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Abstract: Coating disk-shaped materials on the bottoms of containers has become a highly effective 

method for tribocatalysis enhancement. Presently, the effects of Ti coatings on the tribocatalytic 

degradation of organic dyes by CdS nanoparticles have been systematically studied. For both 50 mg/L 

rhodamine B (RhB) and 20 mg/L methyl orange (MO) solutions, the tribocatalytic degradation by CdS 

nanoparticles was dramatically enhanced in Ti-coated beakers than in as-received glass-bottomed 

beakers, with the degradation rate constant increased by 4.77 and 5.21 times, respectively. Moreover, 

for tribocatalytic degradation of MO using CdS, two quite different MO degradation modes have 

been identified between Ti and Al2O3 coatings. Electron paramagnetic resonance (EPR) spectroscopy 

analyses showed that more radicals were generated when CdS nanoparticles rubbed against Ti 

coating than glass bottom, and boron nitride nanoparticles had been employed to verify that the 

enhancement associated with Ti coatings resulted from the interactions between Ti and CdS. These 

findings underscore the importance of catalysts and coating materials selection in tribocatalytic 

systems, offering valuable insights for the development of efficient environmental purification 

technologies. 
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1. Introduction 

Energy shortage and environmental pollution are urgent global crises that not only threaten the 

balance of ecosystems but also challenge the sustainable development of human society [1,2]. To 

tackle these problems, a variety of  approaches have been researched and developed for improving 

energy efficiency, developing renewable energy sources, and adopting advanced pollution treatment 

technologies [3-8]. Among them, tribocatalysis is a newly emerging catalytic technology and is 

gaining increasing attention [9-12]. Tribocatalysis is a technology that harnesses mechanical friction 

energy to activate the catalytic activity of materials [13], thereby promotes chemical reactions, 

including degradation of organic pollutants [14-24], conversion of CO2 [17-20], and nitrogen fixation 

[21]. A mechanism has been established for tribocatalysis, which suggests that electron-hole pairs are 

excited in materials through friction and they subsequently lead to redox reactions in the surrounding 

environment [9]. 

In order to enhance the efficiency of tribocatalysis in various applications, extensive researches 

have been conducted. In 2023, Lei et al. reported that the introduction of some coatings in 

magnetically stirred tribocatalysis significantly increases the production of carbon-contained 

combustible gases [18]. Similarly, Cui et al. reported that the introduction of silicon single crystals as 

a coating in tribocatalysis greatly improves the degradation rate of Al2O3 powders that are originally 

chemically inert [22]. In 2024, Mao et al. suggested that the bandgap width of tribocatalysts has a 
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direct impact on their efficiency of tribocatalysis [23]. The bandgap width directly affects materials' 

ability to absorb energy and the capability of electron transition, thereby influencing the efficiency of 

tribocatalysis [24]. Obviously, as both coatings and the bandgap width of tribocatalysts play a crucial 

role in tribocatalysis, it is meaningful to explore those combinations of important coatings and 

powders with narrow bandgap for tribocatalysis. 

Cadmium sulfide (CdS) is well-known as a semiconductor material with a band gap of 2.4 eV. 

This material is notable for its capacity to absorb a wide range of electromagnetic radiation, resulting 

in significant studies on its potential use as a photocatalyst under visible light [25-30]. In addition, 

CdS has stood out as a notable semiconductor for tribocatalytic study [31]. In a recent paper, the 

effects of Al2O3 coating on the tribocatalytic degradation of organic dyes by CdS nanoparticles have 

been studied [24]. The Al2O3 coating increased the degradation rate constant of 50 mg/L rhodamine 

B (RhB) by 4.38 times and that of 20 mg/L methyl orange (MO) by 5.87 times, leading to 99.8% 

degradation of RhB after 8 h and 95.6% degradation of MO after 12 h of magnetic stirring. Metals 

exhibit superior ductility and toughness over Al2O3 ceramics, providing better structural stability in 

applications due to their ability to balance ultrahigh strength with excellent resistance to fracture. 

This makes metals more reliable for use in environments where ceramics would be prone to 

shattering, especially in structural applications requiring high temperatures and resistance to 

mechanical stress. Obviously, metallic coatings should be investigated in tribocatalytic studies of 

CdS. 

As a matter of fact, Ti coating has been found to have surprising performance in several 

tribocatalytic investigations [32-37]. In this paper, we have conducted a series of experiments to study 

the effects of Ti coating on the tribocatalytic degradation of organic dyes by CdS nanoparticles. In 

particular, wide bandgap boron nitride (BN) nanoparticles have been employed to replace CdS 

nanoparticles in the tribocatalytic degradation of organic dyes with Ti coatings for comparison. Not 

only a dramatic enhancement in tribocatalytic degradation of organic dyes by CdS has been revealed 

for Ti coatings, MO molecules have also been found to degrade by CdS in two different modes 

between Al2O3 and Ti coatings. The results obtained in this paper thus should be helpful for the 

development of advanced, highly efficient environmental purification technologies. 

2. Results 

The XRD patterns of CdS and BN powders used in this study are shown in Figure 1.  Two CdS 

polymorphs were observed in the CdS nanoparticles: greenockite (JCPDS 41-1049) as a major phase 

and hawleyite (JCPDS 10-0454) as a minor phase. This is similar to a well-known commercial 

photocatalyst Degussa P25, in which TiO2 nanoparticles exist in anatase (80%) and rutile (20%) phases 

[10]. In contrast, the BN nanoparticles display a pure crystal phase consistent with cubic BN (JCPDS 

25-1033). 
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Figure 1. X-ray diffraction patterns of nanoparticles used in this study: (a) CdS; (b) BN. 

Two representative SEM images of the CdS and BN powders used in this study are displayed in 

Figure 2. CdS nanoparticles exhibit a mean diameter of 140 nm, encompassing a size spectrum that 

spans from 50 nm up to approximately 300 nm. BN nanoparticles have an average diameter of 60 nm, 

with particle sizes varying from a minimum of 20 nm to a maximum of around 120 nm. Generally 

speaking, relatively clear edges could be observed for CdS nanoparticles, suggesting a high 

crystallinity. 

 

 

Figure 2. SEM images of: (a) CdS powder; (b) BN powder. 
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The UV-visible absorption spectra of 50 mg/L RhB solutions, subjected to tribocatalytic 

degradation by CdS nanoparticles in beakers with a glass bottom and with a Ti coating, are depicted 

in Figures 3a and 3b, respectively. Figure 3a illustrates that within the glass beaker, the 554 nm 

absorption peak of RhB diminished gradually as the stirring duration increased. After 9 h of magnetic 

stirring, the degradation efficiency reached 62.67%. Despite the significant reduction in its absorption 

peak, the solution maintained a vivid hue due to its initially high concentration, as illustrated in the 

inset of Figure 3a. In marked contrast, the degradation of 50 mg/L RhB by CdS nanoparticles with Ti 

coating exhibited a significantly enhanced effect. As shown in Figure 3b, after 6 h of magnetic stirring, 

the solution became colorless, and the 554 nm absorption peak in the UV-visible spectrum nearly 

vanished. Clearly, the presence of a Ti coating significantly increased the tribocatalytic degradation 

efficiency of RhB by CdS nanoparticles. Figure 3c illustrates a comparative study of the degradation 

efficiency of RhB solution catalyzed by CdS nanoparticles on different types of beakers over time. 

Concurrently, Figure 3d provides the pseudo-first-order kinetic model fitting for the RhB solution's 

degradation efficiency. The degradation rate constants for CdS nanoparticles on glass and Ti coating 

were 0.112 h−1 and 0.646 h−1, respectively, indicating that the Ti coating increased the degradation rate 

constant of CdS nanoparticles by 4.77 times. 
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Figure 3. UV-visible absorption spectra of RhB solutions at a concentration of 50 mg/L mediated by CdS 

nanoparticles rubbing on different materials (Inset: the change in solutions color): (a) glass bottom; (b) Ti coating; 

(c) The ratio of C/C0 versus the duration of magnetic stirring in beakers with glass bottoms and Ti coatings; (d) 

kinetic curves. 

The UV-visible absorption spectra of 20 mg/L MO solutions, subjected to tribocatalytic 

degradation by CdS nanoparticles in beakers with a glass bottom and with a Ti coating, are depicted 

in Figures 4a and 4b, respectively. Figure 4a illustrates that within the glass beaker, the 464 nm 

absorption peak of MO diminished gradually as the stirring duration increased. Following 12 h of 

magnetic stirring, the efficiency of degradation achieved 56.21%. Concurrently, as the 464 nm peak 

diminished, a novel absorption peak emerged at 250 nm in the UV region. This observation aligns 

with prior research, which suggests that MO molecules were merely fragmented into smaller organic 

molecules, such as benzoic acid, succinic acid, and hydroquinone [22]. The inherent presence of high-

energy bonds (C=N and N=N) in MO's molecular structure renders it relatively recalcitrant to 

degradation compared to other common organic dyes, making the slow degradation by CdS on glass 

quite typical. In marked contrast, the degradation of 20 mg/L MO by CdS nanoparticles with a Ti 

coating exhibited a significantly enhanced effect. Figure 4b illustrates that after 9 h of magnetic 

stirring, the solution turned colorless, and the absorption peak at 464 nm in the UV-visible spectrum 

almost disappeared. As a semiconductor with a relatively narrow band-gap (2.4 eV), CdS is 

commonly used in photocatalytic research [25,26]. It is evident that the Ti coating significantly 

enhances the degradation efficiency of CdS nanoparticles in the tribocatalytic breakdown of both RhB 

and MO. Figure 4c compares the degradation efficiency of the MO solution catalyzed by CdS 

nanoparticles over time in the two different types of beakers, whereas Figure 4d shows the pseudo-

first-order kinetic fitting for the MO solution's degradation efficiency. The degradation rate constants 

for CdS nanoparticles on glass and Ti coatings were 0.0633 h−1 and 0.393 h−1, respectively, which 

suggests that the Ti coating has increased the degradation rate constant of CdS nanoparticles by a 

factor of 5.21. 
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Figure 4. UV-visible absorption spectra of MO solutions at a concentration of 20 mg/L mediated by CdS 

nanoparticles rubbing on different materials (Inset: the change in solutions color): (a) glass bottom; (b) Ti coating; 

(c) The ratio of C/C0 versus the duration of magnetic stirring in beakers with glass bottoms and Ti coatings; (d) 

kinetic curves. 

In a previous investigation, Si single crystals have been employed as coatings to degrade MO 

solutions through friction [22]. A quick de-coloration can be observed when many kinds of powders, 

including -Al2O3, are dispersed in the solutions and driven to rub against Si coatings through 
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magnetic stirring. As a result, it has been concluded that mechanical energy has been absorbed by Si 

single crystals for the de-coloration, or the catalytic effect has arisen from Si coatings. Similarly, it is 

possible for Ti coatings to be mainly responsible for the absorption of mechanical energy in this study. 

To verify this, BN nanoparticles were dispersed in 20 mg/L MO solution in a Ti-coated beaker and 

were driven to rub against Ti coating through magnetic stirring. The UV-visible absorption spectra 

of the 20 mg/L MO solution in the course of magnetic stirring are shown in Figure 5. It can be observed 

that the degradation was very slow and the color of the solution hardly changed even after 5 h of 

magnetic stirring. This forms a sharp contrast with that for CdS nanoparticles shown in Figure 4(b). 

BN has a wide band gap of 6.3 eV [38-40]. This suggests that the enhancement of Ti coatings on the 

tribocatalytic degradation is related to the band gap of the tribocatalysts. On the other hand, Ti 

coatings cannot initiate the quick de-coloration as Si single crystals do through friction, either. 

 

Figure 5. UV-visible absorption spectra of MO solutions at a concentration of 20 mg/L mediated by BN 

nanoparticles rubbing on Ti coating (Inset: the change in solutions color). 

3. Discussion 

The application of coatings to the interior surfaces of beakers or reactors has proven to be a 

straightforward and efficacious approach for boosting or controlling the tribocatalytic breakdown of 

organic contaminants and the conversion of H2O and CO2 [13]. The beneficial impact of these coatings 

is largely ascribed to the frictional forces that arise during their interaction with the catalysts. In 

particular, the improved organic dye degradation by CdS nanoparticles in beakers with Ti coatings 

suggests that the frictional interaction between the Ti surface and the nanoparticles is a critical factor. 

This concept is graphically elucidated in a schematic representation of the tribocatalysis mechanism, 

as depicted in Figure 6. 
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Figure 6. A diagrammatic representation of the mechanism enhancing the tribocatalytic degradation of organic 

dyes by CdS nanoparticles within beakers that have a Ti coating. 

Based on the electronic transition mechanism of tribocatalysis [9], the mechanical energy 

generated by friction stimulates the formation of electron-hole pairs in CdS, which can be represented 

as: 

CdS 
𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦
→            CdS + 𝑒− + ℎ+ (1) 

Subsequently, holes interact with hydroxide ions, resulting in the creation of hydroxyl radicals, 

and electrons engage in reactions with oxygen, leading to the formation of superoxide radicals, as 

follows: 

𝑂𝐻− + ℎ+ → · 𝑂𝐻 (2) 

𝑂2 + 𝑒
− → · 𝑂2

− (3) 

Hydroxyl and superoxide radicals subsequently undergo reactions with organic dyestuffs, 

facilitating the degradation of these dyes and their transformation into non-polluting, smaller 

molecular entities: 

· 𝑂𝐻 ( 𝑜𝑟 · 𝑂2
− ) +  𝐷𝑦𝑒 → 𝐷𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 (4) 

CdS nanoparticles, when subjected to magnetic stirring, produce hydroxyl and superoxide 

radicals, as evidenced by EPR spectroscopy obtained with microwave frequency at 9.85 GHz and 

modulation frequency at 100 kHz. The findings are depicted in Figure 7. Notably, after 15 min 

magnetic stirring of the nanoparticles in deionized water, a clear set of four characteristic peaks for 

hydroxyl radicals, with a ratio of (1:2:2:1), were discernible in both glass and Ti-coated beakers 

(Figure 7a). Similarly, upon stimulation in methanol, four distinct peaks for superoxide radicals, with 

a ratio of (1:1:1:1), were observed (Figure 7b). It is also evident that the intensity of the peaks for both 

types of radicals is greater in the Ti-coated beaker compared to the glass one, indicating a higher 

generation of radicals with the Ti coating. 
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Figure 7. EPR spectra obtained for CdS nanoparticles that were stirred using magnetic stirrers in glass and Ti-

coated beakers containing: (a) deionized water with DMPO as the spin trapping agent; (b) methanol with DMPO 

as the spin trapping agent. 

It is worthy to note that Al2O3 coating has also been found to show a strong enhancement in the 

tribocatalytic degradation of MO solutions by CdS nanoparticles [24], while there is a huge difference 

between them: In the UV-visible absorption spectra depicted in Figure 4(b), the peak at 250 nm, which 

is associated with the Ti coating, was not present when the coating was Al2O3.. It indicates that with 

Al2O3 coating, MO molecules are degraded by CdS nanoparticles mostly into CO2 and H2O; while 

with Ti coating, MO molecules are degraded by CdS nanoparticles only into smaller organic 

molecules like benzoic acid, succinic acid, and hydroquinone [41-43]. Such a difference has been quite 

unexpected and is difficult to understand at present.  

RhB and MO are only two examples for organic pollutants. It is expected that Ti coating also 

should be able to greatly enhance the tribocatalytic degradation of other organic pollutants by CdS. 

As coating disk-shaped Ti and other materials on the bottoms of vessels can be readily scaled up, Ti 

and other coatings will play vital roles in future tribocatalytic applications. On the other hand, many 

findings related with effects of coatings in tribocatalysis, including these in this study, cannot be 

explained explicitly. Further studies are highly desirable to reveal in-depth the interactions between 

coatings and catalysts in tribocatalysis, which are crucial for the development of tribocatalysis both 

practically and theoretically. 

4. Materials and Methods 

4.1. Materials and characterization 

High-purity commercial CdS nanoparticles (99.99 wt%) and BN nanoparticles (99.9 wt%) were 

utilized in this research. The CdS nanoparticles were purchased from Shanghai Aladdin Biochemical 

Technology Co., Ltd. (Shanghai, China). The BN nanoparticles were purchased from Shanghai 

Yaotian New Material Technology Co., Ltd. (Shanghai, China). The crystalline structure of the 

nanoparticles was analyzed using an X-ray diffractometer (XRD, Philips X-ray diffractometer system) 

with Cu Kα radiation. The morphology of the nanoparticles was observed using a field-emission 

scanning electron microscope (FESEM, JEOL JSM-6700F). The diameter of the nanoparticles was 

estimated through the software Nano Measure, which quantified the sizes of a large number of 

particles in SEM images by marking them and obtained the average value, as well as the maximum 

and minimum values.   

4.2. Formation of Ti coating on the bottom of glass beakers 
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For the tribocatalytic experiments, commercial flat-bottomed glass beakers with dimensions of 

φ 45 mm × 60 mm were divided into two groups. The first group consisted of as-received glass 

beakers, while beakers in the second group were modified through pasting Ti disks (φ 40 mm × 1 

mm) on their bottoms using a strong adhesive (deli super glue 502) prior to use. This process resulted 

in two distinct types of beakers: some with glass bottoms and others with Ti-coated bottoms. 

4.3. Tribocatalytic degradation of RhB and MO solutions 

For organic dye solutions, usually the higher concentration the greater challenge for 

degradation. To fully explore the tribocatalytic performance of CdS nanoparticles, relatively 

concentrated 50 mg/L RhB solutions and 20 mg/L MO solutions were employed in this study. In an 

experiment, 0.30 g of CdS nanoparticles were introduced into a glass beaker containing 30 ml of a 

solution, which was either 50 mg/L of RhB or 20 mg/L of MO. A homemade Teflon magnetic stirrer, 

the specifics of which were described in an earlier publication [13], was used to agitate the suspension 

at a rate of 400 rpm. The ambient temperature was maintained at 25°C, and the beaker was kept in 

darkness. At regular intervals, 1 mL of the solution was extracted and centrifuged at 8000 rpm for 5 

min to separate CdS nanoparticles. The absorbance of the supernatant was measured using a UV-

visible spectrometer (UV-2550; Shimadzu, Kyoto, Japan) over the range of 250-650 nm for RhB 

solution and 200-650 nm for MO solution. The efficiency of organic dye degradation is typically 

calculated using the equation D = 1−A/A0, with A0 and A denoting the initial and remaining 

absorbance at the dye's characteristic peak, respectively. 

4.4. Detection of radical species 

In the process of detecting hydroxyl radicals, two separate glass beakers, each with a glass 

bottom and titanium coating, were filled with 10 mL of deionized water, 50 µL of 5, 5-dimethyl-1-

pyrroline-N-oxide (DMPO), and 0.15 g of CdS nanoparticles. For the detection of superoxide radicals, 

the same setup was used but with 10 mL of methanol instead of deionized water. Each beaker was 

equipped with a Teflon magnetic rotary disk to agitate the mixture at a speed of 400 rpm for 15 min 

in a dark environment at ambient temperature. Hydroxyl and superoxide radicals were then detected 

using an electron paramagnetic resonance (EPR) spectrometer (A300-10/12, Bruker, Berlin, Germany). 

5. Conclusions 

The use of Ti-coated disks at the bottom of the beakers successfully intensified the tribocatalytic 

degradation of 50 mg/L RhB and 20 mg/L MO solutions by CdS nanoparticles. In Ti-coated beakers 

dispersed with CdS nanoparticles, the RhB and MO solutions were completely degraded after 6 h 

and 9 h of magnetic stirring, respectively; while in as-received glass-bottomed beakers, only 62.67% 

of the RhB solution and 56.21% of the MO solution were degraded after 9 h and 12 h of magnetic 

stirring, respectively. Ti coating increased the degradation rate constant by 4.77 and 5.21 times for 

RhB and MO, respectively. However, the MO degradation mode associated with Ti coatings was 

surprisingly different from that previously revealed for Al2O3 coatings. Electron paramagnetic 

resonance (EPR) spectroscopy analyses showed that the friction between CdS and Ti was more 

effective for radical formation than that between CdS and glass, and the interaction between CdS and 

Ti rather than Ti itself was revealed responsible for the enhancement through replacing CdS with BN 

nanoparticles to form friction with Ti. Coating disk-shaped materials on the bottoms of vessels is 

highly effective for tribocatalysis enhancement and should be widely adopted in various 

tribocatalytic applications. 
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