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Abstrak

Penelitian ini bertujuan untuk menganalisis strategi penguatan literasi digital dalam
pembelajaran kimia melalui kajian literatur. Literasi digital menjadi kompetensi esensial abad ke-21
yang tidak hanya mencakup keterampilan teknis, tetapi juga kapasitas kognitif, sosial, dan pedagogis
dalam memanfaatkan teknologi secara kritis dan bertanggung jawab. Metode penelitian menggunakan
systematic literature review dengan menelaah 50 artikel dari basis data jurnal open access yang
berasal dari kombinasi jurnal nasional (seperti JKPK, JPI, JPSI, [JERR) dan jurnal internasional open
access (misalnya Journal of Chemical Education, J. Phys. Conf. Ser., iJET, Education and
Information Technologies) yang kemudian direduksi menjadi 20 artikel dan dipilih 15 artikel paling
relevan berdasarkan kriteria inklusi. Artikel yang dianalisis dipublikasikan dalam rentang waktu 2020—
2024, berfokus pada strategi pembelajaran kimia berbasis digital, dan berasal dari jurnal open access
untuk menjamin transparansi dan aksesibilitas. Hasil kajian menunjukkan bahwa sebagian besar siswa
maupun calon guru kimia awalnya memiliki tingkat literasi digital sedang, namun strategi
pembelajaran berbasis teknologi terbukti mampu meningkatkan kompetensi tersebut secara signifikan.
Strategi yang paling sering digunakan meliputi penggunaan e-modul berbasis Android, media
Augmented Reality (AR), laboratorium virtual, pembelajaran berbasis proyek (STEAM-PjBL), serta
integrasi perangkat lunak kimia seperti ChemDraw. Temuan ini menegaskan bahwa keberhasilan
penguatan literasi digital tidak hanya ditentukan oleh ketersediaan teknologi, tetapi juga oleh
keselarasan pedagogis, kesiapan guru, dan keterlibatan aktif siswa. Oleh karena itu, literasi digital
perlu diposisikan sebagai kompetensi inti dalam pembelajaran kimia untuk memastikan pengalaman
belajar yang bermakna, setara, dan berorientasi masa depan.

Kata Kunci: AR, e-modul, literasi digital, pembelajaran kimia, project-based learning

Abstract

This study aims to analyze strategies for strengthening digital literacy in chemistry education
through a systematic literature review. Digital literacy is recognized as an essential 2l1st-century
competence that encompasses not only technical skills but also cognitive, social, and pedagogical
capacities to use technology critically and responsibly. The research employed a systematic literature
review method, initially identifying 50 open access journal articles, which were then reduced to 20
and finally narrowed down to 15 articles based on inclusion criteria. The selected studies, published
between 2020 and 2024, specifically addressed digital literacy strategies in chemistry education and
were drawn exclusively from open access journals to ensure transparency and accessibility. The
results indicate that most students and pre-service chemistry teachers initially demonstrated moderate
levels of digital literacy, yet structured technology-based interventions significantly improved these
competencies. The most frequently reported strategies included Android-based e-modules,
Augmented/Virtual Reality (AR/VR) media, virtual laboratories, STEAM project-based learning, and
the integration of chemistry software such as ChemDraw. These findings highlight that the success of
digital literacy development depends not only on the availability of digital tools but also on
pedagogical alignment, teacher preparedness, and active student engagement. Consequently, digital
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literacy should be regarded as a core competency in chemistry education to ensure equitable,

meaningful, and future-oriented learning experiences.
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Introduction

In the era of the Fourth Industrial
Revolution, digital literacy has emerged as one
of the essential competencies for students and
educators alike. The rapid advancement of
information and communication technologies
(ICT) has  fundamentally  transformed
educational practices across various disciplines,
including the teaching and learning of
chemistry. The integration of digital tools
significantly aids in visualization,
experimentation, and collaboration in chemistry
education (Quraishi et al., 2024). However,
while technology is widely available, the
development of digital literacy skills—defined
as the ability to effectively, critically, and
responsibly use digital resources—remains
uneven between teachers and learners (Dewi,
2021). This gap highlights the urgent need for
strategies aimed at strengthening digital literacy
in chemistry education to ensure that
technological integration enhances learning
outcomes (Sinaga et al., 2024). Digital literacy
is recognized not only as a technical skill but
also encompasses cognitive and socio-cultural
competencies, leading to empowerment and
enhanced engagement in educational practices
(Repanovici et al., 2024). The effectiveness of
digital literacy in improving educational
outcomes is supported by studies indicating that
well-structured and integrated digital literacy
training can significantly impact students'
success and engagement (Marin & Castafieda,
2022; Salisbury et al., 2024). As education
increasingly relies on technology, it is
imperative that both educators and students
develop robust digital literacy skills to navigate
the complexities of modern learning
environments effectively. This emphasis on
strengthening digital competencies is crucial for
preparing students for future challenges and
opportunities in the digital world (Holm, 2024;
Mulyani et al., 2023).

Furthermore, research indicates that the
application of digital literacy in chemistry is
vital as it enables students to navigate complex
representations and engage in critical analysis of
information resources (Quraishi et al., 2024).
The urgency of this issue lies in the growing
recognition that digital literacy is not merely a
technical skill but also a cognitive and socio-
cultural competence (Nikou & Aavakare, 2021).
In chemistry education, students are expected to
engage with complex representations such as
molecular models and chemical equations.
Digital platforms provide innovative ways to
represent these abstract concepts; however,
without adequate digital literacy, learners may
misuse, misunderstand, or fail to critically
evaluate the information provided (Berber et al.,
2023). For teachers, digital literacy also
encompasses the pedagogical capacity to design,
implement, and assess learning activities that
leverage technology in meaningful ways (Butar
et al.,, 2024). Consequently, the success of
digital transformation in chemistry education
depends not only on access to technology but
also on deliberate strategies that foster digital
literacy for both teachers and students
(Kurniasih, 2023). These strategies should
include  professional  development  and
educational resources that target the integration
of digital tools in pedagogical methods,
emphasizing the importance of fostering creative
and critical thinking skills through technology
(Yontar, 2019). This multifaceted approach to
digital literacy empowers both students and
educators, fostering an enhanced learning
environment in chemistry education.

Recent research trends demonstrate an
increasing interest in exploring how digital
literacy can be cultivated in science education
through various approaches such as virtual
laboratories, gamification, digital simulations,
and collaborative online learning environments
(Nikou & Aavakare, 2021). In chemistry, virtual
and augmented reality applications and
interactive learning platforms have been widely
utilized to help students visualize microscopic
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processes and practice experimental procedures
in a safe and cost-effective manner (Kornienko
& Mishina, 2023; Oliynyk et al., 2024). Yet,
literature also indicates that despite the
proliferation of digital tools, the effective use of
these resources requires more than technical
familiarity; it necessitates critical thinking,
creativity, and the ability to evaluate the
credibility of digital content (Hamsiah et al.,
2024). Therefore, a literature review is needed to
map out the strategies that have been proposed
and tested in previous studies to strengthen
digital literacy in the teaching and learning of
chemistry. Previous research highlights the
efficacy of blended learning models and
interactive platforms as effective frameworks for
enhancing digital literacy competencies among
students (Kiryakova & Kozhuharova, 2024;
Srivastava & Dangwal, 2021). The need for
empirical studies to evaluate these strategies and
their resultant impacts on student engagement
and understanding is also  reinforced
(Braslauskien¢ et al., 2024).

Strengthening digital literacy in chemistry
education aligns with the broader goals of 21st-
century education, which emphasize the
development of critical thinking, collaboration,
communication, and creativity (Pangrazio et al.,
2020). By integrating digital literacy into
chemistry learning, educators can enhance
students' conceptual understanding and prepare
them to thrive in digital and knowledge-based
societies, as digital skills are crucial for
functioning effectively in modern contexts
(Nikou et al., 2022). Such integration also
addresses issues of equity and access, ensuring

students from diverse backgrounds are
empowered to engage meaningfully with
scientific  knowledge in digital contexts

(Cetinkaya, 2024). Strategies to strengthen
digital literacy extend beyond individual skill
development to encompass institutional policies,
teacher training programs, and curriculum
design that prioritize digital competence as a
core educational outcome (Aini, 2023).
Comprehensive approaches are necessary to
create inclusive learning environments that
leverage digital technologies to facilitate
equitable access to educational resources
(Kardes, 2020). To achieve this, educational
frameworks must focus not only on improving
technical skills but also on fostering an
environment where learners can critically
analyze and creatively engage with digital
content, thus preparing them for the demands of

future workplaces and society (Maya & Suseno,
2022).

Given these considerations, this article
aims to conduct a literature review on strategies
for strengthening digital literacy in the teaching
and learning of chemistry. By analyzing
previous research and identifying recurring
themes, practices, and challenges, this review
seeks to provide a comprehensive understanding
of how digital literacy has been addressed in
chemistry education. The ultimate goal is to
highlight effective approaches, uncover gaps in
the existing literature, and suggest directions for
future research and practice. In doing so, this
review underscores the critical role of digital
literacy in ensuring that technological
innovations in chemistry education translate into
meaningful, equitable, and sustainable learning
experiences for both teachers and students. The
framing of digital literacy as a dynamic and
evolving set of competencies underscores the
necessity for ongoing research and adaptive
pedagogies that meet the demands of
contemporary educational contexts (Arissaputra
et al., 2023; Quraishi et al., 2024). Emphasizing
this fluidity in competencies will enhance the
adaptability of both students and educators to
the challenges posed by rapidly advancing
digital landscapes (Listiawati et al., 2022).
Studies have also suggested that integrating
digital literacy into teaching practices is crucial
for creating engaging learning experiences that
foster critical thinking and creativity among
students (Hebebci et al., 2020). Ultimately, the
significance of this research lies in its potential
to inform curriculum  design, teacher
professional development, and policy-making
efforts aimed at embedding digital literacy as a
core competency in chemistry education.

Method

This study employed a systematic
literature review approach to analyze strategies
for strengthening digital literacy in the teaching
and learning of chemistry. The review process
was conducted in several stages following
standard screening and eligibility procedures.
The initial stage involved the identification of
relevant articles through searches in several
open access journal databases, including the
Directory of Open Access Journals (DOAJ),
ERIC, Springer Open, Taylor & Francis Online
(open access articles), and Indonesian indexed
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journals such as JKPK (Jurnal Kimia dan
Pendidikan Kimia), JPI (Jurnal Pendidikan IPA),
and Indonesian Journal of Educational Research
and Review (IJERR). The decision to limit the
sources to open access journals was made to
ensure  transparency,  accessibility, and
verifiability of all the research materials used.
This stage yielded a total of 50 articles.

The screening stage reduced the number
of articles to 20, based on their alignment with
the research theme and publication year. Studies
that did not explicitly address digital literacy,
chemistry education, or were published before
2020 were excluded.

In the eligibility stage, further inclusion criteria
were applied to ensure methodological rigor and
relevance.

Table 1. Eligibility Criteria and Exclusion

verifiability.
Research Peer-reviewed Conference
Quality journal articles abstracts, opinion
with clear pieces, or non-
methodology and  peer-reviewed
findings. sources.

Reasons
Criteria Inclusion Exclusion
Reasons

Topic Articles Articles focusing

Focus addressing digital on general digital
literacy literacy unrelated
strategies, to education;
models, or media  studies in non-
in education, science domains
specifically (e.g., economics,
related to humanities).
chemistry or
science with
strong
applicability to
chemistry.

Discipline Chemistry Studies limited to
education or biology, physics,
broader science or ICT without
education clear chemistry
contexts where integration.
findings are
directly
transferable to
chemistry
learning.

Publication Articles Articles published

Period published before 2020,
between 2020— deemed outdated
2024, ensuring in relation to rapid
relevance to digital
current transformation in
educational and education.
technological
contexts.

Accessibility  Open access Articles behind
journals to paywalls or
ensure restricted access.

transparency and

After applying these criteria, a final set of 15
articles was included for full review and
analysis. These articles were then synthesized to
identify patterns in digital literacy profiles,
instructional strategies, and the effectiveness of
digital tools in chemistry learning.

The following diagram is the PRISMA flow
diagram illustrating the selection process:

PRISMA Flow Diagram of Article Selection
(Literature Review)

Articles identified through database search
(50 articles, open access journals)

First screening and reduction:
Articles matched theme & year (20 articles)

Final eligibility criteria
Focus on digital literacy
Chemistry/science education context
- Published 2020-2024
- Open access journals

Final articles included for review
(15 selected articles)

Figure 1. PRISMA Flow Diagram Showing the
Selection Process of Articles Included in the
Review

Results and Discussion

The present study was conducted using a
systematic  literature review approach to
examine strategies for strengthening digital
literacy in chemistry education. A total of 50
articles were initially identified from open
access databases and reputable journals, which
were then reduced to 20 articles after a first
stage of screening. Applying stricter inclusion
criteria—such as relevance to chemistry
education, focus on digital literacy, publication
period between 2020 and 2024, and availability
in open access format—Ied to a final selection
of 15 articles. These articles were synthesized
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and analyzed to generate comprehensive insights
into the current state of research, focusing on
profiles of digital literacy, instructional
strategies, and the effectiveness of digital media
tools in fostering digital competencies in
chemistry learning. This process ensured that the
findings presented in this study are grounded in
recent, accessible, and contextually relevant
scholarship.

The purpose of this research is to map the
strategies that have been tested and implemented
in previous studies while highlighting the
critical importance of digital literacy as a core
competency in chemistry education (Abd Majid
& Majid, 2018; Mazzuco et al., 2022). In the
context of the Fourth Industrial Revolution and
the rapid expansion of digital technologies in
education, strengthening digital literacy is
essential for enabling students to critically
navigate complex chemical concepts, engage
meaningfully with digital content, and develop
transferable skills needed for lifelong learning
(Badilla Quintana et al., 2020). By presenting a
synthesis of diverse strategies—including
augmented reality (AR) applications, virtual
laboratories, and project-based approaches—this
review emphasizes both the progress that has
been achieved and the challenges that remain
(Arief et al., 2018; Shan Wong et al., 2021). The
significance of this study lies in its contribution
to advancing chemistry education practices,
informing teacher professional development,
and guiding future research directions that seek
to promote equitable and sustainable integration
of digital literacy in science learning. (Thu Hoai
et al., 2024; Yawan, 2022).

This section presents the results of the
systematic literature review, which analyzed 15
selected articles on strategies for strengthening
digital literacy in the teaching and learning of
chemistry. The findings are organized into three
main categories: (1) the overall mapping of
selected studies, (2) the profile and level of
digital literacy among students and pre-service
teachers, and (3) the instructional strategies and
digital media used to enhance digital literacy in
chemistry education.

The literature matrix presented in Table 1
provides a comprehensive overview of research
conducted on digital tools and media in
chemistry education. A notable trend arises with
a significant number of studies utilizing survey
or quasi-experimental methods, suggesting a
commitment to empirical validation. This
methodology underscores the importance of
assessing the effectiveness of innovative digital
media, which has been shown to enhance
students' digital literacy and engagement. For
instance, integrating gamified tools has been
reported to improve students' understanding of
complex chemistry concepts (Clapson et al.,
2020; Rizvan et al., 2023). The introduction of
interactive technologies, such as augmented
reality (AR), supports personalized learning
experiences, facilitating a deeper comprehension
of scientific principles in an engaging manner
(Abdinejad et al., 2021; Badilla Quintana et al.,
2020).

Moreover, the studies reflect a
convergence of digital innovation and
pedagogical advancement aimed at fostering
student-centered learning environments. For
example, the implementation of digital escape
rooms has been demonstrated to enhance active
learning, engaging students in problem-solving
related to chemistry while promoting teamwork
and critical thinking (Abdul Rahim & Chuah,
2024; Lathwesen & Eilks, 2024). Similarly,
gamified approaches have shown potential in
bridging the gap between pre-college and
undergraduate  education, illustrating the
versatility of digital tools in fostering an
interactive learning atmosphere. Such initiatives
align with the overarching goal of integrating
digital skills into the chemistry curriculum,
ensuring that students are well-equipped to
navigate the complexities of modern scientific
inquiry (Elias et al., 2022). Continued
exploration into these digital methodologies is
crucial for leveraging technology to enhance
educational outcomes in chemistry across
diverse learning contexts.

Table 2. Literature Matrix of Selected Articles

Author(s) Year Method Key Findings Relevance
Enawaty 2025 R&D (digital Improved hydrocarbon High

et al. game cards) understanding & digital literacy

Latip & 2021 Survey (distance Students’ digital literacy mostly Medium
Sutantri learning) moderate

Nadiyyah 2024  Descriptive Software Diamond enhanced High
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et al. (crystal literacy & visualization
visualization)
Yulianti et 2022  Survey (922 Digital literacy average; AR High
al. students) media needed
Dewietal. 2021  Qualitative (Gen Urgency of digital literacy in High
Z chemistry chemistry learning
students)
Dewietal. 2022  Quasi-experiment Android e-modules improved High
(70 students) literacy on bonding
Nada & 2020 Descriptive (25 ChemDraw use showed moderate Medium
Sari students) digital literacy
Nisaa et 2024  Survey (STEAM STEAM titration projects High
al. PjBL) improved literacy
Widiyawat 2021  STEM digital STEM integration enhanced Medium
i learning digital literacy
Ramli 2020  Virtual laboratory  Virtual labs strengthened digital High
literacy
Fakhrah 2024  Blended learning  Blended model improved literacy High
in chemistry
Purwianin 2021  Survey (pre- Moderate literacy among pre- Medium
gsih service teachers)  service chemistry teachers
Sanova 2022  ICT integration ICT tools supported digital Medium
literacy growth
Yuyun et 2022  Survey (AR AR media crucial for abstract High
al. needs) chemistry
Bahriah et 2023  PBL (chemistry) = PBL supported digital literacy High
al. reinforcement

The analysis of digital literacy profiles
depicted in Table 2 reveals that the majority of
students and pre-service teachers begin with
moderate levels of digital literacy. Research by
Latip & Faisal (2021) indicates that students
engaged in distance learning for chemistry
demonstrated merely average digital literacy
skills.  Similarly, Yulianti et al. (2022)
highlighted that over 90% of students exhibited
low spatial abilities alongside only moderate
digital literacy. Such findings align with
(Heidari et al., 2021), who argued that students’
digital competencies can significantly influence
their academic engagement, particularly in
technology-enhanced learning environments.
The pressing need for improved digital skills is
underscored by Cham et al. (2021), who noted
that strategic interventions are essential for
enhancing digital competencies among health
professional students.

Interventions aimed at improving digital
literacy have shown promising results. Nisaa et
al. (2024) demonstrated that STEAM project-
based learning effectively enhanced students’
digital  literacy, fostering an engaging
educational climate. Dewi et al. (2022) also
support this assertion, revealing that the use of
Android-based e-modules led to significant

improvements in digital literacy among students.
Such findings resonate with (Perdana et al.,
2019), who found that online simulation
learning significantly enhances students' digital

skills. Furthermore, Maénnistd et al. (2019)
highlighted the potential of digital interventions
to promote collaborative learning, reinforcing
the importance of incorporating innovative
strategies in educational contexts to boost digital
literacy levels.

The effectiveness of structured digital
learning strategies is critical as they not only
augment students’ digital literacy but also
prepare them to navigate increasingly complex
digital environments. The potential for
integrating various digital tools into the
curriculum is vast, as evidenced by studies
affirming that targeted digital competence
training  enhances both  learning and
engagement. Additionally, the advantages of
digital literacy programs tailored for specific
disciplines have been highlighted in the
literature, reinforcing the notion  that
comprehensive digital education can lead to
improved student outcomes. As digital literacy
becomes increasingly pivotal in higher
education, educators must prioritize effective
pedagogical approaches that foster both digital
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skills and student engagement in their learning
processes.

Table 3. Profiles and Levels of Digital Literacy

Digital
Author(s) Subject(s) Literacy
Level

Latip & Sutantri High school Moderate
(2021) chemistry

(distance

learning)
Yulianti et al. 922 high school Low—
(2022) students Moderate
Nada & Sari Chemistry Moderate
(2020) undergraduates

(ChemDraw)
Purwianingsih Pre-service Moderate
(2021) chemistry

teachers
Nisaa et al. High school High
(2024) (STEAM PjBL)
Dewi et al. Chemistry High
(2022) undergraduates (improved

(Android e- significantly)

module)

The strategies and digital media outlined
in the selected studies underscore a significant
shift towards interactive, technology-enhanced
pedagogy in chemistry education. Among the

most frequently reported approaches are
Android-based e-modules and
Augmented/Virtual Reality (AR/VR)

technologies, utilized in multiple studies. These
tools exemplify modern educational techniques

that foster active learning and student
engagement. For instance, project-based
learning (PBL) integrated with STEM

approaches has been shown to enhance students’
conceptual understanding and application skills
in real-world contexts (Anggareni Kussudarto &
Rosdiana, 2024; binti Zakeri et al., 2023).
Furthermore, utilizing game-based learning and
virtual laboratories presents opportunities for
students to experiment and collaborate, crucial
elements identified by researchers as enhancing
educational outcomes (Al Hamad et al., 2024).
The increasing emphasis on these interactive
strategies reflects a broader trend in educational
reform aimed at igniting student curiosity and
facilitating deeper learning experiences across
disciplines (Munna et al., 2023).

Additionally, the effectiveness of
integrated digital tools in chemistry education
has been recognized in various studies. The
integration of innovative software like
ChemDraw, alongside hands-on methodologies

such as STEAM project-based learning,
cultivates a holistic understanding of chemistry
while nurturing critical thinking  skills
(Samsudin et al., 2020). This approach aligns
with findings that emphasize the benefits of
collaborative learning environments—enhancing
not just subject-specific knowledge but also
essential competencies for the 21st century
(Prajoko et al., 2023). Moreover, the utilization
of digital platforms allows for diverse
instructional methods that cater to various
learning styles, thereby fostering inclusivity and
broadening student engagement (Chan &
Nagatomo, 2021). As educators continue to
implement these cutting-edge techniques, it is
essential to monitor their impact on student
outcomes, ensuring that instructional practices
evolve in line with both technological
advancements and pedagogical best practices.

Number of Studies

e > 0 o ey N & ]
(_,‘b\ © \NP \\”D @\(\ .Q$ & 5\\0
e & @ (c)'b P5) vv_\h & P
& & N &8 N <& 4 N
& & ® o 4 & &°
& o & W
¢ &

Strategy/Media

Figure 2. Strategies and Digital Media in
Chemistry Literacy Studies

In discussion, the findings suggest that
strengthening digital literacy in chemistry
education requires more than mere access to
digital tools. Effective implementation depends
on pedagogical alignment, teacher preparedness,
and students’ active engagement with digital
platforms. The results align with global calls to
integrate 21st-century skills, particularly critical
thinking, collaboration, and problem-solving,
into science education. Furthermore, the
consistent emphasis on open access digital
resources highlights an important equity
dimension, ensuring that students from diverse
backgrounds can equally benefit from
innovations in digital chemistry learning.
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Figure 3. Distribution of Research Subject in
Selected Studies

Distribution of Research Subjects in Selected Studies (15 Articles)

Mixed/General STEM Context Pre-service Teachers

13.3%

33.3%
20.0% Undergraduate Students

High School Students

The distribution of research subjects
across the 15 selected studies reveals an
important trend in the focus of digital literacy
research within chemistry education. The largest
proportion, accounting for 40% of the studies,
involved high school students as participants.
This finding is significant because high school
represents a crucial stage in which students
encounter increasingly abstract and complex
chemistry concepts, such as chemical bonding,
stoichiometry, thermodynamics, and reaction
kinetics. At this stage, digital literacy plays a
transformative role in helping students bridge

the gap Dbetween macroscopic chemical
phenomena  and  their  submicroscopic
representations. Tools such as AR/VR

simulations, virtual laboratories, and gamified e-
modules were particularly effective in high
school contexts, as they enabled students to
visualize  otherwise intangible molecular
processes and to engage interactively with
chemistry content. The emphasis on high school
students also reflects an educational priority:
preparing adolescents to navigate the digital
demands of higher education and the workforce.
By embedding digital literacy in secondary
education, these studies sought to ensure that
students developed not only subject-specific
knowledge but also transferable skills, including
critical evaluation of online resources,
collaboration in digital spaces, and responsible
engagement with technology. This widespread
focus suggests that policymakers and curriculum
designers recognize the importance of
integrating digital literacy into secondary
science education as a foundation for broader
2 1st-century competencies.

A substantial proportion of the reviewed
studies (33%) targeted undergraduate students,
particularly those majoring in chemistry or
science education. These studies emphasized the
role of digital literacy in enabling students to
conduct more advanced tasks, such as using
specialized software like ChemDraw, analyzing
complex data sets, or engaging in independent
digital research. Unlike high school students,
undergraduates are expected to demonstrate
higher levels of autonomy and self-directed
learning. Consequently, the interventions in
these studies often centered on fostering deeper
cognitive engagement and problem-solving
skills, rather than simply improving technical
familiarity with digital tools. For instance,
Android-based e-modules in bonding concepts
not only improved digital literacy but also
reinforced critical understanding of theoretical
principles, while crystallography visualization
software expanded students’ capacity to
comprehend  three-dimensional  structures.
Furthermore, undergraduate research subjects
often included future science educators, which
positioned digital literacy not only as a learning
outcome but also as a professional competency
essential for effective teaching. The significance
of this group lies in their dual role: as learners
who benefit directly from enhanced digital skills
and as future facilitators who will disseminate
those skills to future cohorts of students. The
emphasis  on  undergraduates  therefore
underscores the continuity of digital literacy
development across educational levels, ensuring
that the integration of digital competencies in
chemistry learning is sustained from early
education through to higher academic and
professional stages.

Another notable portion of the research
focused on pre-service teachers (13%) and
studies in broader STEM contexts (13%). The
attention to pre-service teachers highlights an
urgent need to prepare the next generation of
educators to integrate digital tools meaningfully
into their pedagogical practices. Findings from
these studies indicate that while pre-service
teachers often possess moderate levels of digital
literacy, they require structured interventions to
elevate their skills to professional standards. For
instance, studies involving blended learning or
project-based approaches demonstrated that
when pre-service teachers actively engaged with
digital tools in authentic teaching simulations,
their digital literacy improved alongside their
pedagogical competence. This has direct
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implications for teacher education programs,
which must prioritize digital pedagogy training
as part of their core curricula. Similarly, the
smaller but meaningful share of studies focusing
on mixed or general STEM contexts indicates an
awareness of interdisciplinary approaches to
digital literacy. Chemistry, as a discipline, often
intersects ~ with  physics, biology, and
engineering, and the integration of digital
literacy across STEM ensures that students are
equipped with versatile competencies applicable
in multidisciplinary environments. The inclusion
of this category also reflects a recognition that
digital literacy is not subject-bound but a
universal skill that empowers learners to
navigate complex information landscapes across
scientific domains. Taken together, these
findings illustrate a multi-layered approach to
digital literacy development: beginning with
foundational skills in high school, deepened
through specialized tasks at the undergraduate
level, and professionalized through teacher
education programs. This layered trajectory
reinforces the importance of positioning digital
literacy not as an isolated competency but as a
lifelong learning continuum within chemistry
education.

The findings of this review offer several
critical implications for chemistry education and
classroom practice. Evidence from the selected
studies demonstrates that structured digital
interventions—including  Android-based e-
modules, AR media, virtual laboratories, and
STEAM project-based learning—substantially
enhance students’ digital literacy and conceptual
understanding of chemistry. This suggests that
digital literacy should not be treated as an
optional supplement but rather as a central
pedagogical ~ component. Teachers  are
encouraged to design lessons that actively
integrate digital tools to foster collaboration,
creativity, and critical thinking, moving beyond
traditional lecture-based methods. However, the
effectiveness of these approaches depends
heavily on teacher preparedness. Continuous
professional development is therefore essential
to equip educators not only with the technical
knowledge to use digital platforms but also with
the pedagogical skills to employ them in ways
that truly support student learning.

From a broader perspective, these
findings also point to important policy and
research implications. Policymakers should
prioritize equitable access to digital resources by
investing in infrastructure, supporting open

access platforms, and reducing barriers for
schools in underserved areas. Such initiatives
are crucial to ensuring that students from diverse
backgrounds can equally benefit from digital
innovations in chemistry education. At the same
time, further research is needed to move beyond
short-term experimental studies and explore the
long-term impact of digital literacy interventions
on students’ academic outcomes, digital
citizenship, and readiness for future careers.
This review highlights that digital literacy must
be institutionalized as a core competency in
chemistry education, ensuring that both teachers
and students are adequately prepared to thrive in
the increasingly digital and interconnected world
of the 21st century.

Conclusion

This literature review concludes that
strengthening digital literacy in chemistry
education requires the integration of innovative
instructional strategies and digital media that go
beyond simple access to technology. Across the
15 reviewed studies, evidence consistently
showed that approaches such as Android-based
e-modules, AR applications, STEAM project-
based learning, game-based learning, and virtual
laboratories significantly improved students’
digital literacy while also enhancing their
conceptual understanding of chemistry. Most
learners initially demonstrated moderate levels
of digital literacy, yet structured interventions
effectively elevated these competencies to
higher levels. The findings emphasize that
successful digital literacy development depends
not only on the availability of digital tools but
also on pedagogical alignment, teacher
preparedness, and active student engagement.
Consequently, digital literacy should be
considered a core competency in chemistry
education, aligning with the broader agenda of

21st-century skills to ensure equitable,
meaningful, and future-oriented learning
experiences.
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