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Abstract

This article has two aims. First is to introduce an evidence-based research-oriented chemistry teacher
education study program developed and applied at the University of Helsinki (Finland) since 2001.
The study program is a five-year master’s program operated by the Faculty of Science. Second is to
provide insights for the constant research-based development needed to ensure its relevance in the
rapidly changing world. The focus is to report what kind of research resources and research-based
development are constantly required to keep an academic chemistry teacher education study
program up to date. The research approach is narrative. We aim to produce good practice guidelines
by generating narrative insights from selected design-based research projects implemented by our
research group. With this approach the key insight is that there is a need to conduct research-based
development on four levels simultaneously: 1) learning resources for courses, 2) pedagogical models
and courses, 3) program and university level development, and 4) national and international level
projects. What unites these different categories is that they all require a co-design approach to fulfil
the needs of all stakeholders. The insights provided in the article can serve as a valuable example for
chemistry teacher education curriculum development around the world.

Keywords: chemistry education research; teacher education; study program; research-based
development

1. Introduction

High-quality chemistry education is extremely important, and this requires chemistry teachers
with an extensive knowledge of chemistry and a comprehensive understanding of chemistry as a
science. Chemistry is a versatile and rapidly evolving science. It is a massive research field with one
of the world’s largest industrial sectors — the chemical industry supports over 120 million jobs
worldwide.[1] Chemical research is highly multidisciplinary, and chemistry is a key science in
developing solutions to all major sustainability challenges, such as climate change, sustainable
energy, clean water and a sufficient food supply for all people.[2] Despite its high societal relevance
and excellent employment opportunities, the field has a major challenge — there is a massive shortage
of skilled workforce.[3] In other words, not enough students are studying chemistry.

The reason behind the lack of students is resulting from at least two factors. The first issue is the
lack of experienced relevance. Many scholars have reported that young people do not find chemistry
interesting, or more precisely, relevant.[4-8] This affects the overall number of chemistry students,
which has been a global concern for decades.[9] Fortunately, the chemistry education research (CER)
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community is aware of the relevance challenge. In recent years, CER scholars have actively been
developing novel evidence-based relevance-oriented learning materials as a solution to the
challenge.[10-13] The second issue is a high dropout rate. In many parts of the world, more than 30%
of chemistry undergraduate students fail to finish their degrees.[14-16] Efforts to solve the dropout
challenge have been made, for example, with enhanced student guidance [17], strengthening the
vocational relevance via career weeks [18], job shadowing, industrial site visits [19] and career-
oriented inquiry-based activities [20].

We agree that it is important to support higher education chemistry studies by strengthening its
vocational relevance. However, it does not solve the first challenge. According to research, an interest
in science is created in childhood.[7,21] Therefore, we claim that the most efficient way to improve
the situation is to train skilled and enthusiastic chemistry teachers. Chemistry teachers are the key
stakeholders in introducing the potential of chemistry to young learners and to inspire them into
chemistry careers.[22] Therefore, high-quality chemistry teacher education (CTE) is the cornerstone
of developing chemistry both as an academic and industrial field.

Future chemistry teachers are trained in tertiary education through academic study programs.
Usually, chemistry teachers graduate from CTE or broader STEM teacher programs. Whatever the
specific name, they are usually academic higher education degrees. Therefore, we argue that high-
quality academic CTE needs to be evidence-based and research-oriented. At the University of
Helsinki (Finland) we have been developing evidence-based CTE and training research-oriented
chemistry teachers (ROCTs) for almost 25 years.[23] The study program is a five-year master’s
program operated by the Faculty of Science. It consists of a three-year bachelor’s program and a two-
year master’'s program. Graduates receive a higher education degree and a subject teacher
qualification for chemistry and their second teaching subject. In addition, they also can choose a
career as a chemist, for example in the chemical industry.

However, there is a constant need to develop and update the program because chemistry as a
science is itself developing rapidly. For example, there have continuously been major advances in
sustainable chemistry, modern technology, and material sciences. Future chemistry teachers need an
up-to-date understanding of the field so that they can integrate contemporary science into their
teaching. This is particularly important because chemistry in schools is being taught predominantly
from a historical perspective.[24] This does not seem to appeal to large numbers of learners, which
leads to the main challenge in the field, namely that young people do not experience chemistry as
relevant.[13] Therefore, there is a special need to strengthen the vocational and societal relevance of
chemistry education.[12]

Based on this background, the aim of the article is to report on what kind of research-based
development is constantly required to keep an academic higher education study program relevant
and up-to-date. The aim is fulfilled by providing narrative insights by analysing selected design-
based research projects that our group has implemented in the past. We start by defining evidence-
based CTE and continue by describing the characteristics of ROCTs (Section 2). These are needed to
understand the nature and requirements of evidence-based CTE. Then we introduce the applied
research methodology (Section 3) and report results (section 4). The article ends with conclusions and
take-home messages (Section 5)

2. Evidence-Based Chemistry Teacher Education
2.1. Definition of the Term “Evidence-Based”

We defined evidence-based CTE by reviewing several “evidence-based” educational terms and
crafting a suitable concept for chemistry educational purposes. In the literature scholars have defined
“evidence-based” from a content or educational research perspective. Ratcliffe et al.[25] discuss
“evidence-based practices” when they refer to the usage of educational research methods for
ensuring efficient pedagogical practices. They identified the need for evidence-based teaching
through focus-group interviews of educational experts, researchers, policymakers, and teachers.
Toom and Husu [26] use the term “research-based” for a similar context. They argue that a research-
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based orientation in tertiary teacher education is essential. It enables future teachers to engage and
understand their teaching profession on a more comprehensive level. The matter is so crucial why
the development of a teacher education should be based on systematic research strategy.[27]

Evidence-based practices encourage teachers to think like educational researchers. However,
according to Valcke [28], the “teacher as a researcher” analogy does not mean that the teacher
professional should be an academic research position. It is more of a practice-oriented approach
applying simple research settings to develop their own teaching and learning, taking an inquiry-
based approach. For example, an iterative collaborative design approach could be taken to develop
local level pedagogical models alongside peer teachers. The decision making could be supported with
up-to-date scientific literature and researcher consultation through networks built up during
university studies. The solutions developed could be validated using data gathered through
observation and feedback questionnaires.[28]

In the context of CTE, the other building block of an evidence-based approach is chemical
research. Therefore, in addition to the latest educational research insights, future chemistry teachers
need to be able to include up-to-date chemical research in their teaching.[23] This can often be
challenging because teachers are not active chemistry researchers, and the current research topics
may not be included in their studies or the latest research results will have come after their
graduation.[24] Fortunately, there are several ways of including contemporary research in the
curriculum. Teachers can participate in in-service training events and courses to update their
knowledge base and network [29-31] or use recent learning materials developed by CER scholars in
collaboration with researchers [12].

2.2. Research-Oriented Chemistry Teacher

The aim of evidence-based CTE is to produce research-oriented chemistry teachers, i.e.,
ROCTs.[23] It is important to realize that the research component of an ROCT is CER. According to
Taber [32], CER can be inherent, embedded or collateral (see Figure 1). The inherent approach focuses
on research questions arising from the practices of chemistry education and chemistry as a science.
Embedded CER research has a general educational focus that has been conceptualized in the context
of chemistry. Collateral CER is educational research where, for example, data has been collected in a
chemistry learning context without subject-specific conceptual operationalization. The CER
community has a strong consensus that the intrinsic approach is most important for the development
of the research field.[32]

Chemistry
education
research
(CER) \\n
can be concep- can be
canshidy tualized to used for
Inherent Intrinsic research Embedded Context of Data Collateral
CER questions CER Chemistry gathering CER
and focus on for
Practices of Chemistry as General educational
chemistry education a science research
‘/e*amp'e@i\ ‘/‘/mp”\"‘\
Chemistry concepts | Chemistry Epistemic Chemical Dialogic Differentiation Metacognition Problem-based
and phenomena triplet relevance | misconceptions teaching learning (PBL)

Figure 1. The three different research types of CER.[32].

2.3. Required Knowledge Components
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The ROCT’s expertise is built up from various knowledge areas. To illustrate the diversity of the
required knowledge components, we use a technological pedagogical science knowledge (TPASK)
framework for modelling them. TPASK is an application of a technological pedagogical content
knowledge (TPACK) framework designed especially for supporting the professional development of
science teachers by integrating authentic research and nature of science (NOS) into the
framework.[33,34] Many scholars consider NOS as central goal in science education.[35] TPACK is a
general educational model focusing on content knowledge rather than scientific knowledge.[36] In
this regard, TPASK model is more suitable for our needs than TPACK.

TPASK can be visualized with a Venn diagram of technology, science, and pedagogy (see Figure
2). The overlapping knowledge areas are technological science knowledge (TSK), technological
pedagogical knowledge (TPK) and pedagogical science knowledge (PSK).[33]

Technology
Technological Techological
Science Pedagogical
Knowledge Knowledge
TSK TPK
Science PSK Pedagogy

Pedagogical Science Knowledge

Figure 2. An overview of the TPASK framework [33].

By using the TPASK framework, we can illustrate the diversity of essential knowledge areas
required of ROCTs:

PSK: The foundations of an ROCT’s expertise are good chemistry knowledge, excellent
pedagogical skills and chemistry educational understanding of how these two are combined
meaningfully.[37] In addition, ROCTs care about their pupils’ and students’ learning. This
knowledge is PSK because it combines chemistry and pedagogy.[33]

Science: ROCTs understand the (NOS) both in the context of chemistry and educational sciences.
This means, e.g., that they understand how science works as an institution and how it is evaluated,
how new information is produced and why, what the role of science is in society, sustainability and
politics and how science is financed.[38,39] This knowledge is purely science knowledge. Note that
the emphasis is on science and not only content. In this regard, the TPASK framework enables a more
comprehensive understanding of the required expertise than the TPACK model.[33,36]

Pedagogy: ROCTs have curious minds and are interested in constantly learning new things.[23]
To fulfil their learning needs, ROCTs have good meta level skills, and they can evaluate continuous
personal learning needs. ROCTs apply an inquiry-based approach to learning and engage with non-
formal in-service learning resources, courses and events.[30,31,40]
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TSK, TPK, and Technology: Technology is integrated in everything. ROCTs need to master the
usage of technology both in chemistry and education as well as in their chemistry educational
interface. ROCTs follow the latest chemical, educational and chemistry educational research on both
national and international levels. ROCTs are able to integrate contemporary science into the
chemistry curriculum and their own teaching.[23] From the TSK and PSK perspective, following the
latest research is vital because chemistry is a data-driven rapidly developing instrumental
science.[41] Educational technology also takes huge leaps every year. For example, in recent years
generative Al has same to chemistry education.[42]

TPASK: ROCTs can develop their teaching via educational research methods on a practical level
and disseminate results along the appropriate channels. In the best scenario, research and
development projects are conducted in collaboration with peers and members of the personal
learning network.[26,43]

2.4. Professional Identities

As mentioned, we aim to train ROCTs that have two professional identities. We claim that
chemistry teachers should consider themselves to be not only teachers but also chemists.[23] This is
a challenging topic, and teachers might even experience conflict between different identities.[40] Our
previous research indicates that for example engaging with non-formal teaching activities during
pre-service education effectively supports the development of teacher identity.[44] However, we
have also noted that the teacher identity often comes more dominant why we are currently
developing ways how to strengthen future chemistry teachers’ chemist identity. If there is no
possibility for research training courses or apprenticeships [40], engaging with chemists and up-to-
date research seem to be promising work method [45].

Teachers’ professional identity, a complex construct of beliefs, attitudes, and behaviours that
define them as educators, is crucial for teachers’ efficacy and adaptability.[46,47] Therefore, this is an
essential issue to address in chemistry teacher education, especially from the perspective of the
under-represented chemist identity. Our solution is to engage future chemistry teachers with
contemporary chemical research in the CER courses offered. In this context, the location within the
University of Helsinki Chemistry Department is crucial because this gives us direct access to
chemistry scholars and their research groups. As members of the chemical research community, we
are able to design our teaching to highlight the precise research focus of the Chemistry Department.
The Department’s research areas are materials, energy, health, and environment and we approach
these through our research group’s focus areas, which are sustainable chemistry and modern
technology. In Figure 3 we illustrate the interaction of different research foci and their contribution
to the ROCTSs’ professional development.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202502.1093.v5
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 20 October 2025

Sustainability Technology
i Chemistry learning Continuous . Community
Ch | - .
concee;';lsc:nd and teaching leaming Chemistry research relations
phenomena
Teacher identity RESEARCH- Chemist identity N‘T(t_WOFIKfS arllt_l:l
Chemistry ORIENTED working lite skills
education CHEMISTRY
research Curriculum TEACHERS Chemistry NOS Internationality
. Health and
Materials Energy

environment

Figure 3. The Chemistry Department’s research foci and their contribution to CER research foci and CTE study

program.

We argue that engagement with contemporary science supports the relevance challenge.
Learning from the latest chemical research and interacting with chemistry scholars develops future
teachers’ understanding of relevance holistically. This will strengthen their chemist identity and
improve their ability to include up-to-date chemical research in their teaching. Further, engaging
young people more with contemporary science could be the solution to the relevance problem that
the whole CER community has been seeking for over a decade.[13]

However, it should be noted that, before studying the subject, the teacher must encounter
learners as people and create a good learning environment suitable for all. This is a well-known fact
and applied in teacher education since the 1980’s.[37,48] In this regard, pedagogical skills are
extremely important, even though content knowledge is the core knowledge that every chemistry
teacher should master.

3. Methodology

This study is theoretical research that produces qualitative [49] in-depth descriptions of different
kind of development needs that our CTE study program has had over the years. These descriptions
are narratives insights representing good practices retrieved from our research and 25 years of
experience in chemistry teacher education. The narratives are built around our current research foci
aligned with the department research strategy (see Figure 3). The production of narratives is guided
using the following research questions:

What kind of research resources and strategies are suitable for developing a CTE study
program?

What kind of development needs and levels there are for ensuring the relevance of a CTE study
program over time?

3.1. Production of Narratives

In this research we define narratives as frameworks that help others to position their stories
under an coherent body of knowledge.[50] However, we do not work with stories — our focus are
research-based design strategies, needs, objectives and agendas. We have ensured the objectivity by
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interpreting generated narratives thorough the theoretical framework presented in Section 2. Theory-
grounded production of narratives is mentioned important by Smith and Monforte [50] in their
methodological article of narrative analysis.

According to Smith and Monforte [50] working with narratives starts with deciding the data
source or story. In our case we data sources are the selected research articles we published from
research-based development of CTE (see Appendix). After selection, we generated narratives by
summarizing the key points of the selected research projects and reflecting them to the reviewed
literature.[51] Reference articles are cited as Al, A2 and so on. A refers to appendix and number
indicates the order of appearance.

3.2. Research Context: Current Degree Structure and Courses of the Developed CTE

In this section we describe research context including the degree structure and CER courses
offered in the CTE under inspection. The aim for introducing the background is to support the
validity and reliability of the production of narratives. The narratives are qualitative by nature, so it
is important to describe the context accurate that narratives can be applied to other CTE contexts.[49]

The CTE study program at the University of Helsinki has a standard European higher education
degree structure. It comprises 300 ECTS credits, consisting of a BSc degree of 180 ECTS and an MSc
degree of 120 ECTS (Table 1). The Bachelor’s degree is planned as a three-year study track organized
by the Faculty of Science. The Master’s degree is planned to take two years. It is also administered by
the Faculty of Science, but a 60 ECTS portion of the MSc degree consists of pedagogical studies
organized by the Faculty of Educational Sciences. Pedagogical studies include two teaching practice
periods in the University of Helsinki Training Schools. Pedagogical studies are usually conducted in
the fourth year. For their fifth and final year, the students return to the Faculty of Science and
complete their CER Master’s thesis in the Department of Chemistry. The MSc degree includes at least
75 ECTS of CER studies, which means that at least 25% of the program is allocated to CER. This is
important because CER studies are the only way to ensure a research-oriented approach in CTE.

Table 1. A structure analysis of CTE course allocations.

Courses Allocation (ECTS/%) Notes
BSc MSc
Chemistry 65/ 36% 0-15/ The MSc degree has 15 elective credits,
0-12.5% which can include courses in chemistry
Chemistry 30/17% 45-60/ At least 75 ECTS of CER studies, including
education 37.5-60% courses, theses and seminars
2nd teaching | 60 /33% - Includes 5 to 15 ECTS DBER studies
subject depending on the subject
General 25/ 14% - Includes academic skills, career courses and
studies language studies
Pedagogical - 60/ 50% Covers 50% of the MSc degree
studies
Sum 180 /100% 120/ 100%

To ensure constant engagement with CER studies, we have divided CER courses evenly through
the study years. The curriculum has been iterated for over 20 years in 3 to 4-year curriculum cycles.
Courses and course contents are developed and updated to match the current professional needs of
chemistry teachers.
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In the BSc studies we offer 5 CER courses, a thesis (6 ECTS) and seminar (1 ECTS), and a few
general science education courses. At the Master’s level, there are 4 courses, a thesis (30 ECTS), and
a CER research seminar (5 ECTS) (see Table 2).

Research skills are at the core of CER expertise. We have designed a course that focuses on
methodological issues as well as integrating different skills into every CER course. Research skills
range from simple tasks, such as information retrieval and essay writing, to more complex skills, such
as case study and design-based research (DBR). The specialized CER course is optional for Master’s
students but mandatory for PhD students.

Table 2. An overview of CER courses offered at the University of Helsinki during the curriculum period 2023-

2025, with research skills integrated in courses.

# Level Course Research skills Year
1 BSc Chemistry in Everyday Life, | Information retrieval, academic | 1
Society and Environment (5 ECTS) | writing (essay)
2 BSc Inquiry-based Chemistry | Qualitative and mixed method | 2
Education (5 ECTS) case studies, questionnaires,
content analysis, automatic
citation tools
3 BSc Concepts and Phenomena in | CER as a field, pre-post |2
Chemistry Education (5 ECTS) measurement of conceptual
change
4 BSc Information and Communication | Artificial intelligence in CER 3
Technology in Chemistry
Education (4 ECTS)
5 BSc Sustainable Chemistry (5 ECTS) Modelling of systems thinking | 3
6 BSc Bachelor’s thesis and seminar (6+1 | Narrative or systematic | 3
ECTS) literature review or case study
7 BSc Science Education (5 ECTS) Designing research-based 1-3
science education activities
8 BSc Mathematics and Science in | NOS 1-3
Society (5 ECTS)
9 BSc Contemporary Science and Future | NOS 1-3
of Research (5 ECTS)
10 | MSc Integrated Chemistry Education (5 | Design-based  research and | 5
ECTS) chemical engineering projects
11 | MSc Chemistry Now and Future NOS (chemistry specific), 5
(5 ECTS) authentic chemistry research
and researcher networks
12 | MSc Research Methods in Chemistry | Overview of research | 5
Education (5 ECTS) methodologies and methods
usually applied in CER
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13 | MSc Sustainable Education in | NOS 5
Mathematics and Science
Education (5 ECTS)

14 | MSc Master’s thesis and research | Independent CER research | 5
seminar (30+5 ECTS) project

4. Results

4.1. Research Strategies and Resources for CER and CTE (RQ1)
4.1.1. DBR as Research Strategy for Evidence-Based CTE

World changes all the time and science are progressing rapidly. Therefore, we need to update
and re-develop our CTE program constantly. As mentioned, we use DBR as a research approach to
ensure that development is based on research. DBR is a research-based development strategy
designed to build educational artefacts such learning materials, pedagogical models, courses, and
educational software.[52-54] It was originally developed in the 90’s and was initially called design
experiments.[55] Then in the last 30 years the methodology has evolved and currently DBR or
educational design research (EDR) studies are a widely adopted research strategy used broadly in
the educational field.[53]

We follow Edelson’s DBR model where the design process is conducted through empirical and
theoretical problem analyses. Edelson’s model is suitable for our needs because it produces practical
artefacts (design solutions) that we can use as platforms for empirical studies to generate insights and
theories.[52] DBR as a methodology is constantly developing but it is important that research projects
are based on authentic needs and design is decisions are validated through empirical studies and
grounded to relevant theoretical frameworks.[56] Recent advances in the field emphasizes the
collaborative nature of the design projects, why we have developed a co-design model to implement
DBR projects.[43,57] Co-design is essential because developing up-to-date courses and learning
activities require expertise from multiple stakeholders such as chemistry researchers and educational
experts. Also, the needs of the end users (teachers and learners) must be included in the need analysis
to produce usable solutions.

We have used this DBR approach to produce learning materials such as web materials [58],
laboratory activities [59], pedagogical models [60], courses for pre-service chemistry teacher
education [61] and teaching tools such as evaluation matrices [62]. In accordance with open science
practices, we publish design solution under creative commons by attribution (CC BY) licence. The
aim of this is also to maximize dissemination. With an open licence developed artefacts can be
adopted widely to use by schools and other education stakeholder such as textbook publishers.

4.1.2. Research Resources for CER

Usually, chemistry research groups have their own research laboratories. Similarly, during the
years we have noted that CER requires a laboratory, but we also need a data interface for conducting
the empirical stages of DBR projects efficiently. Therefore, we have built a research and development
(R&D) platform called LUMAlab Gadolin.[63] It is a non-formal learning environment co-designed
by our research group, research groups from our department, chemical industry companies and
LUMA Centre Finland (see Figure 4). LUMA Centre Finland is a science and math education network
of Finnish universities. LUMA is an acronym referring to Finnish words science (luonnontieteet) and
mathematics (matematiikka).[64]

Gadolin was originally established in 2008. It is located at the Department of Chemistry in the
University of Helsinki. Gadolin started as a non-formal laboratory where schools make study visits.
During the years we have strengthened its role in the study program including laboratory instruction
exercises and research exercises in our CER courses. During the years LUMAlab Gadolin has
expanded to internet offering virtual study visits to support rural regions of Finland. The
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VirtualGadolin was developed during COVID pandemia but there was a clear need for virtual
learning why we have continued developing it further.

Research and Development Hub

LUMALlab Gadolin . :
for Chemistry Education
produces isusedto delivers
USER BASE DATA R&D — OUTCOMES
Schools Theses
Effects and Pedagogical models a @ ®
Teacher perceptions and learning materials Research
Education articles
Associations Focl Books
CER: Modern technology and sustainability
Eamilies Chemistry: materials, energy, health and environment Software
Co-designed Chemical industry Research groups Luma Centre "
together with companies around the world Finland -

Figure 4. An overview of LUMAIlab Gadolin as a research and development hub.

Our ontological purpose as a research group is to develop novel solutions for supporting the
relevance of chemistry education. Derived from our research strategy, we work especially with
modern technology and sustainable chemistry education. For example, we explore new educational
technology and craft pedagogical models’ suitable chemistry educational contexts [70,71] or develop
new learning materials in collaboration with department’s chemistry research groups [72]. Also,
much of the research is requires international collaboration [73-76].

As mentioned, our research group is located inside Department of Chemistry in the Faculty of
Science not in the Educational Faculty. The location enables direct collaboration with chemistry
research group on a weekly basis. For example, recently we developed laboratory activity on ionic
liquids based on authentic research in cooperation with an organic chemistry research group. The
designed educational artefact was validated through empirical phase, and the relevance of ionic
liquids context was mapped via future chemistry teachers’ perceptions. Qualitative data (N=10)
indicated that future chemistry teacher perceive working with contemporary chemistry contexts such
as ionic liquids highly relevant from individual, vocational and societal perspectives [72].

Every year more than 4 000 learners and teachers make non-formal study visits to Gadolin, and
we can use it for data gathering. During the last 15 years we have collected data for over 100 Master’s
theses, 15 PhD dissertations and dozens of research articles. The data resource enables us to conduct
relevance studies also in a larger scale [77].

To support the development of research skills of ROCTs, LUMAIlab Gadolin teaching and DBR
activities are integrated into every CTE course that we offer. In the first-year students are getting
familiar with the laboratory and observing study visits. While studies advances, more challenging
activities are introduced. After observing they start to train laboratory teaching. First in small groups,
and then in pairs. In addition, future chemistry teachers learn how to develop inquiry-based learning
materials and do CER through Gadolin. This increases the professional relevance of our CTE
program. According to our latest research [78], future chemistry teachers (N=21) feel that Gadolin-
related exercises are crucial for the development of teacher identity and professional skills. Small
steps lead to skilful teachers with high self-efficacy. See examples from the qualitative data used in
research [79]:

“I have gained confidence in being a teacher and positive teaching experiences. These have strengthened
the desire to act as a teacher and [my] self-efficacy” [ID2-03]
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“I have learned more when doing general introductions and talking about the kinds of professions that
chemists are needed for. I have used collaboration companies as examples” [ID1-02]

4.2. Development Needs and Levels (RQ2)

Next, we answer the RQ2 by describing different levels of development needs. The levels and
needs are reported via narratives that represent authentic research projects conducted in developing
the CTE study program.

4.2.1. Level 1: Learning Resources for Courses and In-Service Training

Modern technology is one focus area of our research group. In the past, we started with
technologies such molecular modelling#!® and microcomputer-based-laboratories [80]. We developed
learning activities for CER courses and offered them as in-service training resources for teachers. The
data indicated that chemistry teachers (N=19) experienced computer-based molecular modelling
(CBMM) very useful tool for chemistry education from all TPASK perspectives. For example, 14/19
respondents experienced it very useful of useful for illustrating difficult concepts, 13/19 felt it will
support the development of students” visualization skills and 11/19 felt it arouses students’ interest
towards chemistry [79]. These findings justified future developments with CBMM. Back in time these
technologies represented modern technology in chemistry education. During the years CBMM focus
has been expanded programming and data-oriented direction, and lately we have been focusing on
educational cheminformatics [76,81].

Since new technologies are developed and published constantly, we need to iterate technologies
integrated in our CER courses through rapid cycles to offer up-to-date education. For example, while
ago 3D printing was growing in the CER field. In collaboration with an analytical chemistry research
group from the Department, we conducted a systematic literature review of the possibilities that it
offers for chemistry education [71]. Based on the reviewed articles (N=47) CER scholars had found
3D printing as an important technology for chemistry education. Earlier research had focused on
improving technological and scientific aspects of chemistry education but there was a crucial need
for developing student-centred pedagogical models for the use of 3D printing. Based on the review,
we designed cheminformatics-driven learning activities that integrate 3D printing. The activities
were included to one of the CER courses. LUMAlab Gadolin offers state-of-the-art laboratory
equipment needed to implement the developed activities [81]. In the latest research project, we
worked with generative chatbot tools and designed activities that teach future chemistry teachers
how to use them. TPACK models was used in grounding the activities to a suitable theoretical
framework [70]. Next, the chatbot project will move into the empirical testing phase.

We have also mapped the professional relevance of learning activities used in the CER courses
[82]. Our research indicates that future chemistry teacher experience that most vocationally relevant
learning activities are designing new experimental work modules (mean=4.6/5; N=68), peer teaching
sessions (mean=4.5/5; N=62), reflective discussions (mean 4.4/5; N=70) and guiding a study visit in a
non-formal laboratory (mean 4.4/5; N=56).

From another perspective, we can use pupils, students and teachers who visit Gadolin to explore
the relevance of our crafted technology. For example, in one study we developed molecular
modelling activities for lower-secondary education, and we studied pupils’ experienced relevance
after engaging with the activity. LUMAlab Gadolin enabled the collection of a quantitative sample
size (N=130). According to data, 71% respondents experienced CBMM societally relevant tool. Also,
after engaging CBMM with the first time 87% of the respondents realised that computers are very
important in scientific research. This research started as a Master’s thesis and led to a full research
article [77]. We argue that engaging students with authentic research is a good practice to encourage
them to pursue PhD studies in CER. However, this needs methodological knowledge why we have
included them to every CER course during the studies (see Table 2).

4.2.2. Level 2: Pedagogical Models and Courses
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Another focus area of our research group is sustainable chemistry. As an example, we describe
an ongoing PhD project that aims to develop a pedagogical model of how to teach systems thinking
in the context of sustainable chemistry. We started a course called “Sustainable Chemistry” that is a
mandatory Bachelor’s level course offered future chemistry teachers. After a few courses, we noticed
that systems thinking is one of the key competences that should be included in the course. To ensure
research-based development we started a PhD project around it.

First, a PhD researcher conducted a need analysis on how sustainability development
competences are taught in universities throughout Finland [83]. Mixed-methods data was gathered
from nine Finnish universities. Altogether 43 chemistry higher-education teachers participated. In
general, learning competencies were considered important. The most often promoted mentioned
competence was critical thinking (N=32). The respondents used versatile teaching methods, such as
critical reading and writing and problem-based learning. However, the need analysis also showed
that 25% of the respondents did not pay attention or did not know how to promote learning of these
skills. The conclusion was that there is a great need to develop learning models for teaching
sustainable development competencies, which justified the continuation of the PhD project.

Based on the knowledge acquired, we developed a pedagogical model that was integrated into
the Sustainable Chemistry course. The model uses authentic sustainable chemistry contexts retrieved
via interviews from scholars (N=3) working in the Department or in chemical industry companies.
The three identified examples in this study were the Case of Neodymium, the Case of Lignin—
Carbohydrate Complex and the Case of Cellulose Dissolution. Chemists” interviews emphasized the
importance of the economical perspective in sustainable chemistry research, which has been included
in the development. The chemists’ perceptions ensured an evidence-based background for the
developed pedagogical model [84]. Next, the model was tested empirically in the course. We are
currently working on reporting the results of the empirical phase. In this research project, LUMAIlab
Gadolin served as the communication platform between our research group, scholars from the
Department and industry.

4.2.3. Level 3: Program and University Level Development

As described in the research context section (3.2), the CTE program of the University of Helsinki
is conducted as a collaboration between two Faculties and four Departments. Because of multiple
stakeholders participating in the teaching, it is important to ensure coherence in the study program.
In this context, it means that courses and study units are designed to build upon the previous
knowledge and all courses contribute to the overall objectives set for the program.[26] In the
University of Helsinki we support coherence between different Departments and Faculties through
a co-design approach maintained by continuous communication and regular meetings.[43]

Through our research program we have built a strong relation between chemistry, chemistry
education and pedagogy courses and the latest research conducted in these fields. Note that this
model has been considered one of the explanatory factors in Finland’s high PISA rankings earlier. It
is crucial that STEM teachers acquire pedagogical knowledge and skills, acquire extensive knowledge
of the scientific fields they teach and the nature of scientific knowledge.[65]

4.2.4. Level 4: National and International Level Development

The largest scale of the research-based development our CTE is engaged in focuses on improving
the state of science education both in Finland and internationally. This requires networks and well
planned co-design projects.[43] Within Finland, we contribute to the development of STEM education
as part of the national LUMA Centre Finland. The LUMA Centre actively applies for national and
international funding that enable efficient project lifecycle.[64]

In addition to LUMA projects, our research group also collaborates directly with other CER
groups via international R&D projects. For example, Chemical Safety in Science Education (CheSSE)
is an ongoing ERASMUS+ project where we develop an educational online resource repository of
chemical safety for science teachers and educational decisions makers across Europe. The repository
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is developed in collaboration with several universities and schools. To promote maximum
dissemination materials are published in five languages (EN, FI, SL, SV and NO).[66] This size of
projects would not be possible without international collaboration because all CER groups have their
own specialised expertise often needed to implement larger projects.

Discussion and Conclusions

Earlier research recommends that academic study programs should base on systematic research
and development.[26,27,67] Also, all teaching should be based on research. This means that teachers
teach topics they focus on in their research, or teaching is based on current research knowledge.[27]
In chemistry teacher education, this requires current research in both chemistry and chemistry
education.[23,38]

We agree with these recommendations. For example, in the CTE field research strategies can be
designed to support the lack of relevance [13,68] via vocational, societal, technological or sustainable
contexts.[12,45] Whatever is the focus, in CTE contexts it is recommended to emphasize inherent CER
perspective to promote the research field.[32]

Often design contexts require multidisciplinary expertise. Therefore, it seems that collaborative
DBR is a valid research approach to develop or update a higher education study program.[43,57] In
our case we implement development an international level collaboration with chemistry education
research groups around the world. In addition, we also collaborate broadly with Finnish stakeholders
such as the chemical industry, chemistry research groups, other universities, schools, teacher
associations, and museums. At the very least, collaboration between CER groups and chemistry
research groups is essential to keep up with the rapidly developing research field.

To summarize an answer to RQ1, we recommend that CER groups should design a systematic
research program and consider building a similar research infrastructure that our LUMAlab Gadolin
is for us. Onsite R&D hub offers many possibilities such as access to constant research
participants[63], and a platform to co-design and test new pedagogical inventions.[1,3] In addition,
we can use the hub as an learning environment for teacher education and support the development
of professional identities.[9]

It is noteworthy that constant evidence-based development takes time and resources. Therefore,
we recommend developing a systematic plan based on strategical leadership. For example, we have
developed strategies for sustainability and technology that are aligned with the university’s
strategical key points and departments research priorities. We argue that careful planning and
systematic approach protect against the stress that continuous development can cause.

The analysis producing answers to RQ2 indicated that we develop the CTE program at four
levels simultaneously. The design perspective is shifting from internal to external as the levels rise.

Learning resources for courses: BSc, MSc and small projects focus on learning activities,
materials and exercises. On this level the perspective is usually internal, focusing on developing
resources to be integrated into the CER courses.[1,2] Note that micro-level activities should be
designed to support the development of skills in argumentation and evidence-based decision-
making.[27] Especially in the learning resource development frameworks such as TPASK and
TPACK are practical tools for ensuring that content knowledge, pedagogical aspects and selected
technology are well aligned with each other. [33,36]

Pedagogical models and courses: PhD dissertations focus on developing larger learning
modules or whole courses.[13,14] It is important to keep in mind that ROCTs need to learn academic
research skills, such as qualitative, quantitative, and mixed-methods research.[27] Additionally, in
chemistry teacher education, students must practice conducting chemistry research to learn about
chemistry as a scientific discipline.[23,38] This is also mandatory for ROCTs.

Program and university level development: Research projects can be used also at levels 1-2 but
are especially needed in the CTE program and university level development. To ensure the coherence
of a joint program level 3 requires faculty level collaboration inside the university.
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National and international level development: The fourth level is an interaction interface
between the program and society. Level 4 focuses on improving science education at the national and
international levels, which requires collaboration networks and external funding.[64,66] In general,
the need for external funding starts from level 2.

See Table 3 for the overall summary of the different DBR levels. More detailed descriptions of
the approach and multiple design examples can be found from references.[43,54]

Table 3. Different levels of DBR conducted in developing the CTE study program.

Level Focus Research Types Perspective

1 Educational resources such as|BSc and MSc theses, | Internal
exercises, laboratory activities, web | small DBR projects

materials, etc.

2 Pedagogical models and courses PhD dissertations and | Internal

research projects

3 Program and university level | Research projects Internal and
development such as coherence partly external
4 National and international level | Research projects External

projects that build interfaces with
society, e.g., the chemical industry

and educational policy decision

makers

Opverall, this narrative analysis emphasizes the importance of evidence-based CTE in producing
research-oriented chemistry teachers. It is necessary because a chemistry teacher is an academic
professional who must be able to justify pedagogical decisions based on the latest research
insights.[26,69]

Everyone working in CTE should realize that chemistry teachers have two professional
identities, i.e., they are both chemists and teachers.[23] Given the importance of professional
identities, this must be addressed in the CTE curriculum. Meta-level skills are vital for teachers in
understanding the larger picture of chemistry learning. In addition to chemical concept knowledge
teachers need pedagogical knowledge understanding of chemistry as science.[38,39] Our suggestion
is to engage future chemistry teachers with non-formal learning activities throughout their studies to
maximize vocational relevance, and to foster interaction with the latest chemical research and
scholars.[44] In addition, continuous learning must be supported. To avoid the overemphasis of
historical approach, chemistry teachers must be able to follow both chemical and educational
research during their career.[24] From the course offering perspective, all courses listed in Table 2 are
suitable for integrating examples of contemporary chemistry. Of course, they have different
emphases. For example, sustainability concepts are most suitable for the Sustainable Chemistry
course, and topical research conducted in the department are introduced in the course Concepts and
Phenomena in Chemistry Education.

Finally, the most important point is to ensure the development of CER skills. CER is the
competence that binds together the domains of chemical and educational knowledge. It is at the core
of high-quality chemistry education.[32] In our CTE program the development of CER skills is
supported by integrating some skills in every CER course. According to our research and almost 25
years of CTE experience, we are convinced that it is important to train research-oriented chemistry
teachers. They are the key stakeholders in engaging young people in chemistry and solving the
urgent challenge of relevance.[22]
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In this article we produced narratives and used them to describe an evidence-based research-
oriented chemistry teacher education model (see Figure 5). The narratives are grounded to a
theoretical framework consisting of evidence-based teacher education, TPASK and professional
identities. In future this research orientation could be elaborated focusing on smaller sections, such
as our research key areas sustainability or modern technology. A delimitation would enable building
in-depth theoretical frameworks for specific contexts to describe narratives, which could be valuable
for CER scholars focusing in those specific areas.

Also, we synthesized good practices by producing narrative insights into what kind of resources
and R&D activities it takes to keep a CTE study program relevant in the rapidly developing world.
We hope that our curriculum model can serve as a valuable example for local research-based CTE
development around the world. For our program the need for further development is constant.
Especially, there is a need improve the scientific quality of theses and focus them more clearly to
inherent CER.[32] Therefore, next we will next start a level 3 research project on what kind of CER
future chemistry teachers conducted in their master’s theses.
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Figure 5. A summary of characteristics of evidence-based chemistry teacher education.
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