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In this study, Cu2MnSnS4 (CMTS) nanoparticles with a flower-like nanostructure were successfully synthesized via a solvothermal 

method by varying the reaction durations to investigate their structural, morphological and photocatalytic properties. X-ray diffraction 

(XRD) and Raman spectroscopy confirmed the formation of a single-phase kesterite structure at prolonged reaction time (24 h), while 

shorter durations resulted in mixed phases. SEM analysis revealed the evolution of well-defined flower-like architectures composed of 

ultrathin nanosheets in the 24 h sample, which exhibited improved crystallinity and phase purity. XPS analysis confirmed the presence of 

Cu+, Mn2+, Sn4+ and S2– oxidation states. The optical characterization using UV-Vis diffuse reflectance spectroscopy revealed strong 

visible light absorption with a narrowed bandgap of 1.66 eV for the 24 h sample. The photocatalytic activity of CMTS nanoparticles was 

evaluated under natural sunlight for the degradation of methylene blue (MB) and crystal violet (CV) dyes. The Cu2MnSnS4-24 (CMTS24) 

catalyst demonstrated superior degradation efficiencies of 76% for MB and 73% for CV within 50 min, attributed to its high surface area, 

improved charge carrier separation and enhanced light-harvesting capability. These findings highlight the crucial role of reaction time in 

determining the structural and functional properties of CMTS nanomaterials, establishing CMTS24 as a promising candidate for solar-

driven photocatalytic wastewater treatment applications. 
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INTRODUCTION 

 The increasing discharge of synthetic dyes into aquatic 

ecosystems has become a critical environmental concern, 

primarily due to their persistent, non-biodegradable nature [1]. 

Industrial sectors such as textiles, leather and paper extensi-

vely use organic dyes like methylene blue (MB) and crystal 

violet (CV), which are commonly detected in wastewater 

effluents. These dyes not only cause severe water colouration 

but also pose significant threats to aquatic life and human health 

due to their carcinogenic and mutagenic properties [2,3]. 

 Conventional wastewater treatment techniques such as bio-

logical, physical and chemical methods often prove inade-

quate in completely eliminating these recalcitrant dyes [4,5]. 

As a result, the development of cost-effective and sustainable 

technologies for their efficient degradation remains an urgent 

need. Among various advanced oxidation processes, semi-

conductor-based photocatalysis has emerged as a promising 

green technology for wastewater remediation. This approach 
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utilizes solar energy to generate electron–hole pairs, which drive 

redox reactions that ultimately mineralize toxic organic comp-

ounds into harmless products like CO2 and H2O [6,7]. 

 In recent years, growing research has focused on designing 

advanced visible-light-responsive photocatalysts that function 

efficiently under natural sunlight [8]. Among various semi-

conducting materials, quaternary metal chalcogenides such 

as Cu2ZnSnS4 (CZTS), Cu2NiSnS4 (CNTS) and Cu2CoSnS4 

(CCTS) have gained attention due to their optimal bandgap 

energies, strong visible light absorption, abundance of consti-

tuent elements and non-toxic nature [9]. Within this class, 

Cu2MnSnS4 (CMTS) has recently emerged as a promising 

candidate owing to its suitable bandgap, high absorption co-

efficient and environmentally benign composition [10,11]. While 

kesterite-phase chalcogenides have been extensively investi-

gated for photovoltaic and thermoelectric applications, their 

potential for photocatalytic degradation of organic pollutants 

under natural sunlight remains relatively underexplored. 

Achieving phase-pure CMTS nanoparticles with controlled 
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morphology and high crystallinity is essential to enhance their 

photocatalytic efficiency. 

 The solvothermal method offers several advantages for 

synthesizing high-quality CMTS nanostructures, including sim-

plicity, scalability and excellent control over morphology and 

particle size. However, systematic studies on solvothermally 

synthesized CMTS, particularly for the simultaneous degrad-

ation of multiple dyes and the role of tailored morphology on 

photocatalytic performance, are still scarce. Therefore, the 

present study aims to fill this gap by synthesizing phase-pure 

Cu2MnSnS4 nanoparticles using a straightforward solvothermal 

approach, followed by detailed structural and morphological 

characterization. Furthermore, their photocatalytic efficiency 

is evaluated through the degradation of methylene blue and 

crystal violet dyes under natural sunlight. The outcomes of this 

work are expected to contribute toward the development of 

efficient, low-cost and eco-friendly photocatalysts for the 

wastewater treatment. 

EXPERIMENTAL 

 Copper(II) chloride dihydrate (CuCl2·2H2O, ≥ 99.5%), 

manganese(II) chloride dihydrate (MnCl2·2H2O, ≥ 98.0%) and 

tin(II) chloride dihydrate (SnCl2·2H2O, ≥ 99.5%) were 

selected as the respective metal sources, while thiourea 

(CH4N2S, ≥ 99.5%) was used as sulphur donor. Ethylene 

glycol served as solvent due to its high boiling point and 

stabilizing prop-erties. All reagents were of analytical grade 

and purchased from Sigma-Aldrich, USA without further 

purification. 

 Synthesis of CMTS: Single-phase Cu2MnSnS4 (CMTS) 

nanoparticles were synthesized via a solvothermal route using 

high-purity precursors. A homogeneous solution was prepared 

by dissolving 0.06 M CuCl2·2H2O, 0.03 M MnCl2·2H2O, 0.03 M 

SnCl2·2H2O and 0.12 M CH4N2S in 40 mL of ethylene 

glycol. The mixture was magnetically stirred for 45 min to 

ensure complete dissolution and uniform mixing of the 

reactants. The resulting solution was then transferred into a 

100 mL Teflon-lined stainless steel autoclave and heated at 

210 ºC for two different durations viz. 12 h and 24 h to study 

the effect of reaction time on the phase formation and 

morphological features of the synthesized CMTS 

nanoparticles. Upon com-pletion of the solvothermal process, 

the autoclave was allowed to cool naturally to room 

temperature. The precipitates were collected by vacuum 

filtration using Whatman filter paper, followed by repeated 

washing with ethanol to remove any un-reacted precursors 

and residual organic content. The obtained solid product was 

then dried in a hot air oven at 80 ºC for 3 h to ensure complete 

removal of moisture. 

 Photocatalytic activity: The photocatalytic activity of 

CMTS nanoparticles was evaluated by monitoring the degra-

dation of methylene blue (MB) and crystal violet (CV) dyes 

under natural sunlight. Aqueous dye solutions were prepared 

with concentrations of 10–4 M (MB) and 10–5 M (CV) by 

dissolving the dyes in 1 L of distilled water. For each test, 

100 mL of dye solution was mixed with 10 mg of CMTS 

catalyst in a 250 mL beaker and the mixture was continuously 

stirred using a magnetic stirrer. The experiments were carried 

out under direct sunlight between 11:00 a.m. and 2:00 p.m. 

on cloud-free days to ensure stable irradiation conditions. At 

regular intervals of 10 min, aliquots were withdrawn and 

analyzed using a UV-visible spectrophotometer to track the 

degradation progress. Photocatalytic degradation efficiency 

(η%) was calculated using eqn. 1 [12]: 

  
o

Efficiency (
C
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C

 
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 

  

where Co and C represent the initial and residual concentra-

tions (absorbance) of the dye, respectively. 

 Characterization techniques: The CMTS samples syn-

thesized at 12 h (CMTS12) and 24 h (CMTS24) were thorou-

ghly characterized. The phase identification and crystallinity 

were analyzed using powder X-ray diffraction (X’Pert PRO, 

PANalytical, Germany) with CuKα radiation (λ = 1.54060 Å) 

at 40 kV and 30 mA. Raman spectroscopy (Seiki, Japan) was 

used to confirm the vibrational features. Surface morphology 

was observed by SEM (JEOL JSM-IT200) and elemental com-

position was examined using EDS. XPS analysis (PHI Versa-

probe) provided information on elemental states and surface 

chemistry. The optical bandgap was determined using UV-Vis 

diffuse reflectance spectroscopy (Shimadzu RF-6000) and the 

photocatalytic efficiency was tested with a Shimadzu UV-1800 

UV-Vis spectrophotometer. 

RESULTS AND DISCUSSION 

 XRD analysis: The crystallographic structure of the CMTS 

nanoparticles synthesized at different reaction durations was 

examined using X-ray diffraction (XRD) and the resulting 

patterns are depicted in Fig. 1. For the sample synthesized at 

12 h (CMTS12) (Fig. 1a), diffraction peaks were observed at 

2θ values of 28.42º, 47.89º and 55.68º, corresponding to the 

(112), (204) and (312) planes of a tetragonal structure. Additi-

onal peaks at 32.29º and 58.97º, indexed to the (200) and (224) 

planes, suggest the presence of a mixed-phase composition 

comprising Cu2MnSnS4 and Cu2SnS3, in agreement with the 

JCPDS card No. 89-4714 [13]. 

 To obtain a pure phase of Cu2MnSnS4, the reaction time 

was extended to 24 h (CMTS24) (Fig. 1b). The XRD pattern 

exhibited distinct and sharp peaks at 2θ = 28.41º, 47.43º and 

55.51º, which correspond to the (112), (204) and (312) planes 

of a kesterite-type tetragonal structure. These reflections matc-

hed well with JCPDS card No. 89-1952, confirming the forma-

tion of a single phase (CMTS24) without any secondary phases 

[14]. The CMTS24 sample showed more intense and narrower 

diffraction peaks compared to the CMTS12 sample, indicating 

improved crystallinity and phase purity. The absence of any 

additional peaks confirmed the successful formation of a pure 

CMTS phase. To estimate the average crystallite size, the 

Debye-Scherrer equation was employed using eqn. 2: 

  
K

D
cos


=
 

 (2) 

where D is the crystallite size, k is the shape factor; λ is the 

X-ray wavelength; β is the full width at half maximum (FWHM) 

and θ is the Bragg angle [15]. The synthesized CMTS12 sam-

ple exhibited an average crystallite size of approximately 25  
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Fig. 1. XRD patterns of Cu2MnSnS4 nanoparticles synthesized at different 

reaction durations at (a) 12 h and (b) 24 h 

 

nm, while the CMTS24 sample showed a slightly reduced size 

of about 22 nm, indicating improved crystallinity and more 

defined structural features. This structural refinement under-

scores the critical role of reaction time in influencing phase 

formation and crystal quality [16]. 

 Raman spectral analysis: Raman spectroscopy was 

employed to further investigate the structural evolution and 

phase composition of CMTS nanoparticles synthesized at diff-

erent reaction times, as illustrated in Fig. 2a-b. In case of 

CMTS12 sample (Fig. 2a), distinct peaks were observed at 247 

cm–1, 327 cm–1 and 353 cm–1. These vibrational modes sugg-

est the coexistence of both Cu2MnSnS4 (CMTS) and Cu2SnS3 

phases, indicating an incomplete phase transformation at shorter 

reaction duration [14,17]. 

 For CMTS24 sample, significant changes were observed 

in the Raman profile. As shown in Fig. 2b, a stronger and 

sharper peak appears at 329 cm–1, which corresponds to the 

characteristic A-mode vibration of the sulphur sublattice in 

the kesterite CMTS structure [18]. Moreover, a shoulder peak 

at 247 cm–1 further supports the presence of the CMTS phase. 

Importantly, the disappearance of the 353 cm–1 peak typically 

associated with the Cu2SnS3 secondary phase confirms the 

successful formation of a pure CMTS phase after prolonged 

reaction time. These spectral features strongly correlate with 

the XRD results, reinforcing the conclusion that extending the 

synthesis time to 24 h facilitates the development of a single-

phase, crystalline CMTS material with enhanced structural 

integrity. 

 Surface morphology and elemental composition: Fig. 

3a-b display SEM images of CMTS12 sample at lower (10,000×) 

and higher (30,000×) magnifications, respectively. The lower 

magnification image (Fig. 3a) reveals agglomerated particle  

 
Fig. 2. Raman spectra of Cu2MnSnS4 nanoparticles at different reaction 

durations at (a) 12 h and (b) 24 h 

 

 
Fig. 3a-c. SEM image and EDS spectrum of the CMTS12 sample 

 

structures with an average size of approximately 1 m. At 

higher magnification (Fig. 3b), the particles exhibit a part-

ially flower-like morphology composed of loosely arranged 

nanosheets [10]. These sheets show lateral spreading and thin, 

layered textures, with individual sheet thickness estimated to 

be less than 30 nm. 
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Fig. 3d-f. SEM image and EDS spectrum of the CMTS24 sample 

 

 Fig. 3d-e present SEM images of CMTS24 sample, also 

captured at (10,000×) and (30,000×) magnifications, respect-

ively. Compared to CMTS12 sample, the morphology is more 

developed, with flower-like assemblies more clearly defined. 

The structures observed at low magnification (Fig. 3d) have an 

average diameter of around 1 m. High magnification images 

(Fig. 3e) reveal that the flower-like shapes are made of tightly 

packed, intergrown nanosheets with improved structural order 

[19]. The thickness of these sheets is again estimated to be 

below 25 nm. 

 The EDS analysis results for both CMTS12 and CMTS24 

solvothermally synthesized samples are presented in Figs. 3c 

and 3f, respectively. For CMTS12 sample, the atomic comp-

osition reveals the successful incorporation of S (43.96 ± 0.29 

at.%), Cu (39.13 ± 0.38 at.%), Sn (12.79 ± 0.13 at.%) and Mn 

(4.12 ± 0.11 at.%) without any detectable impurities. Copper 

constitutes the primary metallic species, followed by tin and 

a minor amount of manganese. The elevated sulphur content 

suggests effective sulfidation and supports the formation of a 

stoichiometrically balanced Cu-rich quaternary metal sulphide. 

The homogeneity of the elemental distribution indicates that the 

sample exhibits good chemical uniformity. Fig. 3f in contrast, 

the CMTS24 sample exhibits a modified elemental composition, 

with S (47.97 ± 0.29 at.%) being the most abundant, followed 

by Cu (27.24 ± 0.30 at.%), Sn (18.43 ± 0.15 at.%) and Mn 

(6.35 ± 0.13 at.%). The increased Sn and Mn contents and 

decreased Cu proportion relative to the CMTS12 sample suggest 

time-dependent compositional tuning during the extended 

solvothermal reaction. This variation in elemental ratios indi-

cates a shift toward a more Sn- and Mn-rich sulphide phase, 

likely contributing to the growth of more defined and struct-

urally evolved nanostructures [20].  

 The overall improvement in uniformity and compactness 

of the nanostructures after 24 h (CMTS24) indicates enhanced 

the particle growth and self-assembly due to the extended 

reaction time under solvothermal conditions. The CMTS24 

sample, with its well-defined sheet-like morphology and 

compact flower-like architecture, is considered optimal based 

on XRD, Raman and FESEM analyses. Such hierarchical nano-

sheet structures are expected to offer enhanced surface area 

and active sites, making them suitable candidates for photo-

catalytic applications. 

 Optical properties: The optical absorption characteristics 

of CMTS nanoparticles synthesized at different solvothermal 

reaction times (12 h and 24 h) were evaluated using UV-Vis 

diffuse reflectance spectroscopy (UV-DRS) in the wavelength 

range of 200-800 nm (Fig. 4a). Both samples exhibited strong 

absorption in the visible region, which is beneficial for photo-

catalytic applications under solar irradiation [21]. To estimate 

the optical bandgap energy (Eg), the Tauc plot method was 

applied based on the equation: 

 

 

Fig. 4. (a) UV-DRS absorbance spectra of CMTS12, CMTS24 and (b) optical bandgap of CMTS12, CMTS24 
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  hν = A(h – Eg)n (3) 

where  is the absorption coefficient, h represents the photon 

energy, Eg is the bandgap energy and A is a constant. For direct 

bandgap semiconductors, the value of n is taken as ½. The 

bandgap energies were derived by extrapolating the linear 

portion of the Tauc plots (Fig. 4b) onto the energy axis. The 

bandgap values for the CMTS12 and CMTS24 samples were 

found to be approximately 1.67 eV and 1.66 eV, respectively. 

The slight reduction in bandgap with increased reaction time 

enhances the absorption of lower-energy visible light, thereby 

improving the efficiency of photocatalytic processes [22].  

 These results highlight that tailoring the reaction time eff-

ectively tunes the optical response of CMTS nanomaterials, 

thereby enhancing their potential for sun-light-driven photo-

catalytic dye degradation. The XRD and Raman analyses further 

confirmed that the CMTS24 sample attained optimized structural 

and phase purity, making it suitable for advanced photocatal-

ytic investigations. 

 X-ray photoelectron spectroscopy (XPS): The chemical 

states and elemental composition of the CMTS24 sample were 

examined using X-ray photoelectron spectroscopy (XPS). 

Fig. 5a-d presents the XPS spectra for Cu 2p, Mn 2p, Sn 3d 

and S 2p. The Cu 2p spectrum revealed two peaks at binding 

energies of 931 eV (2p3/2) and 951.2 eV (2p1/2), separated by 

19.8 eV, which confirms the presence of Cu+ oxidation state 

[23]. For Mn, the 2p spectrum displayed peaks at 641.9 eV 

and 653.6 eV, corresponding to Mn 2p3/2 and Mn 2p1/2, respec-

tively, with a binding energy separation of 11.7 eV, signify-

ing the Mn2+ oxidation state [24]. The Sn 3d spectrum showed 

a doublet at 485.3 eV (3d5/2) and 494 eV (3d3/2), with an 

energy difference of 8.7 eV, confirming the presence of Sn4+ 

[16]. The S 2p spectrum exhibited peaks at 160.77 eV (S 2p3/2) 

and 162.00 eV (S 2p1/2), with an additional peak at 168.36 

eV, indicating the presence of sulphur in a higher oxidation 

state, which further validates the S2– oxidation state. This com-

prehensive XPS analysis reveals that the CMTS material 

contains Cu+, Mn2+, Sn4+ and S2– oxidation states, consistent 

with the expected chemical composition for Cu2MnSnS4 [25]. 

The consistency between the EDX and XPS results, along 

with the absence of impurity peaks, further affirms the high 

purity and correct stoichiometry of the synthesized material, 

indicating its suitability for the intended applications. 

 Photocatalytic activity: The photocatalytic degradation 

behaviour of methylene blue (MB) and crystal violet (CV) dyes 

under natural sunlight irradiation was systematically examined 

using CMTS24 nanoparticles. The degradation efficiency was 

monitored through UV-Vis spectrophotometry, as depicted in 

Fig. 6a-b, presents the distinct absorption peaks of MB at 663 

nm and CV at 570 nm in their respective blank dye solutions 

[26]. Upon the addition of 0.05 g of CMTS24 catalyst, a progre-

ssive decline in absorbance was observed with increasing irra-

diation time, indicating effective photodegradation of both dyes. 

 

 

Fig. 5. XPS spectra of CMTS24 illustrating (a) Cu, (b) Mn, (c) Sn and (d) S 
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 The CMTS24 nanocatalyst, possessing a flower-like hiera-

rchical morphology, demonstrated excellent photocatalytic 

efficiency, achieving degradation rates of 76% for MB and 

73% for CV within 50 min, as quantified using eqn. 1 and 

illustrated in Fig. 6c. These results affirm the high activity of 

CMTS24 system under solar light exposure. Fig. 6d further 

emphasizes the temporal reduction in dye concentration, while 

the C/Co versus time plots in Fig. 6e reveal differing kinetic 

degradation patterns for MB and CV dyes, attributed to their 

varied adsorption affinities and redox responses on the catal-

yst surface. Notably, MB exhibited slightly higher degradation 

efficiency than CV, potentially due to differences in mole-

cular structure and interaction with active sites on the catalyst 

surface [12,27].  

 The superior performance of CMTS24 nanomaterial can 

be linked to its unique nanosheet-assembled flower-like morp-

hology, which offers a high surface area-to-volume ratio, 

enhanced light-harvesting capability and effective charge 

carrier separation, all of which contribute to efficient photo-

degradation [28]. It is widely recognized that the morpholo-

gical characteristics, crystalline integrity and nanoscale features 

of a photocatalyst significantly affect its photocatalytic beha-

viour. These findings suggest that CMTS24 nanomaterial is a 

promising candidate for the solar-driven wastewater treatment 

technologies. 

 Photocatalytic degradation mechanism: The proposed 

mechanism for the sunlight-induced photodegradation of MB 

and CV dyes using CMTS24 nanomaterial as a photocatalyst 

is illustrated in Fig. 7 and further supported by the reactions 

outlined in eqns. 4-9 [29-32]. Upon absorbing photons with 

energy equal to or greater than its bandgap, the CMTS photo-

catalyst generates electron–hole pairs, as represented in eqn. 4: 

 
Fig. 7. Schematic of the photocatalytic degradation mechanism of MB and 

CV dyes using CMTS24 sample under sunlight 

 

  CMTS + hν → e– (CB) + h+ (VB) (4) 

here, photogenerated electrons in the conduction band (CB) 

and holes in the valence band (VB) initiate a series of redox 

reactions. The holes (h+) oxidize water molecules or hydro-

xide ions (OH–), producing hydroxyl radicals (•OH), which are 

highly oxidative species: 

  H2O/OH– + h+ (VB) → •OH + H+ (5) 

 Simultaneously, the excited electrons reduce dissolved 

oxygen molecules (O2) to form superoxide radicals (•O2
–): 

  O2 (aq) + e– (CB) → •O2
– (6) 

 These reactive oxygen intermediates undergo further reac-

tions, producing hydrogen peroxide (H2O2) and additional 

hydroxyl radicals: 

 

Fig. 6. Photocatalytic degradation performance of CMTS24 nanoparticles: (a-b) UV-Vis absorption spectra of MB and CV dyes, (c) 

degradation efficiency, (d) absorbance versus time and (e) C/Co versus time plots showing kinetic behaviour 
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  •O2
– + H+ → HO2

• → H2O2
 (7) 

  H2O2 + e– (CB) → •OH + OH– (8) 

 Ultimately, these •OH radicals attack and oxidize the dye 

molecules (MB and CV), leading to their fragmentation into 

less harmful end products: 

  Dye + •OH → Mineralized products (9) 

 The remarkable photocatalytic activity of CMTS24 nano-

materials can be ascribed to its well-engineered flower-like 

architecture, which facilitates efficient light absorption, rapid 

charge separation and increased active surface sites for redox 

reactions. These attributes collectively enhance the genera-

tion of reactive oxygen species (ROS), which are crucial for 

the breakdown of dye pollutants. Thus, CMTS24 nanomaterials 

functions as an efficient, sunlight-responsive photocatalyst for 

the degradation of organic contaminants, validating its poten-

tial application in sustainable and eco-friendly wastewater 

remediation technologies. 

Conclusion 

 In summary, Cu2MnSnS4 (CMTS) nanoparticles with a well-

defined flower-like morphology were successfully synthesized 

via a solvothermal approach by varying the reaction duration. 

XRD and Raman analyses confirmed that extending the synth-

esis time from 12 h (CMTS12 sample) to 24 h (CMTS24 sample) 

led to the formation of a highly crystalline, single-phase kesterite 

structure with improved purity and structural integrity. The 

FESEM analysis revealed that CMTS24 sample exhibited com-

pact, nanosheet-assembled flower-like architectures, offering 

a larger surface area and enhanced active site availability. 

XPS results verified the presence of Cu+, Mn2+, Sn4+ and S2– 

oxidation states, affirming the correct stoichiometry and chem-

ical composition of the CMTS24 sample. The UV-Vis diffuse 

reflectance spectroscopy indicated strong absorption in the 

visible range, with a slightly reduced bandgap of 1.66 eV for 

the CMTS24 sample, which is favourable for visible-light 

driven photocatalysis. The CMTS24 nanostructure sample 

demonstrated remarkable photocatalytic performance by 

achieving degradation efficiencies of 76% for methylene blue 

(MB) and 73% for crystal violet (CV) within 50 min under 

natural sunlight. The improved activity is attributed to the syner-

gistic effect of the optimized morphology, enhanced crystall-

inity and efficient charge separation. Overall, the findings 

demonstrated that reaction time is a critical parameter for tun-

ing the structural, morphological and optical properties of CMTS 

nanomaterials. The CMTS24 photocatalyst, with its superior 

solar-light-driven activity, holds strong potential for practical 

applications in environmental remediation, particularly for 

the degradation of organic dye pollutants in wastewater. 
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