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Abstract 

Wastewater pollution caused by toxic dyes from the textile industry is a global challenge, threatening agricultural pro-
ductivity, food security, and access to clean water for livestock. In recent years, photocatalytic degradation of organic 
pollutants using semiconducting materials has emerged as a promising approach for sustainable wastewater treat-
ment. We present a cost-effective synthesis method for lithium manganese oxide (Li2MnO3), which aggregate to form 
a densely packed microcrystalline powder, with smooth-stone morphology, and monoclinic crystal structure. Optical 
characterization reveals broad visible light absorption, strong infrared reflectance and an optical bandgap of 2.1 eV, 
suggesting potential applications in radiation-resistant coatings. Moreover, the obtained Li2MnO3 material effectively 
degraded Eriochrome Black T, a common textile dye, with efficiencies up to 73% for 5 × 10⁻5 M solutions, under illu-
mination at 625 nm, within 60 min. These findings underscore the potential of Li2MnO3 nanostructured microcrystals 
for wastewater treatment applications.
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Introduction
In recent decades, interest in purifying water contami-
nated by organic dyes has grown significantly due to 
increasing awareness of their toxicity, contribution to 
pollution, and harmful effects on aquatic environments. 
Various methods have been proposed for dye removal, 
including adsorption, coagulation (Shi et  al. 2007; Lee 
et  al. 2006), membrane filtration (Cevallos-Mendoza 
et  al. 2022), microbial degradation (Varjani et  al. 2020), 
and photocatalytic degradation (Shanker et al. 2017; Lan-
jwani et al. 2024).

Photocatalytic degradation offers several advantages as 
a water purification method. It is cost-effective, relatively 
fast, and photocatalysts can harness solar irradiation to 
initiate the process. One of its key benefits is the ability 
to break down pollutants into smaller, non-toxic mol-
ecules (Lanjwani et al. 2024; Hunge 2017; Rani and Keshu 
2021; Islam et al. 2023; Pelaez et al. 2012). Nanomaterials 
serve as promising catalysts for this approach due to their 
unique properties, particularly their high surface-to-vol-
ume ratio. Numerous studies in the literature highlight 
the strong performance of various nanomaterials and 
nanocomposites in degrading pollutants (Hunge et  al. 
2022b; Tomar et  al. 2020; Mbuyazi and Ajibade 2024; 
Mahdavi et al. 2022; Karami et al. 2020; Shaterian et al. 
2014; Hunge et al. 2022a).

Nanocatalysts used in photodegradation can be catego-
rized into three generations. The first generation includes 
metal oxide nanoparticles, such as ZnO and TiO2. The 
second generation involves binary nanocomposites of 
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metal oxides, like Fe3O4-CeO2 and WO3-ZnO. The third 
generation consists of metal oxides immobilized on inert 
substrates, for example, ZnO on aluminum or TiO2 on 
silver or cesium (Lanjwani et al. 2024; Islam et al. 2023).

In the second generation of nanocatalysts, charge 
transfer at the heterojunction between two semiconduc-
tors can follow two distinct mechanisms, known as the 
Z-scheme and S-scheme (Islam et  al. 2023; Bard 1979; 
Fu et al. 2019; Xu et al. 2020). In the Z-scheme, an inter-
mediate pair of the same element with different ionic 
charges, such as Fe2+ and Fe3+, is required. The ideal 
Z-scheme mechanism involves the photogenerated holes 
in the valence band of the first semiconductor interacting 
with electron donors, which then become acceptors. The 
photogenerated electrons in the conduction band of the 
second semiconductor react with these acceptors, trans-
forming them into donors. Finally, the electrons in the 
conduction band of the first semiconductor react with 
the holes in the valence band of the second semiconduc-
tor in a redox process.

Alternatively, the S-scheme occurs when reduction 
and oxidation photocatalysts, with appropriately aligned 
band structures, are combined. In this case, the pho-
togenerated electrons reside in the conduction band of 
the reduction catalyst, while the holes are in the valence 
band of the oxidizing catalyst, leading to the combina-
tion of charge carriers and the creation of a strong redox 
potential.

Li2MnO3 is a well-known material with a rock salt 
structure, exhibiting a color range from ochre yellow to 
brick red. Notably, it is air-stable, displays a red hue, and 
can be easily synthesized from common starting materi-
als such as Li2CO3 and MnC2O4·2H2O (Tamilarasan et al. 
2015). Due to the peculiar properties of nanostructured 
Li2MnO3, several studies have reported methods for pre-
paring this material in the form of nanoparticles, nanow-
ires, or nanobelts (Lim et al. 2012; Sun et al. 2022; Yang 
et al. 2017), which are all known for their excellent per-
formance as cathodes in Li-ion batteries (Sun et al. 2022, 
2019; Mabokela et  al. 2021). Recent studies have also 
explored the use of lithium manganese oxide (Li2MnO3) 
as a heat-reflective pigment. In particular, research has 
focused on developing eco-friendly red pigments based 
on doped Li2MnO3, which exhibit high near-infrared 
(NIR) reflectance making them promising candidates for 
applications in heat-reflective coatings, potentially reduc-
ing heat absorption in various materials.

Aside from these well-known applications, given the 
semiconductor properties of Li2MnO3, it may also be 
worth investigating its potential as a catalyst for the pho-
todegradation of organic pollutants.

Considering the inherent electronic structure of 
Li2MnO3, the conduction band (CB) is located around 
2.0–2.5  eV below the vacuum level, which is energeti-
cally aligned to drive the reduction of O2 to superoxide 
(O2

•⁻). Similarly, the valence band of Li2MnO3, posi-
tioned around 5.0–5.5  eV below the vacuum level, is 
well below the water oxidation potential (H2O to •OH) 
at 3.0–3.2  eV vs. vacuum. This suggests that the pho-
togenerated holes can oxidize water (H2O) to generate 
hydroxyl radicals (•OH). Therefore, based on theoreti-
cal considerations, such as the alignment of the band 
gap with respect to the vacuum level and the redox 
potential of water, Li2MnO3 can potentially drive the 
photocatalytic production of ROS when exposed to 
light, and this makes it a promising catalyst for water 
purification and other photocatalytic applications.

In this study, we present a simple and cost-effective 
chemical approach for synthesizing Li2MnO3 nano-
structured microcrystals. The process begins with 
lithium acetate and manganese acetate as precursors 
to form intermediate Li-Mg-oxalates, which are then 
thermally decomposed to obtain Li2MnO3. All rea-
gents used, including lithium acetate, manganese ace-
tate, and oxalic acid, are inexpensive and relatively safe 
compounds.

Eriochrome Black T (EBT) is commonly used as a 
model dye in photocatalysis studies due to its distinct 
properties and relevance to environmental pollution 
(Hunge et  al. 2022b;  Kazeminezhad et  al. 2014; Lan-
jwani et al. 2023; Sumadewi et al. 2021). As a synthetic 
organic dye, EBT is widely used in the textile industry, 
where it is employed for dyeing fabrics. Its structure, 
which contains conjugated aromatic rings and func-
tional groups, makes it particularly resistant to deg-
radation, posing a challenge in wastewater treatment 
processes. This persistence makes it an ideal candidate 
for testing photocatalytic degradation methods, as it 
allows researchers to evaluate the effectiveness of cata-
lysts in breaking down complex organic pollutants.

In addition to its industrial use, EBT is toxic and its 
degradation products, such as naphthaquinone, can be 
carcinogenic (Kansal et al. 2013), highlighting the envi-
ronmental and health risks associated with its presence 
in wastewater. The toxicity of EBT, combined with its 
widespread use in industrial applications, emphasizes 
the need for efficient methods of removing it from con-
taminated water sources. Studying the photocatalytic 
degradation of EBT is, therefore, both scientifically 
meaningful and environmentally significant, as it pro-
vides insights into the effectiveness of new catalysts in 
reducing the impact of hazardous industrial dyes on 
ecosystems and human health.
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Experimental materials and methods
All chemicals used for the synthesis of Li2MnO3 were 
of analytical grade (> 99.5%), sourced from Aldrich, and 
used without further purification or modification. The 
reagents included lithium acetate, manganese acetate, 
oxalic acid, and Eriochrome Black T (EBT).

The morphology of the prepared powder was investi-
gated by Scanning Electron Microscopy (Tescan Mira3), 
operating at 5kV, using the detector for secondary elec-
trons. Optical investigation of Li2MnO3 was carried 
out dispersing the material in distilled water using both 
mechanical stirring and sonication.

To perform photocatalytic assessment, Li2MnO3 is sus-
pended in an aqueous solution containing EBT, and the 
mixture was lit with a UV–Vis lamp (Osram Ultra Vita-
lux 300 W) to promote the photodegradation of the dye. 
Aliquots about 2 ml of mixture were taken out at the 
defined time and they were analyzed within wavelength 
range 350–900 nm. UV–Vis absorption measurements 
were performed using a double-beam spectrophotom-
eter (Jasco V770) using rectangular glass cuvettes with an 
optical path of 1 cm.

Synthesis of Li2MnO3
Li2MnO3 was synthesized using a precipitation-assisted 
thermal decomposition method. A stoichiometric 
amount of lithium acetate (3.3 g dissolved in 50 ml of 
distilled water) and manganese acetate (3.5 g in 10 ml of 

distilled water) were mixed at a molar ratio of Li:Mn = 1:2. 
The solution was stirred continuously to ensure complete 
dissolution and to lower its temperature, the solution was 
immersed in a cold-water bath, as shown in Fig. 1a.

A solution of oxalic acid, prepared in an equimolar 
ratio to the lithium-ion source by dissolving 4.5 g in 50 
ml of distilled water, was slowly added dropwise to the 
cold mixture, facilitating the precipitation of lithium and 
manganese oxalates (Fig. 1b).

The resulting suspension was continuously stirred at 
80  °C on a magnetic stirrer (Fig. 1c), promoting solvent 
evaporation and precursor formation. As the water con-
tent reduced, the solution transformed into a viscous 
precipitate that was then transferred to a petri dish and 
finally dried in an oven at 80 °C (Fig. 1d).

The dried precursor was then subjected to thermal 
heating at 900 °C for 5 h, leading to the thermal decom-
position of oxalates and the formation of Li2MnO3. 
The obtained brick-red powder (Fig.  1e) can be easily 
deposited as a thick film on a glass substrate through a 
spin coating process starting from aqueous dispersion 
(Fig. 1f ).

Results and discussion
Morphological characterization and structural analysis
Scanning electron microscopy (SEM) images were 
acquired at different magnifications to analyze the sur-
face morphology, as shown in Fig.  2. The images reveal 

Fig. 1  Pictures describing the stepwise preparation of Li2MnO3 precursor (a-d), e.g. lithium-manganese oxalate, and the final Li2MnO3 material 
obtained after annealing at 900°C for 5 h in form of powder (e) and spin-coated film (f)
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that the particles are micrometer-sized and composed of 
aggregated nanocrystalline grains that are uniform in size 
and densely packed. The uniform nanoscale structure 
is expected to contribute to photocatalytic properties, 
particularly for the degradation of organic pollutants in 
water (Almenia et al. 2023).

The XRD pattern reported in Fig.  3 shows main dif-
fraction peaks at 18.7°, 37.10°, 44.6°, 44.9°, 58.90°, 64.58°, 
65.68° and 68.94°,  corresponding respectively to [002], 
[131], [202], [233], [135], [135], [131], and [333] reflec-
tions. Notably, all peaks can be indexed as Li2MnO3 
(monoclinic, space group C 1 2/c 1), as confirmed by the 
reference CIF file 1,513,958 reported in figure.

SEM and XRD analyses reveal that the synthesized 
material comprises micrometer-sized grains, each 
formed by the aggregation of nanoscale crystallites.

Optical analysis
The absorption spectrum of Li2MnO3 (Fig.  4a) exhib-
its a broad absorption band in the 400–1000 nm range, 
with a noticeable absorption peak around 500 nm. 
This absorption profile is consistent with the reddish-
brown color of the material, as red hues typically cor-
relate with absorption in the blue-green region of the 
visible spectrum. Additionally, the extended absorption 

tail into the near-infrared (NIR) region is advantageous 
for photocatalytic applications, enabling the material to 
harvest light beyond the visible spectrum. Such broad-
spectrum absorption could enhance the generation of 
reactive oxygen species (ROS) under light irradiation, 
contributing to effective photodegradation of organic 
pollutants.

The NIR reflectance spectrum reveals a high reflec-
tance of approximately 55–60% in the 800–2000 nm 
range, with a sharp increase around 800 nm. The high 
NIR reflectance indicates the material’s potential as a 
heat-reflective coating, as it can reflect infrared radia-
tion and reduce heat absorption. However, in the con-
text of photocatalysis, this high reflectance could limit 
the absorption of NIR light, potentially reducing the 
efficiency of NIR-driven photodegradation processes.

The optical band gap of Li2MnO3 was estimated 
using both Tauc and Kubelka–Munk (KM) methods. 
Using Tauc’s relation (Eq.  1) (Rakesh et  al. 2017), the 
extrapolation of the energy band gap reported in Fig. 4c 
returned a value of 2.15 eV.

 where Eg is the energy band gap, α is the absorption coef-
ficient and ℏω is the energy in electron volts (eV).

(1)(αℏω)2 = A ℏω − Eg

Fig. 2  SEM images of the synthesized Li2MnO3 at different magnifications: (a) 50 Kx, (b) 20 Kx, (c,d) 5 Kx
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To confirm the result, another relation, known as KM 
function (Eq. 2), was used to evaluate the band gap of 
the synthesized material:

where Rd is the diffuse reflectance of the sample, K is the 
absorption coefficient, S is the scattering coefficient and 
FKM(Rd) is the Kubelka–Munk function, which provides 
a measure of the material’s absorbance in relation to its 
scattering.

The KM plot (Fig.  4d) similarly estimates a band gap 
of ~ 2.2 eV. The agreement with Tauc-derived values 
strengthens the reliability of the measurement. Indeed 
the KM function is widely used in diffuse reflectance 
spectroscopy to estimate the bandgap energy of semicon-
ductors, pigments, and catalysts. Unlike simple reflec-
tance measurements, the function corrects for the effects 
of light scattering, making it more accurate for powdered 
or turbid samples.

(2)FKM(Rd) =
(1− Rd)

2

2Rd
=

K

S

Photocatalytic evaluation
(a) Reaction mechanism
When an electromagnetic radiation of sufficient energy 
is absorbed by a semiconductor (e.g. ℏω > Eg), such as a 
photocatalyst dispersed in water, the incident photons 
excite the semiconductor material, generating elec-
tron–hole pairs (e− − h+). Specifically, electrons from 
the valence band (VB) are promoted to the conduction 
band (CB), leaving behind positively charged holes in 
the valence band. If the band structure is favorable, the 
excited electrons interact with dissolved oxygen (O2), 
which acts as an electron acceptor, leading to the for-
mation of superoxide anions (°O2

−) and other reactive 
oxygen species (ROS). Simultaneously, the holes in the 
valence band oxidize water or hydroxide ions (OH−), 
generating hydroxyl radicals (°OH), which are highly 
reactive oxidizing agents. These radicals initiate the 
degradation of the model pollutant—Eriochrome Black 
T (EBT) dye—breaking it down into smaller fragments 
over time, until the dye undergoes complete minerali-
zation, ultimately converting into carbon dioxide and 
water (Abejide et al. 2022) according the following:

Fig. 3  Powder X-ray diffraction of the prepared Li2MnO3
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(b) Photocatalytic degradation of eriochrome Black T 
by Li2MnO3
A stock solution of Eriochrome Black T (EBT) with a 
concentration of 10⁻3 M was prepared by dissolving 92 
mg in 200 mL of distilled water and subsequently diluted 
to obtain two identical 5 × 10⁻5 M solutions. To each 
solution, the required amount of Li2MnO3 catalyst (25 
mg or 50 mg) was added, and the mixture was exposed 
to illumination from a UV–Vis lamp (Osram Ultra Vita-
lux 300 W) to facilitate the photodegradation of the dye. 
At predetermined time intervals, 2 mL samples of the 

Fig. 4  (a) Absorption and (b) Near Infrared Reflectance (NIR) spectra of Li2MnO3 (c) Tauc, and (d) Kulbeka-Munk plot of the synthesized Li2MnO3
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solution were extracted and analyzed in the 350–900 nm 
wavelength range using rectangular glass cuvettes with a 
1 cm optical path length.

A reference experiment was carried out under the 
same conditions but without the inclusion of Li2MnO3, 
to isolate the effect of light on the degradation of EBT 
(Fig. 5a). A degradation efficiency of 15.4% at 625 nm was 
recorded.

The introduction of 25 mg or 50 mg Li2MnO3 powder 
to the EBT solution resulted in a significant decrease in 
dye absorbance at 625 nm. The degradation efficiency 
was then calculated as follows:

where Ai is the initial absorbance of the EBT dye at 625 
nm before photodegradation reaction and Af  is the final 
absorbance of the dye after degradation.

(3)η =

Ai − Af

Ai
× 100%

The observed degradation efficiencies ranged from 
72.2% for 25 mg to 73.2% for 50 mg, indicating that 25 
mg of the powder is sufficient to achieve nearly the same 
level of photodegradation, as shown in Fig. 5d. The rate 
constant, representing the dye removal rate per second, 
was determined by calculating the percentage change in 
absorbance relative to the time taken for degradation. The 
rate constants were 0.013%/sec for 25 mg and 0.019%/
sec for 50 mg. This estimated efficiency aligns with the 
expected values reported for binary semiconductor com-
pounds like CuO (Alabi et  al. 2013; Villani et  al. 2014), 
and with those observed using composite materials such 
as ZnO/NiFe₂O₄ nanoparticles (Adeleke et al. 2018).

Overall, the Li2MnO3 performance are surprising, since 
the photocatalyst exhibited significant reflectance in the 
visible range (Fig. 4b). A photocatalyst that also acts as a 
good reflective agent offers dual benefits: it can effectively 
degrade organic pollutants under light exposure while 

Fig. 5  (a) Reference UV–Vis spectra of EBT photodegradation caused by light (without photocatalyst). UV–Vis spectra of EBT photodegraded by (b) 
25mg, (c) 50 mg Li2MnO3 catalyst for 0–60 min. (d) Comparison of photodegradation efficiency
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simultaneously reducing heat absorption when applied 
as a coating. This multifunctionality makes Li2MnO3 par-
ticularly valuable for environmental applications where 
both photocatalytic activity and thermal management are 
advantageous.

In summary, the band gap values derived from both 
methods indicate that Li2MnO3 can drive photocatalytic 
processes under UV to visible light irradiation. The com-
bination of visible light absorption and NIR reflectance 
positions Li2MnO3 as a promising candidate for dual-
functional applications, including photocatalytic degra-
dation of organic pollutants and heat-reflective coatings. 
The extended light absorption into the NIR region, while 
limiting photocatalytic activity under these wavelengths, 
could still contribute to overall light management in 
hybrid photocatalytic systems. Our findings suggest that 
Li2MnO3 synthesized through this simple method not 
only exhibits suitable optical properties for photocataly-
sis but also offers potential for multifunctional applica-
tions, enhancing its practical appeal in environmental 
remediation technologies.

Conclusions
We developed a cost-effective method for synthesizing 
pure-phase monoclinic Li2MnO3 catalyst, as confirmed 
by structural and morphological analyses. Optical char-
acterization estimates a bandgap of 2.1  eV, indicating 
substantial absorption in the visible spectrum. The mate-
rial’s high near-infrared reflectance further underscores 
its potential for use in radiation-resistant coatings. Addi-
tionally, Li2MnO3 nanostructured microcrystals dem-
onstrated significant efficiency in the photodegradation 
of Eriochrome Black T, achieving degradation efficien-
cies of 70% and 73% for 25  mg and 50  mg of Li2MnO3, 
respectively. These findings suggest that the synthesized 
Li2MnO3 catalyst hold considerable promise for waste-
water treatment applications in both industrial and 
domestic settings.
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