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The CURE described here advances UN Sustainable Development Goals 4, 6, and 10 by blending 
digital literacy with green nanocatalysis. By integrating LLM-assisted optimization of the synthesis 
of nano-MFe2O4 (M= Mn2+, Co2+, Ni2+) and catalytic dye degradation into undergraduate labs, the 
project modernizes curricula with AI-driven modules (SDG 4). The focus on catalytic wastewater 
remediation raises awareness of sustainable solutions for global water security (SDG 6). Using a 
free LLM democratizes high-level research expertise, lowering socioeconomic barriers to STEM 
entry (SDG 10). Acting as an on-demand virtual teaching assistant, the AI bridges knowledge gaps, 
offers personalized pacing, and step-by-step breakdowns to accommodate diverse learning 
needs. To ensure academic integrity, students analyze AI use logs, promoting transparent and 
ethical prompt engineering practices.
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Leveraging large language models (LLMs) to enhance
student inquiry in a nanochemistry teaching laboratory:
a Fenton-like oxidation using recyclable ferrite nanopar-
ticle (NP) catalysts.†

Jacob E. Daniela, Alex Barnoskya, Ethan Craceb, and Abhinandan Banerjeea,∗

This laboratory module presents a synergistic integration of nanomaterials chemistry and computa-
tional literacy by utilizing Large Language Model (LLM) agents as pedagogical partners in the study of
transition metal ferrite nanoparticles (NPs). Students investigate the tunable magnetic and electronic
properties of spinel-structured MFe2O4 (M =Mn, Co, Ni) synthesized using co-precipitation and sta-
bilized with Tween-20. Rather than following a static protocol, students engage in an inquiry-based
workflow where LLMs facilitate the optimization of experimental parameters and the interpretation
of complex characterization data (spectroscopy, powder X-ray diffraction, electron microscopy, and
dynamic light scattering). This partnership extends to the application of these NPs in Fenton-like
oxidative catalysis for pollutant degradation, emphasizing both catalytic efficiency and material re-
cyclability. By bridging benchtop experimentation with LLM-guided analysis, the module aligns with
UN Sustainable Development Goals 4, 6, and 10, fostering independent scientific inquiry and the
digital fluency required for modern, sustainable research. This framework empowers undergraduates
to take ownership of their learning, transforming a robust nanomaterials synthesis project into an
authentic, AI-augmented research experience.

1 Introduction
As scientific research has become increasingly interdisciplinary,
the field of nanoscience is often at the forefront of discovery and
innovation.1,2 Modern nanoscience research is archetypal of an
interdisciplinary field, combining elements from traditional fields
of study such as chemistry, physics, and engineering with mod-
ern disciplines like sustainability and biotechnology3–5. Nano-
materials are commonly encountered in various aspects of daily
life,6 including energy generation and storage,7 healthcare,8 in-
dustrial manufacturing,9 consumer electronics,10 and environ-
mental protection.11 Nanochemistry, the intersection of classi-

a Department of Chemistry, Colorado State University, Centre Mall, Fort Collins, CO,
USA; Tel: 1 970 491 2130; E-mail: abhinandan.banerjee@colostate.edu
b Analytical Resources Core, Colorado State University, 1301 Centre Ave Mall, Fort
Collins, CO 80523-1872, USA
† Supplementary Information available: [(1) Nanochemistry course offerings in
Canadian and United States universities; (2) detailed experimental workflow; (3)
sample pre-lab questions; (4) instructions to students for the synthesis of MMFNPs;
(5) procedure for the catalytic degradation of methylene blue; (6) instructions for
determining the band gap using the Tauc plot method; (7) PXRD patterns for all
of the MFe2O4/Tween-20 NP explanation of amorphous structure for NiFe2O4; (8)
additional collected DLS characterization data; (9) integration of ethical LLM usage
within the CURE; (10) questions for LLM-guided active inquiry; (11) Sustainability
spotlight]. See DOI: 00.0000/00000000.

cal chemistry and modern nanoscience, focuses on the synthesis,
characterization, and application of materials on the nanoscale.
For emerging scientists, exposure to the principles and tech-
niques of nanochemistry is proving key for career development
in the realms of academia, industry, and government policymak-
ing.12 Providing interested undergraduate chemistry majors with
a nanochemistry-specific class furnishes a significant opportunity
for those students to develop a comprehensive background in the
field of nanoscience.13,14 Most Canadian and American institu-
tions offering a nanochemistry course to UG students who spe-
cialize in chemistry do not provide laboratory experience, rely-
ing solely on lecture-based instruction (ESI, Fig S1). However, in
our opinion, a lack of laboratory instruction does the students a
disservice: passive learning through lectures cannot sufficiently
replace hands-on experience with nanomaterials that is essential
for comprehension.15

Colorado State University (CSU) offers an inquiry-driven and
research-based undergraduate level nanochemistry lab course
alongside an associated lecture course for upper-level undergrad-
uate chemistry students interested in nanomaterials15. While
the lecture and the lab courses are not co-requisite, it is rec-
ommended that students enrolled in the lecture course also take
the lab course to experience practical application of the content
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taught in lecture, and vice versa. Since this course is focused on
experimental synthesis and data analysis, collaboration with the
Analytical Resources Core (ARC), a shared instrumentation facil-
ity at CSU, is utilized to provide students with access to XRD and
scanning electron microscopy (SEM), while optical spectroscopy
can be performed with relatively inexpensive Vernier spectroflu-
orometric instruments. Although many of these characterization
methods require specialized software interfaces, widely available
analysis tools like OriginLabT M , FiJi/ImageJ, and Mercury® are
either freeware or offer extended free trials for actively enrolled
students. Finally, our experiments utilize low-cost and nontoxic
chemicals that are “friendlier” to an undergraduate student com-
pared to other pedagogical exercises such as the synthesis of CdSe
quantum dots16,17, and may be procured from a general vendor
through online shopping platforms such as Amazon.

Inquiry-driven and research-based course design, such as the
course-based undergraduate research experience (CURE) model,
has been extensively reported in the literature to enhance the un-
dergraduate student experience, promote academic achievement,
and provide opportunities for career development.18–20 A CURE-
based course allows students to test their own hypotheses and de-
sign their own experimental setup, promoting student retention
and addressing inequalities that are inherent in traditional un-
dergraduate research programs.21 Browsing the literature reveals
that there are a growing number of chemistry CUREs available;
however, they are mainly concentrated in the biochemical and or-
ganic chemistry disciplines or associated with “general chemistry"
modules.20,22,23 To maximize student involvement and interest,
CUREs should address subject matter that students can connect
to visible problems in modern society, such as the need for sus-
tainably sourced materials in the fields of healthcare, energy gen-
eration, environmental remediation, and optoelectronic applica-
tions. More recently, sustainable and green synthetic methods
have been applied to the field of materials chemistry, particularly
to functional nanomaterials synthesis.24,25 These efforts include
not only reducing the amount of toxic precursors, capping agents,
or reducing agents, but also increasing energy efficiency and lim-
iting costs.26,27 Therefore, the first experiment in the CURE-based
nanochemistry lab course at CSU was based on a low-energy, en-
vironmentally friendly co-deposition synthesis of magnetic spinel
mixed-metal ferrite nanoparticles (MMFNPs) of the generic for-
mula MFe2O4 (M = Mn, Ni, Co) capped with polyoxyethylene
(20) sorbitan monolaurate (Tween-20), a common nontoxic sur-
factant used in multiple personal care products.

Transition metal oxide nanoparticles are widely studied for a
variety of applications, as demonstrated by the multitude of re-
view articles present in the literature.28–30 Of the iron oxide fam-
ily, magnetite nanoparticles (Fe3O4) are the most widely stud-
ied.31 However, doping of a different divalent metal cation into
the magnetite unit cell produces mixed-metal ferrite compounds
(MFe2O4; M = Mn, Ni, Co). Actively pursued for applications in
biomedicine, electronics, energy, and bioremediation, these nano-
materials exhibit diverse optical, electronic, and magnetic prop-
erties depending on their size and composition.30,31 In particular,
Banerjee et al. have published a comparative study of the mag-
netic properties and relaxometric parameters for poly(ethylene

glycol) coated spinel ferrite NPs with potential applications as T2

MRI contrast agents32. Furthermore, the MMFNPs can be con-
sistently synthesized (albeit with a low level of size and shape
control) by a facile and sustainable co-deposition process.33,34 As
a result, this family of iron oxide based nanomaterials is perfect
for the CURE environment, coupling a beginner-friendly synthe-
sis protocol with broad instrumental characterization, and sim-
ple chemical tunability leading to identifiable impacts on mate-
rial properties. The broad goal of this experiment was to intro-
duce students to a flexible and widely used nanomaterial syn-
thetic technique while training them to operate and/or under-
stand common characterization methods, using compounds that
they personally synthesized – a key to increasing student interest
and engagement.15 Table 1 briefly highlights key material proper-
ties that were explored, the characterization technique and asso-
ciated software employed to analyze each property; this created
a trove of diverse data for the students to practice their data col-
lection, analysis, and processing skills on.

The integration of LLMs into CUREs and teaching laboratories
marks a transformative shift toward AI-augmented inquiry, align-
ing with the pedagogical requirements of modern, sustainable sci-
ence education35. By serving as an interactive interface between
complex theoretical frameworks and benchtop experimentation,
LLMs empower students to navigate the iterative nature of ma-
terials synthesis (in our case, the green production of transition
metal ferrites) while fostering critical thinking and digital liter-
acy36.

Relevant literature increasingly supports this "human-in-the-
loop" model; for instance, researchers have demonstrated that
LLMs can function effectively as personalized tutors for trou-
bleshooting experimental design, while other studies highlight
their efficacy in helping students synthesize vast datasets, such
as relating spectroscopic characterization to catalytic perfor-
mance37–39.

Furthermore, allowing the use of AI resources or implementing
LLM training into an educational program can lower barriers to
entry for students with less developed skill sets and promote ac-
tive learning; for example, in disciplines requiring programming
backgrounds such as physical or computational chemistry40.

Prompting students to use AI to optimize reaction condi-
tions (for instance, minimizing reagent waste or shifting towards
greener solvent systems) is another avenue, helping instructors
directly embed the principles of green chemistry and sustainabil-
ity into the laboratory workflow41,42.

In the last year, a growing number of chemical educators
have realized this potential, developing undergraduate lab pro-
cedures for AI-assisted syntheses of organic molecules, metal-
organic cages, and SiO2 nanoparticles, showcasing a variety of
laboratory subjects that benefit from the framework provided by
thoughtful proper LLM inclusion43,44.

This technological scaffolding not only lowers the barrier to
authentic research, but also prepares UGs for the evolving de-
mands of interdisciplinary fields where AI-driven data interpre-
tation is becoming a standard laboratory competency, thereby
directly advancing the pedagogical goals outlined in the United
Nations Sustainable Development Goals. On that note, this ‘mini-
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Table 1 Data processing and analysis techniques associated with this experiment

Nanomaterial property Measurement technique Data processing skill (Software)
Band gap UV-Vis spectroscopy Tauc plot

(OriginLab®)
Hydrodynamic radius Dynamic light scattering Data extraction and plotting

(OriginLab®)
Size and morphology Scanning electron microscopy Size evaluation and distribution profile

(FiJi)
Phase identification Powder X-ray Diffraction Phase matching

(CrystalDiffract®, Mercury®, COD)
Surface functionality identification IR spectroscopy Peak picking and assignments

(OriginLab T M)

project’ aligns with UN SDG numbers 4 (providing quality educa-
tion and hands-on laboratory training, including ethical LLM us-
age, to our future scientists-in-training) and 6 (ensuring availabil-
ity and sustainable management of water and sanitation through
effective wastewater remediation): key sustainability targets in
today’s world.

2 Materials and methods

2.1 Student cohort

The students enrolled in this laboratory course were juniors and
seniors (third- and fourth-year students) majoring in chemistry at
Colorado State University. The majority were co-enrolled in a lec-
ture module, also dealing with chemistry at the nanoscale. The
pre-requisites for this laboratory module included successful com-
pletion of the introductory inorganic chemistry lecture and labo-
ratory components. The students had already received laboratory
safety training (including the study of material safety data sheets -
MSDS - for hazard warnings). Under the supervision of the grad-
uate teaching assistant (JED), the students worked individually
over the course of five 3.5 h laboratory sessions, meeting once
a week. A total of five students participated in this course; we
anticipate that an enquiry-driven learning project like the one de-
scribed here is best optimized for a comparable class size. The ex-
periment was planned as an introduction to typical research prac-
tices in inorganic nanochemistry incorporating a central question:
“what role is played by MFe2O4/Tween-20 NP in the catalytic ox-
idative degradation of methylene blue as a sample contaminant in
a wastewater matrix?" As an exercise in enquiry-based learning,
this project tasked students with finding the answers to a series
of scientific questions every week. Simultaneously, they gained
valuable experience in the use of a series of instruments typically
used in nanochemistry research laboratories for characterization
of nanoscaled materials.

2.2 Learning objectives

The following experimental learning objectives were identified:

1. Stoichiometric synthesis of MFe2O4/Tween-20 NP using co-
precipitation under an inert atmosphere.

2. Hands-on experience with typical operations performed dur-
ing inorganic nanomaterial separation, isolation, and sam-
pling: centrifugation, magnetic separation, drop-casting, de-
cantation, aspiration, and others.

3. Student-led collection of UV-visible and IR spectroscopy in-
cluding data interpretation through comparison with litera-
ture examples.

4. Student-led use of a DLS instrument for NP size and surface
charge determination.

5. Data processing and interpretation for assessing the charac-
teristics of the synthesized nanoparticles: PXRD and SEM.

6. Following the trajectory of a NP-catalyzed reaction (decol-
oration of methylene blue in water) using spectrophotome-
try.

7. Developing data visualization and scientific communication
skills.

For the techniques where we were unable to let the students
use the instruments independently (SEM and PXRD) the class was
given an opportunity to watch the instrument at work, including
steps such as sample loading and/or imaging. For UV-Vis, IR, and
DLS, the students were instructed in the principles behind the
technique, and performed the protocol themselves while closely
monitored by JED.

The LLM-specific learning objectives were identified as the fol-
lowing:

1. Students must demonstrate the ability to construct targeted
prompts using chemical principles (e.g., lattice energy, ox-
idation states) to predict experimental outcomes, success-
fully distinguishing between valid scientific reasoning and
"hallucinated" AI responses.

2. After collecting raw characterization data (e.g., XRD, UV-
Vis), students are expected to use LLMs to perform pre-
liminary calculations, subsequently verifying these results
against manual calculations to evaluate the accuracy and
limitations of AI-assisted data analysis.

3. Students should be able to identify specific steps where
reagent toxicity or energy consumption can be minimized
with the help of LLMs, thereby directly addressing SDG 6.

4. Students will be trained in the creation and curation of an
"AI-Integration Log" that critiques the utility of the LLM in
their research workflow, identifying cases where the AI failed
to provide accurate guidance and explaining the chemical
principles that corrected the AÍs error.

Journal Name, [year], [vol.],1–9 | 3
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2.3 Materials

All chemicals were already present in the inorganic chemistry
teaching laboratory stock and were used without further purifi-
cation. Iron (III) chloride hexahydrate (FeCl3 ·6H2O) was orig-
inally sourced from Mallinkrodt. Manganese (II) chloride dihy-
drate (MnCl2 ·2H2O) was obtained from Sigma-Aldrich. Cobalt
(II) chloride hexahydrate (CoCl2 ·6H2O) and nickel (II) chlo-
ride hexahydrate (NiCl2 ·6H2O) were obtained from Alfa Aesar.
Sodium hydroxide (NaOH) was obtained from Fisher. Tween-20
was obtained from Hznxolrc (ordered using Amazon). DI wa-
ter was used throughout the experiment. Nitrogen gas (techni-
cal grade) was purchased from AirGas. Methylene blue powder
was obtained from HiMedia (Amazon, HiMedia GRM956-100G
Methylene Blue). Hydrogen peroxide (30% w/w) was purchased
from Millipore Sigma and stored at 4◦C.

2.4 Synthesis of the MMFNPs

Step-by-step instructions for the synthesis as supplied to the stu-
dents may be found in the ESI. The students prepared the pre-
cursor solutions of the divalent metal salt (10 ml, 0.25 M) and
iron (III) chloride hexahydrate (10 ml, 0.5 M). These were sub-
sequently heated to ca. 60◦C. A gently boiling aqueous solution
of NaOH (120 ml, 0.7 M) was kept under a nitrogen gas flow. To
this, students added approximately 0.1 mL Tween-20 to prepare
a ca. 1 mM solution. A reflux condenser was fitted, complet-
ing the set-up as shown in Figure 1. The students then injected
both precursor solutions simultaneously into the alkaline reaction
medium; this can be done by two individuals synchronously, or by
a single person using a two-handed injection approach. The so-
lution was refluxed under nitrogen flow for 1 h. After 1 h, the
refluxing was discontinued, and the reaction mixture was cooled
to room temperature. The MFe2O4 NPs were recovered by cen-
trifugation (FisherBrand, AccuSpinMax, 10,000 rpm) and washed
twice with DI water containing 5 wt % Tween-20. Finally, the NPs
were left to dry under air.

2.5 Sample preparation for characterization techniques.

The students were encouraged to observe and participate in sam-
ple preparation for the various characterization techniques. The
students themselves prepared the samples for UV-visible spec-
troscopy, IR spectroscopy, DLS, and SEM. For PXRD, students ob-
served sample preparation as performed by the GTA.

2.5.1 UV-Visible spectroscopy.

For recording the optical spectra of the precursor and the final
products were diluted with DI water in a quartz cuvette, and
then placed in a Vernier GoDirect spectrophotometer. DI wa-
ter was used as the background. Approximately 0.1 mL of the
post-centrifuge NP slurry (ca. 20 mg) was added to 30 mL of
DI water, sonicated for 15 min, and 1 mL of this was added to a
quartz cuvette containing 2.5 mL of DI water, thoroughly mixed,
and the spectrum was recorded. The students were given in-
structions on the conversion of the UV-Vis data for MMFNPs to
representative Tauc plots for the estimation of the band-gap of
MFe2O4/Tween-20 NP (ESI).

Fig. 1 Experimental set-up for the synthesis of MFe2O4/Tween-20 NP
by students.

2.5.2 ATR-IR spectroscopy.

The students recorded ATR-IR spectra for Tween-20 and
MFe2O4/Tween-20 NP on a Nicolet Summit portable IR system.
The number of scans per sample was fixed at 32, and the reso-
lution was set at 8 cm−1. The students were encouraged to re-
plot their data and identify/highlight chemically relevant peaks
for each sample.

2.5.3 Dynamic light scattering.

In order to determine the average dimensions of the MMFNPs,
dynamic light scattering (DLS), also known as photon correla-
tion spectroscopy, was applied. This technique measured hydro-
dynamic diameters of the MFe2O4/Tween-20 NP, as well as the
polydispersity index (PDI). Diluted samples of the as-synthesized
NP dispersion (50- to 100-fold dilutions) were used to avoid mul-
tiple scattering, and the samples were sonicated in a commercial
ultrasonic bath (US Solid) for 10 minutes prior to measurements.
Aggregates were eliminated by filtration through a 0.22 µm PTFE
syringe filter. The measurements were conducted using the Be-
Nano 180 Zeta Max (Bettersize) and the particle dimensions were
calculated from the autocorrelation function of the intensity of
light scattered from the particles. Disposable poly(styrene) cu-
vettes were used for sample measurements.

The rate of droplet movement under the influence of an ex-
ternal oscillating electrical field with a voltage of 150 V (elec-
trophoretic mobility) was also measured with the same instru-
ment, in folded capillary cells obtained from Bettersize. The mea-
sured electrophoretic mobilities were converted to ζ -potentials by
the instrument software using Henry’s equation:

Ue =
2εζ

3η
. faκ (1)

where Ue is the electrophoretic mobility, ε is the dielectric con-

4 | 1–9Journal Name, [year], [vol.],

Page 5 of 16 RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 1
1:

24
:5

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6SU00221H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6su00221h


stant, ζ is the zeta potential, η is the viscosity of the dispersant,
and faκ is the Henry function. The Smoluchowski approximation,
faκ = 1.5, was used for high ionic strength media, given that wa-
ter was the bulk phase in all the measured systems. Note that the
DLS measurements were performed by the students themselves
with some guidance from JED, who had previously received ex-
tensive training on the instrument.

2.5.4 Scanning electron microscopy.

Post-centrifugation MFe2O4/Tween-20 NP slurry was diluted ten-
fold in water, and sonicated in a commercial ultrasonic bath (US
Solid) for 10 minutes. 50 µL of the diluted MFe2O4/Tween-20
NP sample was drop-cast directly on a SEM sample stub, and al-
lowed to dry for a week. The following week, a two-hour ses-
sion was dedicated to examining the student samples under a
JEOL JSM-IT800(HL) field emission SEM and recording micro-
graphs. This part of the experiment was performed by ARB, with
the students and JED present in the room for the duration of the
experiment. The students were previously trained on extracting
average particle sizes and particle size distributions from the im-
ages using FiJi. Image colouring using an LLM image processing
website (https://imagecolorizer.com/colorize) was added as an at-
home activity, which the students responded favorably to.

2.5.5 Powder X-ray diffraction.

For the preparation of PXRD samples, two avenues were explored:
(1) a slurry of the MFe2O4/Tween-20 NP sample was drop-cast on
a silicon zero background holder and allowed to dry overnight;
or, (2) a fine powder was sprinkled onto Dow Corning high vac-
uum grease or commercial petroleum jelly coating a silicon zero
background holder. The grease typically contributes very weak
signals (representative of amorphous materials) in the data, and
a weak diffraction peak at about 22◦ in the case of petroleum
jelly. The sample was then handed over to the XRD scientist
(EC) at CSU’s ARC, who recorded a diffractogram of the sam-
ple on a Bruker D8 Discover with DaVinci. All experiments were
performed with a copper (Cu) Kα X-ray source, divergent beam
optics with a 0.6 mm slit and 2.5◦ Soller slit, FLIPSTICK sample
changer, anti-scatter blade, 2.5◦ Soller slit on the diffracted optics,
and a Lynxeye XE-T detector in 1D mode. All data were collected
as symmetric θ -2θ scans in the range of 10-120◦ 2θ with 0.02◦

steps and integration time of either 0.5 or 0.8 seconds per step
(approximately a 46 or 74 minute scan, respectively). Samples
were spun continuously during data collection.

Data were collected over a period of time where a X-ray tube
change was required due to the aging X-ray tube producing tung-
sten (W) L X-ray wavelengths in addition to the typical Cu Kα1,
Kα2, and Kβ wavelengths. Scans collected before the tube change
included a 0.02 mm nickel filter before the Soller slit in the
diffracted beam path to eliminate any diffraction caused by W
X-rays. The nickel filter caused a 50% decrease in Cu Kα x-ray
wavelengths’ intensity, requiring the longer scan times mentioned
above. Shorter scan times without the nickel filter were used after
the tube change.

The data were communicated directly to the students, who
were instructed to plot a diffractogram from the experimental

data in the program CrystalDiffact®.45 The students were also
trained on obtaining crystallographic information files (CIF), with
the file extension .cif, for some of the probable phases - for
MnFe2O4, for instance, the experimental diffractogram was com-
pared to the powder patterns for MnFe2O4, MnO, and magnetite.
The standard powder patterns were obtained from the crystal-
lographic open database (COD).46–54 The students then opened
the cif files using Mercury®,55 a free crystal structure visual-
ization tool developed by the Cambridge Crystallographic Data
Centre. The students obtained the powder diffraction pattern for
each ‘standard’ phase of interest, and plotted the relevant diffrac-
tograms directly under the experimental diffractogram for phase
identification through visual inspection.

2.6 MFe2O4/Tween-20 NP catalyzed degradation of methy-
lene blue in simulated wastewater.

6 mL H2O2 was added to 95 mL of 16 µM methylene blue solu-
tion and stirred briefly. The pH was raised to 11 by the dropwise
addition of 2 M NaOH. The sample was stirred magnetically for
five minutes, then an initial UV-Vis sample was taken. Approxi-
mately 25 mg of the MMFNPs were added, and the mixture was
agitated rapidly with a glass rod for 30 seconds. The reaction was
then allowed to progress to completion under UV illumination
with magnetic stirring set to 100 rpm. A 1 mL aliquot withdrawn
every 10 minutes until a total of 60 minutes had passed. Every
aliquot was diluted with 1 mL H2O before analysis. Following the
completion of the reaction, the stir bar was utilized to magneti-
cally recover the nanoparticles, and transferred to a new beaker
for the second and third catalytic cycles, respectively. A copy of
the student procedure handout is available in the ESI.

2.7 LLM incorporation within pedagogy.

The LLM used in this CURE was Google Gemini 2.5 Flash, ac-
cessed over several weeks in the fall of 2025. The mode of ped-
agogical usage of the LLM has been described (vide infra). All
prompts were designed initially by the students, and curated by
JED and AB to ensure pedagogical alignment with the CURE ob-
jectives. Crucially, all LLM-generated outputs, including hypothe-
ses, calculations, and interpretations, were critically reviewed,
verified, and validated first by the students, and then by the au-
thors of this publication, against primary scientific literature and
empirical laboratory results. We note that no LLMs were used to
generate original experimental data.

3 Results and discussions

3.1 Workflow

Weekly pre-lab lectures were given at the discretion of the course
instructor and TA, covering abridged theoretical background as
well as practical demonstrations of data collection and analysis.
However, it is to be noted here that the ‘discussion’ for each char-
acterization technique should be driven by the students in con-
sultation with the TA. Additionally, students should already be
proficient in (or be given instructions on) using a scientific search
engine such as SciFinder or Google Scholar to access publications
that have previously characterized MMFNPs. They should then
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extract the relevant results from these reports and compare those
with the data they have recorded in class (Table 2). This com-
parison was assigned as weekly continuing ‘at home’ assignments
for the duration of the project, and eventually culminated in a
submitted lab report using a communication template.

Table 2 Homework assignments associated with this project

Week number Homework assignments

1 N/A (NP synthesis)
literature study

2 UV-Vis data plotting
Tauc plot and band-gap determination

3 DLS data plotting
IR data plotting, peak assignment, literature compar-
ison

4 Particle size distribution from SEM
PXRD data plotting, phase identification

5 Kinetics of MFe2O4 catalyzed methylene blue degra-
dation
Catalytic data processing

6 * Report in communication format.

3.2 Electronic properties: UV-visible spectra and Tauc plot
In Figure 2, we show the UV-visible spectra of the metal precur-
sors in acidic solutions, as well as that of the MFe2O4/Tween-20
NP [Figure 2(b-d)]. The d-d or ligand to metal charge transfer
(LMCT) bands are typically expected from solutions of 3d metal
salts; for instance, the mixed iron chlorides dissolved in 2(M)
HCl show a single peak around 300 nm, typically associated in
the literature with various [FeClx]y+ species. These bands were
absent in the MFe2O4/Tween-20 NP samples; instead, a shoul-
der appeared at lower wavelengths, corresponding to high-energy
electronic transitions associated with ferrite NPs, indicating con-
version of the metal chlorides to MMFNPs56.

The students converted the UV-visible spectrum of the
MFe2O4/Tween-20 NP to a Tauc plot by using the Tauc equation,
represented below. This plot is used extensively for easy deter-
mination of the approximate optical band-gap of semiconductors
through simple extrapolation. Details for the calculations may be
found in our previous report15, as well as the ESI.

(α hν)n = K (hν −Eg) (2)

The band gap energy of MFe2O4/Tween-20 NP is determined
from the Tauc plot, wherein (α hν)n is plotted as a function of
hν , followed by taking the extrapolation in the linear area across
the energy axis in the corresponding graph [Figure 2(a)]. The val-
ues obtained by the students for the different MFe2O4 NPs were
deemed to be within acceptable ranges after they obtained ‘ex-
pected values’ for these band gaps from a literature search.57–60

This also provided the instructors with an opportunity to dis-

* The students started a new experiment unrelated to this manuscript during week 6.

cuss some of the finer points associated with a simple Tauc plot.
Namely, despite widespread use owing to its simplicity, it has sev-
eral drawbacks, and many complex modifications have been sug-
gested for more accurate determination of the optical band-gap
of NPs from their spectroscopic data61.

3.3 Surface properties: IR spectroscopy and surface zeta po-
tential measurement.

IR spectroscopy plays a vital role in determining the surface com-
position of nanoparticulate matter, which in turn has a profound
effect on their functional properties, such as solubility and cat-
alytic behaviour62. Students utilized IR spectroscopy (and zeta
potential analysis, discussed later) to characterize the nanoparti-
cle surface. During the synthesis of the MMFNPs, students added
Tween-20 to act as a surfactant, terminating NP growth and in-
creasing colloidal stability of the ferrite NPs in aqueous solution.
As a result, students should observe Tween-20 signatures in the
nanoparticle IR spectra. Figure 3 displays a representative IR
spectrum of Tween-20 covered MMFNPs (sample), with the spec-
trum of the pure Tween-20 also provided for reference purposes.
IR absorbance bands characteristic of organic moieties such as
the OH stretch (3400-3200 cm−1), aliphatic C-H stretch (3000-
2900 cm−1), and fingerprint region C-O stretch (1100 cm−1) are
present in the spectrum of the Tween-20 coated MMFNPs, albeit
with significantly reduced intensity relative to the spectrum of the
unadulterated Tween-20. This indicates successful incorporation
of the Tween-20 onto the surface of the MMFNPs.

Tween-20 (a nonionic surfactant) coating shifts ferrite NP ζ

potentials toward slightly negative values, typically around -20
mV or less; however, this is only the case if the measured value
is dominated by adsorbed Tween rather than the bare MMFNP
surface63. Tween-20 adsorbs on MFe2O4 NP surfaces through
hydrophobic and hydrogen-bond interactions, but carries no net
charge; thus, it tends to screen or compress the native surface
charge, rather than introduce a strong new one. Table 3 reveals
that the students measured the surface zeta potential of NiFe2O4
to be -14 mV, while for the other two systems, the numerical val-
ues of the ζ potential were higher than expected (ca. -30 mV
for MnFe2O4 and -27 mV for CoFe2O4). Given the preparation
history of our samples in strongly basic media, the as-prepared
ferrite NPs are expected to show strongly negative ζ potential
values, owing to the presence of surface-adsorbed OH– . If the
post-synthesis washing steps are not comprehensive, this effect is
amplified. Retention of this negative charge on the ferrite NPs
despite the nominal presence of a Tween-20 surface coating is in-
dicative of incomplete surface coverage by the surfactant. The
presence of metal hydroxyl (M −OH) species on the surface of
the MMFNPs, which subsequently deprotonate to form M −O−

species, may also lead to highly negative surface ζ -potential val-
ues, especially if meticulous washing is not carried out, leading
to base contamination of the dried MMFNPs. These nuances were
explained to the students to account for the discrepancy between
the literature and the measured values.

6 | 1–9Journal Name, [year], [vol.],
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Fig. 2 (a) Normalized absorbance of MMFNPs with the inset showing the (ahν)2 Tauc plots and linear fits. (b-d) Normalized absorbance of MMFNPs
compared to those of the aqueous precursors. In (c), the absorbance of the MnCl2 solution is not normalized, as minimal absorbance was detected
across the range.

Fig. 3 FTIR spectra of Tween-20 and the Tween-coated MnFe2O4
nanoparticles. The highlighted areas indicate pedagogically relevant IR
bands for the two samples.

3.4 Phase properties: Powder X-ray diffraction (PXRD).
The identification of the synthesized nanomaterial phase is crit-
ical to subsequent functional testing66, owing to the phase-
dependence of physicochemical, optical, and electronic proper-
ties. However, the sheer cost and difficulty of acquiring and run-
ning powerful and reliable powder or single crystal diffraction in-
strumentation suites prevented many UG lab courses from includ-
ing this vital technique within their syllabi in the past. While this
has changed somewhat with the availability of bench-top systems,

Fig. 4 Experimental powder diffraction pattern for the MnFe2O4
nanoparticles, as well as reference patterns for MnFe2O4 (COD 1528316)
and MnO (COD 1010393) ‘matchstick plots’. 64,65

manufacturers still require subscriptions to proprietary data anal-
ysis software and structural databases, such as the International
Center for Diffraction Data (ICDD) database. It is our contention
that sample preparation as well as analysis and phase matching
of the collected data is more significant for UG researchers than
hands on data collection, when it comes to PXRD. Accordingly, we
used the following strategies to get around the aforementioned
barriers:

1. Collaboration: EC, one of the authors, is the departmental

Journal Name, [year], [vol.],1–9 | 7
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expert staff crystallographer, and used his discretionary ma-
chine time for data collection. We also borrowed the zero-
background sample holders from EC for students to practice
sample deposition on. The evenness of the deposition was
gauged by EC and his feedback was relayed to the students.

2. Community databases: An excellent alternative to paid
databases is the free to access Crystallography Open
Database (COD), which allows prospective crystallographers
to browse hundreds of thousands of small molecule and ma-
terial crystal structures in the form of crystallographic infor-
mation files (.cif). While not as extensive as, for example,
the ICDD database, obtaining structural data for the analy-
sis of commonly synthesized materials with limited options
for phase identity (such as the MMFNPs explored here) is
easily achieved using the COD46–54.

3. Freeware or CSU-licenced software: Finally, easily down-
loadable structural data allows the phase identification
to be completed with software ranging from Microsoft
Excel® or OriginLab® to specialized crystallography tools
like Mercury® or CrystalDiffract® (used here). Many of
these are either freeware or were procured using a depart-
mental licence.

In the third week, students received the experimental powder
diffractograms recorded for their assigned MMFNP sample. In ad-
dition, the students were trained on obtaining appropriate data
(in .cif format) from COD for potential phase matches. This tu-
torial also exposed students to vital aspects of phase identifica-
tion, such as Bragg peak matching, relative intensities, and peak
width determination. The students were then assigned to make
matchstick-like plots for their individual experimental data, as
well as possible primary phase and impurity phase matches, to be
included in their final communication-style report. An example
of this is shown in Figure 4 for the MnFe2O4 nanoparticles. Bragg
peaks corresponding to the (220), (311), (400) (511), and (440)
indices of MnFe2O4 are observed at 30, 34, 42, 56, and 61 on the
2θ axis, and match in relative intensity to the provided reference,
confirming that the spinel jacobsite was obtained as the primary
phase67. However, a notable impurity at 2θ = 40 was observed;
this was matched to the (200) index of MnO68. The obtained
diffraction patterns for all MMFNPs synthesized by the students
are available in the Supporting Information with associated ref-
erences; we note that the nominal NiFe2O4 NPs failed to yield
a strong diffraction pattern, indicating a lower degree of crys-
tallinity in that particular sample; this is addressed in some detail
in the ESI. The students responsible for this particular synthesis
were expected to make a note of this in their communication.

3.5 Size and morphological properties: SEM, DLS and PXRD.
Students used these three aforementioned techniques to char-
acterize the size, morphology, and phase of their prepared fer-
rite NPs. It is important to note that DLS, SEM and PXRD can
individually provide us with information about NP sizes - how-
ever, the sizes determined from these three routes are not ex-
pected to be identical. Dynamic light scattering (DLS) reports

an intensity-weighted hydrodynamic diameter in dispersion that
includes the inorganic core plus any solvation layer and sur-
face adsorbates, so it usually gives larger apparent sizes and is
very sensitive to aggregates and polydispersity. Scanning elec-
tron microscopy (SEM) provides direct images of dried particles,
giving a number-based physical core size and shape, but prepa-
ration (drying, aggregation, coating, limited statistics) can bias
the measured diameter compared with the true dispersed state.
Powder X-ray diffraction (PXRD) with Scherrer equation yields a
volume-averaged crystallite size derived from peak broadening,
which reflects coherent crystalline domains rather than whole
particles, and therefore underestimates size when particles are
polycrystalline or aggregated and ignores amorphous particles.

Figure 5 shows SEM micrographs (with and without colour-
ization) of the MnFe2O4/Tween-20 NPs. The expected grape-
like clusters of quasi-spherical NPs are seen, representative of
co-precipitated NPs with moderate size control. Particles show
a slightly faceted or ‘stone-like’ appearance due to crystalline
facets69. Soft agglomerates rather than isolated primary particles
are seen, because of magnetic and van der Waals interactions;
individual grains appear to be embedded in larger micron-scale
aggregates70.

The determination of crystallite sizes from the Scherrer equa-
tion was also part of the data processing skills imparted to the
students. The Scherrer plot and the obtained size average of
MnFe2O4 crystallites has been represented in Figure 6(a). Fig
6(b) shows the bimodal size distribution profile of the Tween-20-
capped MnFe2O4 NPs in water as obtained DLS. A minor popu-
lation (< 10 nm in size) probably represent MnFe2O4 seeds or
ultrasmall NPs whose growth may have been attenuated by the
surfactant; the the major population with average NP sizes in the
100-150 nm range are likely the fully-grown counterparts of the
smaller ferrite NPs.

From Figures 5 and 6, we see that the following general trend
for oxide NPs, viz,; Scherrer sizes < SEM core sizes < DLS hy-
drodynamic diameters; holds true for nearly all the samples. The
students were expected to understand that these three protocols
for the size determination of ferrite NPs are complementary rather
than interchangeable.

Table 3 Surface zeta potential and average size of student-synthesized
MMFNPs.

Sample ζ potential Scherrer
size

SEM size DLS size

(mV) (nm) (nm) (nm)

NiFe2O4 -14.1±2.8 amorphous 98±29 4.6±2.3
134±62

MnFe2O4 -29.2±2 30.8 118±38 5.4±2.1
129±58

CoFe2O4 -27.4±7 23.7 97±26 30±14
190±30

8 | 1–9Journal Name, [year], [vol.],
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Fig. 5 (a and b) SEM secondary electrons images of the same student sample of MnFe2O4-Tween-20 NPs at lower and higher magnifica-
tions, respectively. The lower magnification image is presented as-is; the ‘zoomed-in’ image is colourized by the student through the use of AI
(https://imagecolorizer.com/colorize); (c) particle size frequency distribution profile and probability from manual measuring of at least 100 spherical
MnFe2O4 NPs from the images.

3.6 Sustainability and catalytic application: Fenton-type
degradation of methylene blue

Beyond the utilization of green chemical techniques for synthesis
and the focus on nontoxic and environmentally friendly precur-
sors, the simulation of nanoparticle-catalyzed wastewater reme-
diation is an ideal way to help students connect core ideas of
sustainability to nanochemistry.71 The removal and management
of contaminants in wastewater is a vital yet understated part of
mitigating greater environmental concerns. Ferrite NPs are ideal
for this purpose: CoFe2O4, for instance, has been known to cat-
alyze the decomposition of H2O2 as effectively as Pt, Pd or silver
oxide catalysts72. In our study, we chose methylene blue, a com-
plex, non-biodegradable conjugated dye, to act as a typical rep-
resentative of common organic pollutants. In particular, ingest-
ing water contaminated with methylene blue (and other similar
pollutants) has been linked to cases of respiratory distress, neu-
rotoxicity, blindness, digestive and abdominal disorders, along-
side physical discomfort upon prolonged dermal contact73. The
MMFNPs from this project are effecitve, safe, and environmen-
tally friendly catalysts, with the added bonus of magnetic activity
allowing for easy catalyst recovery and recycling.

Our example reaction utilizes a class of reactions broadly
termed ’Fenton chemistry’, in which refractory organics in an
aqueous matrix (such as a solution of methylene blue in water)
is broken down into smaller, colourless fragments, thereby effec-
tively decolurizing it74. This is achieved by adding the MMFNPs
to an aqueous solution of the dye and H2O2 under UV light irra-
diation. Fenton reactions use the classic Fe(II)/H2O2 system for
catalysis, while ‘Fenton-type’ (or Fenton-like) reactions general-

ize this chemistry to other oxidants, metals, and conditions, as
we have done here with the use of MMFNPs.75 This process has
three distinct advantages for pedagogical application:

1. H2O2 breaks down into water, making it a benign ‘green’
oxidant;

2. The kinetics of the MMFNP catalyzed degradation are ex-
tremely fast, allowing for multiple catalytic cycles (reaction-
recovery-reaction...) to be completed in one lab period; and,

3. The progress of the reaction can be estimated through vi-
sual inspection (the colour of the dye fades as the reaction
progresses) and easily quantifiable using simple optical spec-
troscopy.

A sample one-run procedure as followed by the students is
available in the ESI. It must be noted that prior to the addition
of the MMFNPs, the pH was adjusted to 10-11 by dropwise ad-
dition of NaOH; peroxide decompositions are generally studied
in alkaline media where H2O2 is intrinsically unstable because of
base catalysis by OH– 72. Students were encouraged to consider
the consequence of performing the reaction at an alkaline pH,
mainly the inhibition caused by the formation and precipitation
of competing Fe(OH)3 species76. The progress of the degradation
reaction as performed by the students using each respective fer-
rite species are shown in Figure 7(a-c). The observed decrease of
the main methylene blue absorption transition (ca. 660 nm) over
time reveals that all three of the student-synthesized MMFNPs
successfully catalyzed the peroxide-mediated decomposition of
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Fig. 6 (a) Scherrer plot of the MnFe2O4 NPs for obtaining crystallite size from the diffractogram; (b) DLS size distribution profile for an aqueous
dispersion of MnFe2O4/Tween-20 NPs showing a bimodal size distribution.

methylene blue over a sixty-minute span. Students were then re-
minded of the Beer-Lambert law, relating the absorbance at each
time point to the concentration of methylene blue in solution at
that instant. This relationship allowed them to plot the natural
log of the absorbance at 660 nm against the reaction time, with
the slope of the resulting line corresponding to the pseudo-first-
order rate constant, as shown in Figure 7d. The kpseudo (as de-
termined from least-square regression) varied from 0.073 min-1

(NiFe2O4, fastest) to 0.043 min-1 (CoFe2O4) and 0.034 min-1

(MnFe2O4, slowest). The % degradation of methylene blue at
time t was calculated using the following formula:

%degradation =
(At −A0)

A0
×100 (3)

where A0 and At represent the absorbance (at λmax) at the begin-
ning of the reaction and at time t, respectively.

After ca. 60 mins, all MMFNPs displayed more than 80% degra-
dation efficiency, which is broadly in agreement with the many
research-focused studies of methylene blue remediation74,77. The
students also observed that the identity of the transition metal
‘dopant’ (i.e. Mn, Ni, or Co) appeared to affect catalytic effi-
ciency of the spinel NP. Here, students were cautioned not to
attribute causation to a correlation, as catalytic efficiency can
depend on particle size, surface chemistry, structure, and other
factors, which may obfuscate impacts on catalytic activity that
could be the result of compositional differences78. Furthermore,
the amorphous nature of the NiFe2O4 precludes any ‘apples-to-
apples’ comparison here.

After the first reaction was completed, the students used a stan-
dard laboratory magnetic stir bar to successfully reclaim the ma-
jority of their MMFNP catalyst. The degradation process was then
repeated twice more, for a total of three catalytic cycles utilizing
the same catalyst. The degradation efficiency for three replicate
degradation reactions using CoFe2O4 nanoparticles as the catalyst
is shown in Figure 8. After sixty minutes, the efficiencies for each
replicate remained above 80%, demonstrating the reusability of
the MMFNPs. Recoverability and recyclability of the MMFNP cat-
alysts are major reasons why ferrite catalysts are considered sus-

tainable, and students were exposed firsthand to the observable
benefit of a high-performing reusable catalyst.

3.7 LLM incorporation within the workflow
Incorporating a Large Language Model (LLM) (here, Google Gem-
ini) into this nanochemistry mini-project transforms the expe-
rience into a dynamic, AI-augmented CURE. By integrating AI
into every segment, from MMFNP synthesis, to characterization,
and to application, students develop critical digital literacy and
"human-in-the-loop" verification skills essential for modern re-
search41.

Below, we briefly describe the role played by LLM in different
segments of the CURE:

1. Synthesis: During the co-precipitation synthesis, the LLM
serves as a predictive tool. Before synthesis, students use
Gemini to hypothesize the effect of the base addition rate
(e.g., 1 mL every 10 s) and pH (aiming for 10-11) on
nanoparticle size and polydispersity. The students also used
LLM to figure out the reason behind the low crystallinity of
NiFe2O4 versus the other ferrites, despite identical synthesis
conditions.

2. LLM-assisted preliminary data interpretation: Students
use Google Gemini to navigate the preliminary interpreta-
tion of the data collected from the characterization tech-
niques. For UV-Vis and IR data, students use the LLM to assist
in identifying chemically relevant peaks common to Tween-
20 and the Tween-20 capped MMFNPs. In the PXRD seg-
ment, students prompt the LLM to explain the structural dif-
ferences between probable phases such as MFe2O4 and MIIO
(M = Ni,Co,Mn). LLM also points them towards the correct
.cif files for the relevant phases, harvested from sources such
as the Open Crystallographic Database, and introduces them
to the effective use of freeware for unit cell visualization
from .cif files after the initial hands-on training conducted
in person. LLMs also come in handy during the interpreta-
tion of DLS results, especially the ζ -potential values. Finally,
while using FiJi for SEM image analysis, students consult the
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Fig. 7 (a-c) Optical spectra of methylene blue throughout the Fenton-type degradation reactions catalyzed with (a) NiFe2O4, (b) MnFe2O4, and (c)
CoFe2O4 nanoparticles, respectively. (d) Plot of lnA(λ=660nm)) as a function of reaction time (A = recorded absorbance). The slope of the line of best
fit gives the pseudo-first-order reaction rate. (e) Degradation efficiency as a function of reaction time for the Fenton-type degradation of methylene
blue catalyzed by the MMFNPs.

Fig. 8 Degradation efficiency of as-prepared and recycled CoFe2O4 NPs
in degrading methylene blue.

LLM for advanced plugins or macros to automate the mea-
surement of at least 100 MMFNP diameters for statistical
plotting79. AI-enabled digital colourization of the electron
micrographs also proved to be a popular and enjoyable stu-
dent activity.

3. LLM for sustainable process design: In the methylene blue
degradation application, the LLM bridges the gap between
the lab and global sustainability goals. Students prompt
Gemini to model the oxidative degradation of methylene
blue in the presence of H2O2, UV light, and MMFNPs, trou-
bleshooting issues such as initial sluggishness. LLM may

also be used to propose modifications to the experiment that
would further reduce chemical waste or enhance the ‘green-
ness’ of the catalytic cycle.

4. LLM usage log maintenance for verification: To ensure
that the use of the LLM remains a tool for critical inquiry
rather than a shortcut for answers, students in this CURE
were encouraged to maintain and periodically validate a ver-
ification log80. This log serves as a structured record of their
interactions with Google Gemini, specifically documenting
how they validated LLM-generated claims against empirical
data and primary literature. A recommended structure for
the verification log includes the following components: (i)
prompt and context; (ii) output summary; and (iii) valida-
tion (by the students themselves, or the GTA).

A sample validation log may be found in the ESI.

Conclusions
In 2026, for a record fifth consecutive time, Colorado State Uni-
versity has earned a Platinum rating from the Association for
the Advancement of Sustainability in Higher Education, reaf-
firming its reputation as an innovative leader in sustainability81.
Therefore, involving aspects of sustainability in upper-year chem-
istry courses is timely and appropriate. In this paper, we de-
scribe the implementation of a CURE-type experiment involv-
ing the synthesis, characterization, and evaluation of the cat-
alytic potential of environmentally friendly transition metal fer-
rite nanoparticles (MFe2O4, M = Ni, Mn, Co) coated with a non-
toxic capping ligand. The experiment serves as an introduction to
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the nanochemistry-specific laboratory course offered at Colorado
State University. In particular, this experiment was designed to
lay the groundwork for successful course completion by intro-
ducing key laboratory concepts in the realm of nanoscience that
was required throughout the rest of the semester. Comprehen-
sive and multidisciplinary inquiry-guided experiments such as this
one, conducted over multiple laboratory sessions, provide the op-
portunity to simulate a research environment, reinforcing data
analysis, scientific writing, and laboratory skills through a series
of linked experiences.

LLMs, we have been told, are here to stay, and as they grow
more powerful and nuanced, and are widely used by students,
we can no longer isolate our pedagogical strategies from their in-
fluence. This study is our inaugural attempt to integrate LLMs
within our sustainable nanochemistry CURE. From received feed-
back, we find that LLMs significantly enrich the student inquiry
process, provided it is used ethically and with concomitant valida-
tion. The implementation of LLMs facilitated several key educa-
tional and scientific objectives. LLMs served as an iterative sound-
ing board, allowing students to refine their hypotheses regarding
NP surface chemistry and the kinetics of radical generation. Stu-
dents leveraged LLM to troubleshoot characterization and kinetic
data analysis. LLMs also maintained focus on recyclable catalysts,
emphasized the principles of Green Chemistry, and provided the
necessary context for follow-up questions such as process scale-up
and life-cycle analysis of magnetic nanoparticles.

Ultimately, this hybrid pedagogical approach does more than
just modernize the laboratory experience; it equips future
chemists with the AI fluency required to navigate an increasingly
digital research landscape. While the ferrite NPs provide a robust
physical platform for studying advanced oxidation processes, the
LLM provides the cognitive scaffolding necessary for high-level
synthesis and critical inquiry. We expect future studies to explore
the scalability of this framework across other sub-disciplines of
chemical education.
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Data availability

The data supporting this article have been included as part of the

Supplementary Information, as well as in the figures and tables

of the main article. Raw data generated by the students will be

anonymized and produced upon request.

Page 16 of 16RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 1
1:

24
:5

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D6SU00221H

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6su00221h

