we trust these results share commonalities with the heatless boiling experiment to some extent
based upon previous analyses.

Based on the research on students’ learning and the importance of constructing scientific models for
understanding scientific phenomenon, the next research stream is in the area of promoting model-based and
modeling-based instruction.

926 M.-H. Chiu: My journey in chemistry education



Model-based and modeling-based approach

Science is considered as the process of constructing explanatory and predictive conceptual models of natural
phenomena (e.g., [79–81]). Scientists use models to link their hypothesis, data, experiment, and in-
terpretations of scientific phenomenon.

To support such development of meaningful understanding and generate explanatory models, it is
necessary to engage students in sense-makingwork, to support students to do inquiry activities, and to explore
models that can help them make judgement and interpretations with evidence collected in the activities
[82–89]. The goal-oriented approach in practice allows students to conceptualize why they are engaged in
scientific activities and moves them from “doing the lesson” to “doing science” [90].

While models and modeling became an important trend of research and practice internationally, many
researchers, countries, and organizations have highlighted modeling competence as one of the scientific
competencies to be developed during school years [88,91–93].

For instance,it is explicitly stated that engagement in modeling and in critical and evidence-based
argumentation invites and encourages students to reflect on the status of their own knowledge and their
understanding of how science works in the NGSS [93] in the United States as well as in Taiwan [83]. Moreover,
as the students have the opportunity to get themselves involved in the scientific practices, in particular, those
stated explicitly in curriculum, it allows them to understand how science works and how it contributes to the
development of sophisticated knowledge across different grade levels. In Taiwan, such emphasis on con-
structing models and making argumentation is also explicitly stated in the learning outcomes on Thinking
Skills and Problem Solving as Inquiry Ability in the national curriculum standards [92]. However, too often
school curricula fail to focus on the development of scientific models; textbooks also do not make appropriate
use of historical and epistemological models, and teaching was found to rely on hybrid models (e.g., with
scientific and alternative models) (e.g., [94]).

Along the same line, Chiu and Lin [83] proposed a modeling competence framework for curriculum and
instructional designs to strengthen students’modeling competence (see Fig. 4). Such a framework can be also
used for assessing students’ modeling competence on constructing scientific knowledge as well as solving
problems in complex situations. The framework includes three aspects, namely, knowledge of models and
modeling, modeling practice (which includesmodeling processes andmodeling products), andmetacognitive
knowledge of models and modeling (see Fig. 4).

To promote suchmodeling competence in practice, Chiu and Lin further identified a four-stepmodel titled
DEAR (see Fig. 3), a cyclic model for promotingmodeling competence. ThisDEARmodel is designed to include
model Development (D), model Evaluation (or Elaboration, E), model Application (A), and model Recon-
struction (R) (see Fig. 5). It aims to operationalize the design, implementation, and evaluation of efficient

Fig. 4: The components of
modeling competence
(modified from [83]).
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modeling-based instruction. The DEAR modeling-based approach provides students with opportunities of
constructing their ownmodels within a specific context that they can explore and test their ownmodels, apply
their models in problem solving situation, and draw conclusions of suchmodeling practice. It allows students
to learn science and to know how scientists practice science in an authentic context. A series of studies were
conducted with the modeling approach at different levels of educational system ranging from elementary and
middle schools, to senior high schools (e.g., [95–98]). For example, the modeling-based text was designed
specifically to investigate how students can benefit from the use of guided materials to empower their

Fig. 5: DEAR modeling
procedures.

Fig. 6: An example of the learning materials with goal-
oriented modeling steps explicitly stated.
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competence inmodeling practice [97–99]. The readingmaterialswere adopted fromour previouswork [96] and
revised for learning chemical cells (Fig. 6). Taking an experiment about Daniel cell as an example, the
components and relation of the Zn–Cu battery experiment were designed to depict the steps of modeling
processes in the context of constructing a dual battery. The purposes of these activities were to get students
acquainted with modeling processes and to be able to construct and modify their own model of cell battery
through a series of guided inquiry. The interview questions were revised from Chang and Chiu [100] and its
internal consistency of Cronbach’s alpha was 0.76. The results show that there was a significant difference in
the posttest in the Modeling-based Instruction (MBI) group but not in the Comparative Group with no
modeling-based approach. The difference between these groups was that MBI was presented with explicit
descriptions and representations of modeling processes during instruction. In our study, we took this type of
research onemore step further. In the MBI group, the students were allowed to design their own procedures of
conducting experiments, finding problems, proposing hypothesis, operating experiment, analyzing data and
constructing models to interpret data collected in their own designs, and discussing with their chemistry
teacher. The findings revealed that: (1) the students in the MBI group significantly outperformed the
Comparative group on the overall content knowledge about electrochemical cell (p < 0.001), and (2) the
students in theMBI group outperformed theComparative group onoverallmodeling competence (p < 0.001). In
other words, the results showed that the Modeling-Based Instruction not only facilitates students’ under-
standing of the fundamental concepts about chemical cells at the macroscopic level, it also supports students
to construct the dynamic nature of chemical cells at the microscopic level (e.g., [97,98]). The modeling-based
inquiry instruction about modeling processes allowed students to understand the concepts in a more sys-
tematic way. Also, such authentic learning environment provided opportunities to students to elaborate their
ideas about scientific phenomenon and test their hypothesis with various designs in order to verify and apply
in different situations (e.g., [89,101]). Research has argued that implicit and explicit guidance led students to
different cognitive performance. In our study, we found the explicit instruction on modeling-based inquiry
allowed students to focus their attention and efforts on authentic taskswith awell-designed framework so they
could generate quality models of electrochemistry. Modeling-based inquiry has the potential to uncover the
complexity of the concepts via systematic approaches in instruction.

It is clear in research of electric cells that multiple representations, lab instruction, and refutational text
can facilitate students’ understanding of principles [102] as well as microscopic and symbolic representations
of chemical cells [103,104]. But, these strategies did not successfully improved students’ understanding of the
exchange of electrons in a chemical reaction and the directions of ions’ movement in the solution [102,105].

Systems thinking as learning tools

To extend the modeling research, I joined the IUPAC Systems Thinking project, led by Peter Mahaffy of Kings
University, Canada, from 2017 to 2019. While Matlin et al. [106] recognized that chemistry has played its roles
for the benefit of society and embraced systems thinking in relation to various interconnected systems both
locally and globally, Mahaffy et al. [107] further clarified that systems thinking approaches emphasize the
interdependence of components of dynamics systems and their interactions with other systems (such as
societal and environmental systems). Chiu, Mamlok-Naman, and Apotheker [108] proposed a framework of
systems thinking concept which featured with goal-based approach to the systems thinking for chemistry
education, including (i) understanding systems structure, (ii) understanding complex behavior, (iii) under-
standing systems at a different scale, and (iv) linking society, chemistry, and technology (see Fig. 7). The
authors adopted this framework to investigate whether chemistry curriculum reflects the emerging need of
Systems Thinking in high schools in Israel, the Netherlands, Taiwan, and the USA. The results show that there
is an international trend to enhance students’ thinking of interconnections of concepts and relevance in
chemistry, yet the degrees of emphasis varied. In all four countries, the first three components are present in
the standards of each country. It is recognized that preparing high school students to be literate about
structures of systems and complex behavior and relations among the components in a system at different
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scales is crucial. However, the analysis showed that one of the main differences occurs in the linkage with
society. Israel and the Netherlands both have a curriculum that includes sustainability, energy transition, and
green chemistry. In Taiwan and in Israel, issues related to sustainability, environment, and society were
covered (such as climate change, development and the use of energy, natural disaster and prevention), but not
emphasis toomuch on industrial processes. In the USA, the focus is relativelymore content-oriented approach
(core ideas and crosscutting concepts), practice of the concepts in science and engineering and links may be
made at a later stage. In short, learning expectations were not explicitly mentioned in the fourth dimension
(i.e., sustainability). Systems Thinking can be considered as learning tools, instructional tools, and assessment
tools to allow students to appreciate the contribution of chemistry in sustainable development as global
citizens.

IUPAC projects and activities

In this last section, I would like to introduce the other side of my work on promoting chemistry education and
gender equality through the IUPAC community, in particular, on Young Ambassadors for Chemistry (YAC),
Flying Chemistry Educators Program (FCEP), and Global Gender Gap projects.

Young ambassadors for chemistry

I became the National Representative of Chemical Society Located in Taipei to the IUPAC in 2002. Ever since
then, I was deeply involved in outreach chemistry education activities, including Young Ambassadors for
Chemistry (YAC), the Flying Chemistry Educators Program (FCEP), and other IUPAC’s activities on promoting
chemistry education. The former aims to promote public understanding of chemistry while the latter tries to

Fig. 7: The framework of systems thinking Reprinted with permission from M. H. Chiu, R. Mamlok-Naaman, J. Apotheker. Iden-
tifying Systems Thinking Components in the School Science Curricular Standards of Four Countries. J. Chem. Educ., 96(12), 2814–
2824 (2019). Copyright 2019 American Chemical Society.

930 M.-H. Chiu: My journey in chemistry education



provide countries with expertise needed to enhance their chemistry education (see https://iupac.org/wp-
content/uploads/2018/05/2pages_FCEP_2017.pdf at the primary, secondary and tertiary levels).

The YAC was initiated for promoting public understanding and awareness of chemistry by Dr. Lida
Schoen, a titular member of CCE and a senior chemistry educator from the Netherlands. The purposes of this
project is to show teachers (all levels, but mainly secondary school) possible meaningful content, to relate to
students’ daily life, to adopt student centered methodology (e.g. group work, discussions, collaboration with
other subject teachers), and to raise local public awareness events.

The goals of the project are to train teachers to conduct chemistry experiments relevant to daily life (such
as the chemistry behind cosmetics) and help teachers train their students to understand the contributions of
chemistry to the modern world. The model used in YAC events is the “Train the Trainers” approach to
strengthen teachers’ competence on teaching chemistry. Such approach can be extended from educators,
teachers, to students and the public to match what the 17th Sustainable Development Goal, “Partnerships for
the Goals”, is aiming for.

In general, the YAChas two parts: a 2–3 dayworkshopwith school teachers and a half day event in a public
venue (such as train station, park, or shopping malls, etc.) with students and the public including media
coverage-students as Young Ambassadors for Chemistry The workshops on the chemical experiments chosen
were mainly to introduce contextualized experiments and to bring about a better awareness of some local
products to the participants. Compositions, properties, and applications were introduced and discussed
during theworkshops. Tomake theworkshops and events successful, local organizers (inmany cases, they are
teachers) play important roles on organizing the event, such as contacting local government officials, industry
representatives, school teachers, instructors in science centers, and/or university faculty as well as preparing
the chemical compounds for the experiments. From our experiences working with teachers, we noticed that
this type of preparation and implementation of daily life-experiences experiments allow them to build up their
connections and capacity of hosting their own activities as a sustainable event after YAC has left. Meanwhile,
the students gained their confidence and communicative skills while collaborating with their peers to create

Fig. 8: Examples of YAC events.
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products under their teachers’ guidance and sharing their knowledge about the experiments with the local
public. Learning by doing and learning by communicating with others have been evident.

As a member of the task group, I joined the project in the very beginning in 2004 when the project was
launched in Taipei, Taiwan. Since 2004, YAC has organized 40 events in 29 different countries [109] led by Dr.
Schoen. Among them, 14 eventswere supported by IUPAC and its Standing Committee on Chemistry Education
(CCE) along with local financial agents. The others were supported by other organizations arranged by Dr.
Schoen. The most recent one in Mongolia was organized by a titular member of CCE, Professor Masahiro
Kamata. I had the privilege to collaborate and organize the events with them in the YAC projects sponsored by
IUPAC and CCE (such as Cambodia, Ethiopia, Mauritius, Mexico, Mongolia, Panama, the Philippines, &
Thailand, etc.) (e.g., [109,110], please see few photos in Fig. 8). What I found from these activities were that
most of the local teachers were enthusiastic to adopt our curriculum in their classrooms, and the students’
interest and motivation to learn chemistry increased as they engaged in in-context hands-on activities. While
communicating with the public, the students gained confidence about their understanding of chemistry
concepts and skills, and the public appreciated chemistry’s impact in their daily life. What is different in
schools is that the learning of chemistry in school is often without contexts that are related to students’ daily
life. Therefore, students lacked motivation to learn chemistry. The YAC program contributes its impact on
raising people’s awareness of what chemistry can do for them and helps form a positive image of chemistry
among both the students and the general public.

Flying Chemistry Educators Program

This FCEP program (formerly known as Flying Chemists Program, FCP) was initiated by Peter Atkins and Ram
Lambawhen they weremembers of IUPAC CCE in 2005. The FCEPwas designed to provide emerging countries
means to improve the teaching and learning of chemistry at the primary, secondary, and tertiary levels. Unlike
the YAC program, FCEP provides a country with the expertise needed to strengthen its chemistry education
program. Resource persons are expected to offer lectures and experiments based upon the local needs for
transforming chemistry education. Therefore, FECP is also called a tailor-made program. Due to the unique
requests from each country, the resources persons and programs provided to the host countries are different.
For instance, the 1st Teacher Workshop in Croatia was held in 2010 through CCE’s titular member, Bob Bucat’s
assistance. A group of researchers (including Onno de Yong from Sweden [previously the Netherlands], Tom
Greenbow from the USA, Mordechai Livneh from Israel, Metodija Najdoski from North Macedonia, Bob Bucat
from Australia, and myself) delivered lectures on various topics (teachers’ Pedagogical Content Knowledge,
alternative assessment, instructional strategies for teaching chemistry, etc.) and hands-on activities during
four days in November, 2010. Ever since then, the chemistry teachers workshop is conducted every other year
hosted by Professor Nenad Judaš and supervised by Professor Bob Bucat. One of my vividmemories of this trip
was that all the teachers participated were deeply involved in the lectures, hands-on activities and the
discussions of the possibility of implementation in schools all day every day for four days. This FCEP visit was a
successful event because of everybody’s engagement. It cannot turn into a sustainable event in Croatiawithout
the dedication and devotion of the organizers and the passionate teachers. There were other cases in other
countries that touched my heart as well. What they can give and inspire us is much more than what we can
offer. From their feedback, we were grateful to know we were doing the right thing for chemistry education.

Thus far, FCEP has been held in nine countries, namely, India (2005), Sri Lanka (2006), Philippines (2008),
Croatia (2010), Ethiopia (2011),Mexico (2012), Panama (2012), NewZealand (2016), andMongolia (2020) (please
see Fig. 9). I had the privilege to join the last seven FCEP events over the past 15 years. I am always touched by
the organizers, university lecturers, and school teachers for their passion and open-minded attitude to
chemistry education, their steadfastness in face of the challenges, and the willingness to change in their
practice.

In sum, FCEP and YAC serve different purposes for promoting chemistry education, the former is to raise
the public understanding of chemistry while the latter is to empower chemistry teachers in secondary schools
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and professors in higher education. Through these programs, we anticipate continued collaborationwith local
government officials and professionals, to generate short and long term impact and to provide tailor made
resources and programs (such as emerging technology, learning and teaching strategies, assessment tools,
development of curriculum, and hands-on activities, etc.) for future generations.

International Year of the Periodic Table

To celebrate United Nations’ International Year of the Periodic Table of Chemical Elements (IYPT) in Taiwan,
National Taiwan Normal University (NTNU) and the Chemical Society Located in Taipei (CSLT) held several
events, supervised by Ministry of Science and Technology (MOST) and Ministry of Education (MOE). As the
principle investigator, I had the privilege to organize several events to support IUPAC’s IYPT locally as well as
globally, such as IYPT special exhibitions in the five major science museums, poster and teaching material on

Fig. 9: IUPAC CCE’s Flying Chemistry Educators Programs (FCEP). Modified from https://iupac.org/wp-content/uploads/2018/
05/2pages_FCEP_2017.pdf.

Fig. 10: 118 Element cube
exhibits.

M.-H. Chiu: My journey in chemistry education 933

https://iupac.org/wp-content/uploads/2018/05/2pages_FCEP_2017.pdf
https://iupac.org/wp-content/uploads/2018/05/2pages_FCEP_2017.pdf


Fig. 11: Periodic table of
Chemical Elements for persons
with visual impairments
(designed by S. P. Yang).

Fig. 12: A close-up photo in showing the text “IYPT in TW”
on Taipei 101.
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the Periodic Table competitions, online element challenges, decorated MRT trains, Taipei 101 Light Shows, a
chemical elements collections App, and an invited talk at the closing ceremony in Tokyo (see Figs. 10, 11, 12, 13,
and 14). The series of activities had reached audience that includes science educators, school teachers,
students, and one million of the general public as well as international visitors.

Gender gap project

Gender gap in science has been a well-known fact for decades. According to the report of UNESCO Institute for
Statistics (UIS), fewer than 30 % of the world’s researchers are women (see http://uis.unesco.org/en/topic/
women-science). To reduce such a gap, various initiatives were implemented but the gap was not reduced
significantly and still exists, in particular, in academia.

The International Science Council (ISC) funded a unique three-year project in 2017–2019 called, “A Global
Approach to the Gender Gap in Mathematics, Computing and Natural Sciences: How to measure it, how to
reduce it?” [111]. This joint project involved: InternationalMathematics Union (lead 1), IUPAC (lead 2), and nine
other international scientific unions, including the International Union of Pure and Applied Physics (IUPAP),
the International Astronomical Union (IAU), the International Union of Biological Sciences (IUBS), the In-
ternational Council for Industrial and Applied Mathematics (ICIAM), and the International Union of History
and Philosophy of Science and Technology (IUHPST). The other four organizations are the United Nations
Educational, Scientific and Cultural Organization (UNESCO), through its project STEM and Gender

Fig. 13: Light show counting down from element 1 to 118,
and then count back to element 101 and beginning with
Mendeleev cartoon portrait.
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Advancement (SAGA); Gender in Science, Innovation, Technology and Engineering (GenderIn-SITE); the
Organization of Women in Science for the Developing World (OWSD); and the Association for Computing
Machinery (ACM), through ACM-W. The main goal of the project was to investigate the gender gap in STEM
disciplines through three principal tasks, globally and across disciplines. There were tasks involved, namely,
(1) a global survey of scientists, (2) an investigation of scientific publication patterns, and (3) a database of good
practices to encourage girls and young women to enter and be engaged in STEM fields.

In total, more than 32 000 respondents from 159 countries to the survey were collected and analyses,
including 2698 chemists. The results revealed that systematic differences between the experiences of men and
women still exist, across all regions, all disciplines, and all development levels. Of course, chemistry was not
an exception. Several major findings were revealed: (1) More than six times of women than men in chemistry
reported having personally encountered harassment at work or school; (2) Compared to men, women in
chemistry tended to report more frequently that the progression of their careers was significantly slower than
that of their peers since their careers were strongly affected by their decisions regarding children, marriage, or
similar long-termpartnership; (3) Femaleswhose career or rate of promotion slowed significantly because they
became a parent; (4) More females thanmales expressed that they felt discriminated against in the assessment
or evaluation of their achievements because of their gender; and (5) The gender gap in science does not
disappear even with increasing levels of regional economic development, as defined by the Human Devel-
opment Index (please see the details in [111–113]).

As for the publication patterns analysis, data from Crossref was used to investigate the proportion of
women in six prestigious chemistry journals that were suggested by IUPAC volunteers, namely, Chemical

Fig. 14: Inside the compartment of the MRT in Taipei
decorated with Mendeleev and Marie Curie as well as a
cell phone composed of elements.
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Reviews, the Journal of the American Chemical Society, Chemistry-A European Journal, Nature Chemistry,
Angewandte Chemie International Edition, and The Chemical Record. The findings revealed that proportions of
women authorship in these journals have been increasing steadily over the past 10–50 years (below 5% in 1970
up to values in the vicinity of 20 % in the 2010s), a pattern that is not always repeated in other scientific
disciplines [113]. The proportion of women authoring papers in top journals has remained static in mathe-
matics and theoretical physics, while it increased in astronomy and chemistry even though the proportions
were still low. However, according to a fruitful analysis on their publications by Royal Society of Chemistry
[114], it is shown that women submit less often as corresponding authors than as first authors (23.9 % of
submissions vs. 33.4 % respectively). Also, women are less likely to submit to journals with higher impact
factors. In addition, papers by female corresponding authors are cited less than those frommale corresponding
authors (papers by female corresponding authors are cited on average 5.6 times; papers bymale corresponding
authors are cited 7.2 times) ([114], p. 22). Huang et al. [115] analyzed 1.5 million scientists whose publishing
careers ended between 1955 and 2010 with a solid methodology. They found that across all years and disci-
plines, women account for 27 % of authors, however, there were only 12.0 % women authors in 1955 and that
fraction steadily increased over the last century, reaching 35%by 2005. They further pinpointed that in biology
and chemistry, men have 19.2 % longer careers on average, resulting in a total productivity gender gap that
exceeds 35.1 %.While female scientists are losing at a higher rate at every stage of their career in the academic
system, it might not be sufficient to focus on the junior scientists alone. How to support gender-specific
sustainability over academic careermight be a cornerstone to be focused on for reducing the gender imbalance
on productivity and impact [115]. In particular, ever since the COVID-19 pandemic, the situation of publications
for women scientists seems to be worse [116–119].

To raisemore attention about gender issues to academia, a collection of 16 articles ranging from scientific,
mathematical to computing disciplines was published as a special issue on gender gap of Pure and Applied
Chemistry [120]. Furthermore, to make the collaboration sustain, IUPAC and other international organizations
are building on the project’s findings to advance gender equity in their disciplines. The Standing Committee for
Gender Equality in Science, SCGES,was instituted in 2020. IUPAC is a foundingmember of SCGES alongwith 15
other international partners.

To summarize, I worked with a group of great scientists who are highly invested in the gender gap issue
and these activities provided me with opportunities to interact with scientists and science educators from all
over the world and allowed me to develop leadership skills in the project. Their efforts and successes on
promoting gender gap in STEM areas deserve recognition from all of us.

Concluding remarks

As a former secondary school chemistry teacher for three years before pursuing my doctoral degree in the
United States, I always wondered why students have such difficulty in learning chemistry and how I could
provide sense-making strategies to support their learning. Duringmypast 30 years in academia, I have devoted
myself to research topics relating to the understanding of students’ learning in chemistry, led integrated
research on diagnosing students’ conceptions about key topics in chemistry, and developed instructional
strategies to facilitate students’ learning of abstract and complex nature of chemistry. Via the innovative
teaching methods, various techniques and products (e.g., augmented reality and virtual reality, [121]) were
developed for chemistry teaching and learning, in particular, developing students’ models and modeling
competence and providing students with opportunities to reflect on their learning in authentic scientific
inquiry practice.

To put my research work into practice, I have also served in international scientific organizations as a
volunteer since 2002, to promote science education, and in particular, for chemistry education. I have been
deeply involved in various IUPAC projects and activities that inspired me to work with researchers, educators,
teachers, and students on promoting chemistry education across theworld. These activities also allowedme to
interact with scholars who have devoted themselves to science and chemistry education selflessly. Although
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travels to some of the countries were long and difficult, on occasion we also ran into unexpected in-
conveniences and problems, all of thesewere forgottenwhen Imet the enthusiastic teachers and saw students’
expression of satisfaction with our programs. Also, through these activities, I had opportunities to observe the
progress of chemistry education and to develop visions, leadership, and knowledge of promoting chemistry
education research and practice. This has allowed me to make my contribution to the societies, and meet with
great fellows from across the globe, who were not only great to work with, but also awesome models to learn
from.

Moreover, I love teaching and interacting with my students. I want my students not to underestimate
themselves. They are, and should be, creative, critical, and open-minded to allow various possibilities to be
explored. In particular, I would encourage female students and colleagues by saying “Be yourself, be confi-
dent, face the challenges and conquer them. And realize your potential for yourself and for others!” As Marie
Curie said once, “Nothing in life is to be feared, it is only to be understood. Now is the time to understandmore,
so that we may fear less.”

It is a great honor to receive the award of 2021 IUPAC Distinguished Women in Chemistry/Chemical
Engineering along with so many of my peers. I would like to take this opportunity to thanks my collaborators,
teachers, students, colleagues, and friendswho supportme in various aspects inmy career. I would also like to
say congratulations to all the awardees aswell as thosewhowere nominated but not awarded. Everyonewas so
exceptional! Finally, I am in debt to my family who have supported me in many ways. For that I am grateful to
them, in particular, to my husband, who supported me in my pursuit of my career without reservation.

Finally, I would like to quote the famous poem The Road not Taken by Robert Frost to end this article. Be
brave to challenge your potential.

Two roads diverged in a yellow wood,

And sorry I could not travel both

And be one traveler, long I stood

And looked down one as far as I could

To where it bent in the undergrowth;

Two roads diverged in a wood, and I—
I took the one less traveled by,

And that has made all the difference.
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