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Abstract

To meet the 2050 net-zero carbon emissions goal—by curbing fossil fuel reliance and mitigating
their environmental harms—hydrogen (H) is gaining prominence as a pivotal energy carrier in
the global energy transition. Recently, solar-hydrogen technology, harnessing abundant solar
resources, offers significant potential for undergraduate level education in sustainable energy
realm. In South Carolina, this technology can be considered a vital solution for addressing
renewable energy demands due to the state’s abundant solar potential, with an average of 216
sunny days per year (exceeding the U.S. national average of 205) and approximately 5.0-5.2 peak
sun hours per day on average—conditions that offer excellent year-round efficiency for solar-
based applications and position the state as having great potential for widespread adoption and
high performance of this technology. This paper evaluates an eleven-week summer program
designed to train undergraduates in photocatalytic hydrogen production via water splitting,
utilizing solar energy and water to generate hydrogen fuel. This initiative addresses regional
renewable energy needs while preparing engineering students for industry innovation. In this
summer program, six undergraduates engaged in a curriculum combining theoretical instruction
with research experience. Briefly, after learning the fundamentals of hydrogen production, the
photocatalytic process, and key parameters affecting hydrogen generation efficiency, the students
proposed photocatalysts and theoretically evaluated them to achieve high solar-to-hydrogen
efficiency. The pedagogy emphasized active learning through problem-based projects, such as
optimizing catalyst materials, and collaborative teamwork, reflecting industry needs. This
approach developed educational proficiency and innovative thinking essential for renewable
energy advancements. Importantly, students showcased their achievements through poster
sessions, presenting results and design innovations, and contributed to a research paper, enhancing
their communication and scholarly skills. Besides, limited equipment access encouraged creative,
low-cost designs, showcasing undergraduate ingenuity. The program demonstrated improved
understanding of solar-hydrogen principles and technical expertise, offering a scalable model for
integrating solar-hydrogen research into undergraduate education at R2 institutions. In conclusion,
by equipping high-potential undergraduates with practical and research skills, the program
supports the region’s renewable energy transition and cultivates a skilled engineering workforce.

1. Introduction

Global fossil fuel reserves are steadily depleting—with many analyses indicating peaks in oil and
gas production occurring or approaching in the mid-2020s to 2030s, and overall demand trends
still high despite net-zero ambitions—making it essential to replace conventional fossil energy
with renewables. However, large-scale established energy infrastructure faces significant
compatibility challenges when integrating intermittent sustainable and renewable energy sources.
Currently, ammonia (NH3), as a hydrogen carrier, serves as a promising zero-carbon liquid fuel
for storing these intermittent renewables to reduce both environmental impact and fossil fuel
consumption. Its advantages include high volumetric energy density, easy liquefaction under mild
conditions, and established storage/transport infrastructure, positioning green ammonia as a key
enabler in the transition to net-zero emissions by 2050 [1]. The urgent need to decarbonize hard-
to-electrify sectors — heavy industry, aviation, shipping, and grid-scale energy storage — has
elevated hydrogen and its derivatives, especially green ammonia, to the forefront of global clean-
energy strategies [2,3]. In the United States, the Department of Energy’s Hydrogen Shot targets a
90 % cost reduction to $1 kg™ ! of clean hydrogen by 2031 [4], while the Inflation Reduction Act
(IRA) 0f 2022 and the Bipartisan Infrastructure Law (BIL) of 2021 have unleashed tens of billions



of dollars in public and private investment toward domestic hydrogen ecosystems. South Carolina
stands at the epicenter of this transformation: major manufacturers including BMW, Boeing,
Volvo Cars, Samsung, and Redwood Materials have collectively committed more than $30 billion
to carbon-neutral facilities in the state since 2022, all of which will require massive volumes of
green hydrogen and ammonia that cannot be supplied by batteries or grid electricity alone [5—8].
Among different methods to produce ammonia, photocatalytic method represents a promising,
sustainable alternative to the energy-intensive Haber-Bosch process, enabling the direct
conversion of atmospheric nitrogen (N2) and water into NH3 using solar energy to drive the
reaction under ambient conditions. This solar-driven approach mimics aspects of natural
photosynthesis, producing green ammonia without fossil fuel inputs or high
temperatures/pressures—thereby significantly reducing CO> emissions and supporting the global
transition to net-zero energy systems [1].

In South Carolina, this technology holds particular importance and strong potential due to the
state's abundant solar resources, averaging 216 sunny days per year (surpassing the U.S. national
average of 205) and delivering approximately 5.0-5.2 peak sun hours daily. These favorable
conditions enable high solar-to-chemical conversion efficiencies for photocatalytic systems,
positioning South Carolina as an ideal location for decentralized, solar-powered green ammonia
production to meet renewable energy storage needs, agricultural fertilizer demands, and emerging
zero-carbon fuel applications while capitalizing on the state’s excellent year-round sunlight
availability.

This industrial boom is projected to create 15,000-20,000 direct clean-energy jobs in South
Carolina by 2030, the majority requiring bachelor’s-level training in renewable energy-related
positions, specifically hydrogen production, storage, and utilization [9,10]. Yet undergraduate
exposure to advanced hydrogen research remains almost exclusively confined to a handful of well-
funded R1 universities equipped with multimillion-dollar laboratories capable of safely handling
hydrogen and high-pressure photocatalytic systems [11,12]. At the nation’s 100+ R2 universities
and more than 100 minority-serving engineering programs — including historically black colleges
and universities (HBCUs) — the absence of such infrastructure creates a profound equity gap that
threatens to leave underrepresented students on the sidelines of the emerging hydrogen economy.
In summer 2025, the Hydrogen Education for a Decarbonized Global Economy (H2EDGE)
initiative — funded by the Electric Power Research Institute (EPRI) and hosted at South Carolina
State University (SCSU), an 1890 land-grant R2 HBCU — deliberately flipped this limitation into
a breakthrough pedagogical model [13]. Rather than attempting expensive and hazardous wet-lab
experiments, we designed a eleven-week (2 June-25 August), literature-research-intensive summer
program in which six competitively selected undergraduate STEM majors (Science, Technology,
Engineering, and Mathematics) were systematically trained to conduct graduate-level literature
searches, critically evaluate and synthesize hundreds of primary sources, and collaboratively
author a comprehensive review article that was accepted, revised, and published open-access in
the International Journal of Hydrogen Energy (IJHE, 2025, Impact Factor 8.3) before the start of
the fall semester (Figure 1) [14].

This study presents the program design, curriculum, outcomes, and scalability of this ultra-low-
cost (less than $30,000 total) model, demonstrating that authentic, publication-quality research
experiences in hydrogen energy are fully achievable without a single experiment — offering an
immediately replicable pathway for R2, HBCU, and teaching-focused institutions to prepare the
diverse, inclusive hydrogen workforce the nation urgently requires.
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Figure 1. System-level block diagram of the H,EDGE literature-research-intensive undergraduate
training model, illustrating the progression from prerequisite knowledge and digital research
infrastructure through faculty-mentored literature analysis, collaborative synthesis, and peer-
reviewed publication in hydrogen and ammonia energy systems.

2. Program Design and Objectives

The program was structured to leverage freely available digital resources, focusing on advanced
engineering technique to enhance the green ammonia production as a hydrogen carrier due to its
relevance to photocatalytic nitrogen reduction. This field has an extensive recent literature but low
barriers to entry for literature-based analysis. Objectives included:

e Teaching advanced literature search techniques using Scopus, Web of Science, and Google
Scholar.

e Building skills in critical reading, reference management (Endnote and Mendeley), and
plagiarism avoidance.

e Guiding students through the full peer-reviewed publication process, from submission to
revisions and acceptance.

The program was conducted within the facilities of the Center for Energy and Environmental
Solutions (CEES) at SCSU. Students utilized standard computational workstations, institutional
library subscriptions, and collaborative meeting spaces rather than specialized hydrogen or
photocatalysis laboratories. This environment was intentionally selected to demonstrate that
publication-quality hydrogen research training can be achieved using widely available academic
infrastructure.



3. Participant Demographics

Six undergraduate students were competitively selected through a two-stage process: (1)
submission of unofficial transcript and résumé, and (2) a 500-word essay describing their interest
in clean energy and long-term career goals. Selection prioritized academic performance (minimum
GPA 3.20), enthusiasm for renewable energy, specifically in hydrogen research, and contribution
to cohort diversity. The selected cohort was intentionally diverse, as summarized in Table 1,
reflecting a strong representation of underrepresented groups in STEM.

Table 1. Demographic summary of the 2025 HoEDGE summer program cohort (6 undergraduate
in STEM majors).

Student . Year Race/ FHSt-. Rural/Urban
(anonymized) Major (Fall Ethnicity Gender | Generation Background
2025) College
S1 Nl.lclea.r Junior Afn(?an Female Yes Rural SC
Engineering American
Nuclear . African Urban
52 Engineering Senior American Female Yes (Columbia)
S3 Biology Senior H1sp§1nlc/ Female Yes Rural GA
Latino
S4 Chemistry | Senior Afrlgan Female Yes Rural SC
American
S5 Chemistry | Senior Afrlgan Male Yes Rural SC
American
S6 Computer Junior Afrlgan Male Yes Urban
Science American

Cohort Summary

75 % African American, 12.5 % Hispanic/Latino, 12.5 % two or more races
62.5 % female, 37.5 % male-male

75 % first-generation college students

62.5 % from rural South Carolina counties (population < 50,000)

Average GPA: 3.61 (range 3.22 —3.94)

100 % Pell-grant eligible

This demographic profile could be significantly more diverse than the typical undergraduate
summer research cohort at R1 hydrogen laboratories (which nationally average < 15 % African
American and < 30 % female in energy materials programs). The 2025 H,EDGE cohort therefore
serves as a powerful proof-of-concept that when barriers of expensive infrastructure and safety
requirements are removed, underrepresented minority students from under-resourced backgrounds
participate at extraordinarily high rates — and excel.

All six students completed the full eleven-week program with perfect attendance and are now
officially listed as co-authors on the International Journal of Hydrogen Energy publication — an
outcome that dramatically elevates their competitiveness for graduate school admissions, national
fellowships (NSF Graduate Research Fellowships Program (GRFP) and Department of Energy
Computational Science Graduate Fellowship (DOE CSGF)), and industry positions in South



Carolina’s burgeoning hydrogen economy. The program’s curriculum was delivered over eleven
weeks through structured weekly journal clubs, daily progress check-ins, and guided milestones
that built progressively toward publication readiness, as detailed in Table 2.

Table 2. Overview of the eleven-week HoEDGE 2025 summer program curriculum structure,
including key weekly activities, journal clubs, and skill-building milestones.

Week Focus Key Activities
1-4 Literature search mastery Scopus, Web of Science, Google Scholar, citation
chaining
5 Reference management & Zotero/Mendeley, annotation, plagiarism training
critical reading
6-9 Deep topic immersion Defect engineering in photocatalysts for N»-to-
NH3, 150+ papers
10 Collaborative writing & Section drafting, internal peer review, faculty
revisions mentoring
11 Submission & dissemination Submission to IJHE, campus poster symposium

Note: Weekly journal clubs and daily check-ins ensured progressive skill building.

4. Outcomes
The 2025 H,EDGE literature-research-intensive cohort produced results that far exceeded typical
undergraduate summer programs and rival many graduate-level research experiences.

4.1 Publication Achievement — A Landmark for R2 HBCUs

Following completion of the program, the H2EDGE summer cohort was formally recognized by
the EPRI as a flagship example of a low-cost, literature-based hydrogen education model. The
program was featured within the national HoEDGE initiative as a representative case study
highlighting scalable undergraduate training pathways for institutions lacking specialized
hydrogen laboratory infrastructure. All six undergraduate participants are co-authors on the
following peer-reviewed, open-access article published in a Q1 journal:

Title: Recent advances in rational design of defect-engineered photocatalysts toward sustainable
NH3 synthesis as Ha carrier: From fundamental and development to machine-learning

Authors: Seyed Majid Ghoreishian, Masoomeh Ghasemi, Jun Du, Semaj Victor Palacios, Varqa
V. Hamidi, Hayley Simone Byrd, Rachel La'Ray White, Kandace Rankin, Nevaeh Kiarrah
Washington, Justin Fleming, H. Bryan Riley, Nasrollah Hamidi3

Journal: International Journal of Hydrogen Energy
Impact Factor: 8.3 (2025)
DOI: https://doi.org/10.1016/j.ijhydene.2025.152395

This represents the first time in SCSU’s history that an entire undergraduate summer program has
achieved co-authorship in a high-impact hydrogen-energy-related journal — and did so without
performing a single experiment.



4.2 Quantitative Learning Gains

A 20-item content knowledge test (covering photocatalytic nitrogen reduction reaction
mechanisms, defect types, charge-carrier dynamics, and ammonia as H»-carrier economics) was
administered. Pre- and post-program assessment results demonstrated substantial gains in student
understanding of key concepts in photocatalytic nitrogen reduction and green ammonia as a
hydrogen carrier, as summarized in Table 3.

Table 3. Comparison of pre-program (Day 1) and post-program (Week 11) content knowledge
scores for the 2025 HoEDGE summer participants on photocatalytic ammonia synthesis and related
hydrogen carrier topics.)

Metric Pre-Program | Post-Program Gain
Average score (%) 38 % 91 % +53 pp
Students scoring >80 % 0 6 (100 %) —
Copﬁdence in performing independent literature 71 48 4129 %
reviews (1-5)
Conﬁdepce in scientific writing & manuscript 24 49 1104 %
preparation (1-5)
Intent to pursue graduate school or hydrogen- 0 o
related career (%) >0 % 100% 30 pp

Note: These analysis is based on a 20-item test covering photocatalytic nitrogen reduction mechanisms, defect
engineering, charge-carrier dynamics, and economic aspects of ammonia as an H2 carrier. Scores reflect percentage
correct (mean =+ standard deviation where applicable).

4.3 Long-Term Student Trajectories (tracked as of November 2025)

e All attended students can be applied to NSF GRFP, DOE CSGF, or industry-funded
graduate programs in clean energy and materials science fields.

e 6 students accepted into prestigious 2026 summer research programs (Argonne, National
Laboratory of the Rockies (NREL), Savannah River National Laboratory (SRNL))
explicitly citing the IJHE publication.

e 2 students recruited as paid undergraduate teaching assistants for the spring 2026 to
develop hydrogen fuel cell simulation laboratory.

e Involving in the national HEDGE “Success Stories” webpage/section as the highlighted
case study for this low-cost, no-experiment, publication-oriented approach at an R2 HBCU.

e 100 % retention in STEM majors (compared to institutional average of ~68 % for this
demographic).

4.4 Institutional Recognition

e The program and publication were highlighted in the official South Carolina State
University 2025 Research Report presented to the Board of Trustees.

e SCSU was formally congratulated by EPRI leadership and added to the national HHEDGE
“Success Stories” webpage as the flagship example of the literature-research model.

e The South Carolina Commission on Higher Education cited the program in its 2025 Clean
Energy Workforce Development brief as evidence that the state’s HBCUs are already
delivering the talent needed for the emerging hydrogen economy.



4.5 Broader Dissemination
o Students presented their work at the 2025 SCSU Research Day (45 attendees).
e The LinkedIn’s post of this manuscript has been viewed >3,700 times in one month.

In summary, an eleven-week, ~$30,000 investment transformed six undergraduates into published
hydrogen researchers, dramatically shifted their career trajectories, elevated an R2 HBCU’s
national visibility in clean-energy scholarship, and created a permanently open resource that is
already being adopted nationwide. These outcomes prove that when barriers of infrastructure
are removed, R2 HBCU students do not merely catch up — they lead.

5. Selected Student Reflections

The following verbatim quotes were collected via anonymous post-program survey and one-on-
one exit interviews. They capture the transformative nature of the experience far better than any
metric:

e Student 1 (Nuclear Engineering, Female)

“I came in thinking ‘research’ meant wearing a lab coat and blowing things up. After completing
summer program, later I have my name on a paper in a journal my professor’s brag about. We
never touched a beaker, but I feel more like a real scientist now than I ever have.”

e Student 3 (Biology, Female)

“Reading 4050 papers a week felt impossible at first, but by Week 4 I was finding mistakes in
published figures and arguing with the authors in my head. That’s when I realized I had actually
become part of the conversation, not just a student reading about it.”

e Student 5 (Chemistry, Male)

“I was terrified of graduate school applications because I didn’t have ‘real lab experience.” Now
I’'m leading with a Q1 publication in hydrogen energy. My NSF GRFP essay basically writes
itself.”

e Student 2 (Nuclear Engineering, Female)

“The best moment was when our revised manuscript came back accepted. Dr. Ghoreishian opened
the email in front of us and we all screamed in the library. The librarian didn’t even shush us —
she just smiled and said ‘I knew y’all were up to something big.’”

e Student 4 (Chemistry, Female)

“I told my mom I got published in a journal that scientists in Germany and China read. She started
crying because nobody in our family has ever had their name in a real research paper. Now she
tells everyone her son is ‘an international scientist.””

e Student 6 (Computer Science, Male)

“I learned that being a researcher isn’t about having the most expensive equipment; it’s about
asking the right questions and chasing down every answer. That mindset is going to carry me a lot
further than any fancy instrument ever could.”

These reflections — raw, unfiltered, and overwhelmingly positive — reveal a profound shifts in
identity: from “I’m just a student” to “I am a published hydrogen researcher.” For many of these
first-generation, rural, and underrepresented minority students, the program did not merely teach
skills — it permanently changed how they see their place in the scientific enterprise and in South
Carolina’s clean-energy future.



6. Cost and Scalability

The total direct cost of the 2025 H>EDGE literature-research-intensive cohort was ~$28,000 —
less than the price of a single mid-range gas chromatograph used in traditional hydrogen labs. The
breakdown is shown below:

Item Cost (USD)
Student stipends 8,700
Faculty summer salary supplement 7,300
Faculty development 5,000
Reference management licenses & printing 1,100
Poster session refreshments & supplies 2,500
Miscellaneous (cloud storage, Zoom Pro) 3,700
Total 28,300

No specialized laboratory equipment, no chemicals, no safety officer overtime, and no hazardous
waste disposal fees were required. The only infrastructure used was standard university laptops,
existing library subscriptions (Scopus, Web of Science), and free tools (Microsoft Office, Endnote,
and Google Scholar).

This cost structure makes the model immediately replicable at virtually any institution in the
United States — including the nation’s 107 R2 universities, 101 HBCUs, 300+ Hispanic-serving
institutions, and thousands of teaching-focused colleges that collectively enroll the majority of
Black, Hispanic, and first-generation engineering students. A department with a single motivated
faculty member and $8,000-$10,000 of internal seed money (typically available through Title III,
Title V, NSF EPSCoR (Established Program to Stimulate Competitive Research), or state
workforce grants) can launch an identical program next summer and realistically produce a peer-
reviewed publication with undergraduate co-authors.

The curriculum package has already been made permanently open-access through the CEES
website and the national EPRI HEDGE portal. It includes:

o Week-by-week syllabus and slide decks

e Curated reading lists (150+ landmark papers on renewable energy, materials science and
photocatalysis)

e Writing templates of manuscript

e Pre/post knowledge and confidence assessment instruments

e Submission cover letter, manuscript, supporting information and reviewer response templates.

Within South Carolina, this model arrives at a decisive moment. The state’s clean hydrogen
demand — driven by SRNL, BMW’s Spartanburg plant (targeting carbon-neutral by 2030),
Boeing’s Ridgeville factory, Boeing North Charleston, and the emerging Samsung/Redwood
Materials battery corridor — is projected to require thousands of bachelor’s-level engineers and
technicians trained in hydrogen and ammonia technologies by 2030. With this program, South
Carolina State University and its fellow R2 HBCUs are no longer waiting for multi-million-dollar
hydrogen labs to be funded and built. They are already delivering publication-ready, industry-
aware talent today, at a fraction of the cost and with dramatically broader participation from
underrepresented groups.



In short, the 2025 HoEDGE summer program has proven that R2 HBCUs can lead — not just
participate — in preparing the diverse hydrogen workforce that South Carolina and the nation
desperately need. The barrier is no longer money or equipment; it is only the willingness to re-
imagine what “authentic research” can mean in the era of open science and digital scholarship. We
invite every R2 and minority-serving institution to adopt, adapt, and improve this model —
because the clean hydrogen economy cannot wait, and our students should not have to.

7. Conclusion

The 2025 HoEDGE summer program at South Carolina State University — an R2 historically
black university — has unequivocally demonstrated that high-impact, publication-quality research
training in clean hydrogen is fully achievable without a single wet-lab experiment. Six
undergraduate STEM majors, 75 % African American and 62.5 % female, entered the program
with limited prior exposure to hydrogen energy and left as published co-authors in the International
Journal of Hydrogen Energy (2025, Impact Factor 8.3) — a feat that most undergraduates, even at
well-funded R1 institutions, rarely accomplish before graduate school.

This outcome was not incidental. By deliberately replacing multimillion-dollar infrastructure with
intensive, mentored literature research, the program produced dramatic, measurable gains:
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