
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 3
:5

2:
18

 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
View Journal  | View Issue
High-efficiency R
aDepartment of Physics, Qilu Institute of Te

China. E-mail: qasim@qlit.edu.cn; sanaulla
bDepartment of Computer Science and Inf

Innovation, 12043, Karl-Marx Straße, Berlin
cDepartment of Chemistry, College of Scien

Jeddah, Saudi Arabia
dDepartment of Chemistry, College of Scie

Sattam Bin Abdulaziz University, 11942 Al-K
eDepartment of Chemistry, College of Scienc

Abha 61413, Saudi Arabia
fDepartment of Chemistry, Thomas J. R. F

Environment and Climate Change, Un

Montserrado County, Liberia. E-mail: gideo

Cite this: RSC Adv., 2025, 15, 47666

Received 10th September 2025
Accepted 14th November 2025

DOI: 10.1039/d5ra06827d

rsc.li/rsc-advances

47666 | RSC Adv., 2025, 15, 47666–
hB dye degradation using b-
FeOOH nanorods via tribocatalysis

Muhammad Qasim,*a Arslan A. Rizvi,b Haroon Rashid,a Xianglin Li, a

Hassan A. H. Alzahrani,c Raed H. Althomali, d Majed M. Alghamdi,e Adel A. El-
Zahhar, e Gideon F. B. Solre *f and Sana Ullah Asif *a

Tribocatalysis respresents a transformative approach with significant implications for electrochemical

innovations, sustainable energy technologies, and the efficient remediation of water contaminants. The

practical implementation of such systems requries catalysts that combine superior performance with

economic and enviromental viability. In this study, we investigate the tribocatalytic activity of b-FeOOH

nanorods, systematically examining the effects of key morphological features, including diameter,

surface area, and surface roughness. Our results reveal that the nanorods diameter critically influences

catalytic performance, with the optimized (b-FeOOH-100 °C) catalyst exhibiting outstanding activity

under ultrasonic vibration. This catalyst enables rapid degradation of rhodamine B (RhB) achieving

complete mineralization within 30 minutes, a high rate constant of 0.19 min−1, and excellent stability.

Mechanistic studies indicate that friction-generated H+ ions facilitate the formation of reactive cOH and

cO2
− radicals, which drive efficient pollutant decomposition. Overall, this work elucidates the structure–

activity relationship in tribocatalytic materials and positions b-FeOOH nanorods as a promising platform

for leveraging mechanical energy in the treatment of organic-contaminated wastewater.
Introduction

Water is integral to sustainability as it plays a crucial role in
safeguarding ecosystems and facilitating socio-economic
development.1–3 Consequently, there is an imperative need for
highly efficient wastewater treatment technologies to manage
the purication of industrial effluents and alleviate environ-
mental damage.4,5 Wastewater typically contains intricate
organic pollutants and heavy metals, rendering the treatment
process exceedingly complex and protracted.6–8 The assurance
of reliable and safe access to sources of clean water represents
a formidable challenge in the contemporary epoch. Poorly
managed treatment of detrimental organic pollutants,
including organic dyes, biphenyls, medicines, chemical pesti-
cides, phenols, agricultural products, carbohydrates, polymer
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adititives, and surfactants, poses a threat to human health and
upsets the natural equilibrium of ecosystems.9–12 The swi
progression in developing novel methods for dye wastewater
treatment is of paramount importance. Multiple traditional
techniques, such as membrane ltration, biological processes,
physical adsorption, chemical precipitation, electrochemical
oxidation, and coagulation have proven efficacious in elimi-
nating organic contaminants from water during the wastewater
treatment process.13–15 Nevertheless, it is critical to recognize
that these procedures may inadvertently lead to secondary
contamination.

Tribocatalysis constitutes an innovative sustainable tech-
nology that leverages the catalytic properties of particular
materials in conjunction with mechanical energy to facilitate
environmental remediation.16 This process entails the forma-
tion of active charge carriers and highly reactive surface sites on
catalysts via frictional forces, thereby initiating a series of
oxidation and reduction reactions. Nonetheless, the catalytic
efficiency and practical applicability of tribocatalysis, including
parameters such as energy conversion efficiency and scalability,
continue to present signicant limitations.17 Similarly, photo-
catalysis represents a sustainable technology that exploits the
catalytic characteristics of semiconductors in tandem with solar
illumination to effectuate environmental remediation.18–20 This
process involves the excitation of e−/h+ pairs within semi-
conductors when exposed to light, initiating a sequence of
oxidation and reduction reactions on the surface of
© 2025 The Author(s). Published by the Royal Society of Chemistry
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semiconductor.21 However, the catalytic efficacy and pragmatic
usability of photocatalysis such as a restricted wavelength range
and suboptimal solar energy utilization are the major
constraints. In addition, several alternative methodologies,
including piezocatalysis, thermocatalysis, pyrocatalysis, and
their combinations, have been explored.22–24 Piezocatalysis
notably requires piezocatalysts with non-centrosymmetric
crystalline structures that are easily deformable. When
a piezo-catalyst is distorted, it generates a piezoelectric eld that
advances the piezocatalytic process. As a result, the eld of
piezocatalysis faces a signicant challenge due to the limited
availability of suitable materials.25 Tribocatalysis emerges as
a pioneering and advanced methodology developed for the
purication of colored effluent.26 The tribocatalysis process is
critically dependent on friction, which, through the generation
of triboelectric energy, facilitates the augmented breakdown of
organic contaminants and dyes. The scientic community has
currently delineated two operative mechanisms to explain this
phenomenon: the excitation of electrons and the subsequent
transfer of electrons between atoms.16

The limitations of conventional catalytic processes by har-
nessing the minimal mechanical energy present in environ-
ment to degrade wastewater. Tribocatalysis is characterized by
the synergistic interplay between mechanical friction and
ensuing chemical reactions on the catalyst's surface.27 Notably,
this process does not require specic physical characteristics,
allowing for the utilization of tribocatalysts with a centrosym-
metric crystal lattice. This property expands the range of
applicable materials. Additionally, tribocatalysis capitalizes on
the plentiful and renewable mechanical energy in the environ-
ment, thereby reducing energy consumption and mitigating
environmental issues.27 Nevertheless, it is imperative to inves-
tigate tribocatalytic materials that are environmentally benign,
cost-effective, and highly efficient for practical applications. In
a standard tribocatalytic system, the mechanical contact and
relative motion of two distinct materials under external force
give rise to surface charges of opposite polarity, which then
engage with oxygen molecules to produce reactive oxygen
species.27

Recent developments in tribocatalysis have expanded its
utility across multiple domains, including renewable energy
production via water splitting, formation of combustible gases,
organic pollutant degradation, and novel methodologies for
environmental cleanup.28,29 These ndings suggest that tri-
bocatalysis possesses considerable potential for a broad spec-
trum of applications through the utilization of mechanical
energy, particularly in the context of wastewater treatment.
However, its practical implementation is limited by low catalytic
efficiency and optimization.

In the domain of wastewater treatment, substantial advan-
tages exist in the treatment and reuse of wastewater particularly
originating from industrial sources to render it suitable for
irrigation purposes.30 Tribocatalytic-based nanomaterials are
essential for achieving this goal due to their highly reactive
active sites. The principal disadvantages include the facile
conversion into secondary pollutants, the utilization of powder
catalysts that are challenging to retrieve, and the presence of
© 2025 The Author(s). Published by the Royal Society of Chemistry
diverse pollutants that restrict their feasibility for industrial-
scale applications. Consequently, the effective implementation
of tribocatalytic technologies is contingent upon tribocatalysts
that are environmentally sustainable, cost-effective, and exhibit
excellent performance.27

b-FeOOH also referred to as akaganeite, is a semiconductor
comprised of the earth-abundant element iron (Fe).31 Conse-
quently, it demonstrates signicant potential as a catalyst owing
to its abundant availability, low cost, environmentally benign
characteristics, and relatively high stability. Conventionally, b-
FeOOH is extensively utilized within the domain of photo-
electro catalysis; nonetheless, its tribocatalytic efficiency
remains uncertain. We have synthesized b-FeOOH nanorods
through a straightforward hydrothermal process at various
reaction temperatures, allowing for precise control over their
size and surface texture. The optimized b-FeOOH nanorods
exhibited remarkable tribocatalytic properties in relation to the
degradation of rhodamine B (RhB) dye. Initially, the average
diameter of the nanorods increased, reaching a peak for the
optimized catalyst before decreasing, while the surface area
initially decreased and subsequently increased with rising
temperatures. These observations are well-aligned with the tri-
bocatalytic performance of the nanorods. The optimized cata-
lyst effectively degrades RhB dye under the inuence of
ultrasonic vibrations. The signicance of this research lies in
the environmentally friendly synthesis at low temperatures and
its potential as a promising catalyst for wastewater treatment
through the application of vibrational mechanical energy.

Results and discussion

The complete synthesis method is described in SI and synthesis
route of the catalyst is shown in Scheme 1. Next, the phase and
functional group identication analysis were performed. Fig. 1a
depicts the X-ray diffraction (XRD) patterns of b-FeOOH nano-
rods synthesized at varying reaction temperatures from 80 to
120 °C to ascertain the mineral phase and purity. The diffrac-
tion peaks observed correspond closely with the standard
diffraction data (JCPDS no: 34-1266), space group: Pbnm, indi-
cating that all three samples are composed of pure-phase
orthorhombic crystals with a centrosymmetric structure.31 The
diffraction peaks broaden as the synthesis temperature
increases, indicating smaller crystallite size. The crystallite size
of the b-FeOOH nanorods were calculated using the Scherrer
equation, and found to be correlated with the synthesis
temperature as shown in Fig. S2.

Moreover, no peaks indicative of impurities such as a-
FeOOH, g-FeOOH, and a-Fe2O3 were detected. The presence of
prominent and well-dened diffraction peaks further suggests
that the synthesized materials possess excellent crystallization.

To examine the chemical structure and the functional
groups responsible for RhB dye degradation, Fourier Transform
Infrared (FTIR) analysis is conducted. Fig. 1b illustrates the
FTIR spectrum of the b-FeOOH nanorods prepared employing
the hydrothermal route. Previous studies underscore the
necessity of evaluating characteristic peaks to analyze and
validate the accurate chemical synthesis of b-FeOOH nanorods.
RSC Adv., 2025, 15, 47666–47675 | 47667
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Scheme 1 Complete synthesis route of b-FeOOH nanorods at different temperatures i.e., 80 °C, 100 °C, and 120 °C, respectively.
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The b-FeOOH nanorods exhibit FeO6 octahedral units, charac-
terized by distinct peaks corresponding to two signicant
vibrational bands of Fe–O and OH groups. The absorption
peaks that arise between 450 and 800 cm−1 are frequently
attributed to basic vibrating groups of inorganic ions. The
bending vibration, symmetric stretching, and asymmetric
stretching vibrations of Fe–O octahedral groups were observed
at 470 cm−1, 500 to 530 cm−1, and 642 to 795 cm−1, respectively.
Fig. 1 (a) X-ray diffraction (XRD) spectra taken from the b-FeOOH nan
analysis (c) Scanning Electron Microscopy (SEM), and (d) Transmission
displays HRTEM analysis of the nanorods.

47668 | RSC Adv., 2025, 15, 47666–47675
Furthermore, the structural band (Fe–OH) emerges at the
bending vibration of 890 cm−1, conrming the presence of
structural groups (OH) within the octahedra of b-FeOOH
nanorods. The spectral band around 1030 cm−1 is ascribed to
the diminished hydrogen bonds between water molecules and
bridging hydroxyl groups of the b-FeOOH structure. Meanwhile,
the band that arises at 1155 cm−1 corresponds to the d(OH)
vibrational modes of the bridging hydroxyl group [Fe–O(H)–Fe].
orods synthesized at various reaction temperatures. (b) FTIR spectra
Electron Microscopy analysis of b-FeOOH nanorods. The inset in (d)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Similarly, the vibrational band observed at 1385 cm−1 which is
attributed to the asymmetric stretching mode of carbonate ions
(CO3

2−). This is a common feature in materials synthesized in
basic aqueous environments and originates from the reaction of
sodium hydroxide with atmospheric carbon dioxide during the
preparation process. Peaks occurring at 2850 and 2950 cm−1 are
attributed to the presence of organic pollutants. However,
consistent with the previous analysis, the stretching and
bending vibration modes rise in the region of approximately
3150, 3428 cm−1 and 1550, 1640 cm−1, respectively, indicating
the presence of potentially adsorbed water molecules in b-
FeOOH nanorods. Our results demonstrate that the structural
Fe–O framework and surface hydroxyl groups interact together
to degrade RhB dye tribocatalytically, indicating their potential
for environmental remediation. To verify the morphology of the
catalyst, scanning electron microscopy (SEM) analysis was
subsequently performed. Fig. 1c shows the SEM image of the
optimized b-FeOOH (i.e., 100 °C) catalysts, illustrating the
consistent nanorod structure of the catalyst. SEM analysis
conrmed that other samples of b-FeOOH synthesized at
different temperatures (i.e., 80, 120 °C) also formed nanorods.
The b-FeOOH-120 and b-FeOOH-100 nanorods had furrowed
patterns on their surfaces, whereas the surfaces of the FeOOH-
80 nanorods were smoother (as shown in Fig. S1). Fig. 1d
displays the transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) investi-
gation of the optimized catalyst b-FeOOH-100. The ndings
align with the SEM analysis, demonstrating that b-FeOOH
exhibits a rod-like morphology with an average diameter span-
ning from 15 nm to 45 nm. This observation is further corrob-
orated by the High-Resolution Transmission Electron
Microscopy (HRTEM) analysis, as illustrated in the inset of
Fig. 1d. The detected lattice spacing of 0.25 nm corresponds to
the {211} crystal plane of b-FeOOH. The TEM image elucidated
a awless and highly organized structure, affirming that these
nanorods were highly crystalline. TEM investigations disclosed
that all other b-FeOOH samples consisted of nanorods. The
average diameters of the nanorods progressively increased,
peaking for b-FeOOH-100, and subsequently diminished as the
reaction temperature was elevated.

Subsequently, the technique of X-ray photoelectron spec-
troscopy (XPS) was employed to examine the surface elemental
compositions and chemical states of the b-FeOOH catalyst as
depicted in Fig. S3. X-ray Photoelectron Spectroscopy (XPS) is an
efficacious method for probing the surface chemistry of mate-
rials, delivering quantitative and chemical state data pertinent
to surface elements. The principal focus is to explore the pres-
ence of Fe and O, which determine the chemical attributes and
reactivity. The high-resolution XPS spectrum of b-FeOOH
nanorods exhibited two distinct peaks with binding energies of
711.7 eV and 725.4 eV, corresponding to the Fe 2p3/2 and Fe 2p1/
2 spin–orbit doublets, respectively, as illustrated in Fig. S3a.
These peaks strongly evidence iron in the +3-oxidation state,
verifying the presence of Fe(III) in the nanorods. The peak at
711.7 eV clearly indicates the Fe(III) oxidation state, aligning
with the values anticipated for iron oxyhydroxides.2,32,33

Furthermore, a satellite peak was also observed, oen linked to
© 2025 The Author(s). Published by the Royal Society of Chemistry
Fe(III) species. This satellite peak originates from the shake-up
transitions typical of Fe(III), distinguishing it from other iron
oxide phases such as Fe2O3 or Fe3O4. This observation is crucial,
as it assists in distinguishing b-FeOOH from other iron oxide
variants that may display analogous binding energies yet differ
in their electronic structure. The O 1s spectrum of b-FeOOH
nanorods is critical for elucidating the various oxygen envi-
ronments within the material. For b-FeOOH nanorods, three
distinct peaks manifest at binding energies of approximately
529.74 eV, 531.31 eV, and 532.73 eV, respectively, as shown in
Fig. S3b. The peak arises at 529.74 eV indicates the lattice
oxygen (O2

−) within b-FeOOH nanorod structure, specically
the oxygen atoms directly bound to iron (Fe–O) bonds in the
crystal lattice. This characteristic signies the material's rigidity
and stability. Similarly, the peak at 531.31 eV is associated with
surface hydroxyl groups (OH−). This group is vital for surface
reactivity and inuences the adsorption characteristics of b-
FeOOH nanorods, enhancing its applications in catalysis and
environmental remediation.34 Finally, the peak at 532.73 eV
indicates the adsorbed water molecules or loosely bound
oxygen-containing species. Water molecules can adhere to the
surface due to the polar nature of b-FeOOH, which can attract
and retain water molecules via hydrogen bonding.

The tribocatalytic efficiencies of the b-FeOOH nanorods,
synthesized at various reaction temperatures, were initially
assessed by evaluating the degradation of RhB under ultrasonic
vibration, as illustrated in Fig. 2. Fig. 2a–c illustrates the
temporal variation of UV-vis absorption spectrum of RhB solu-
tion degraded by b-FeOOH catalysts prepared at different
temperatures. The intensity of the principal absorption peak in
the UV-visible spectrum decreases progressively with prolonged
stirring time. It is inferred from these analyses that the tri-
bocatalytic activity of the optimized catalyst (i.e., b-FeOOH-100 °
C) achieves maximum degradation under the same conditions.
Lastly, the degradation efficiency curve corresponding to the
provided data is presented in Fig. 2d.

The surface area is a critical parameter in the eld of catal-
ysis; generally, a larger surface area provides a greater number
of active sites, enhanced reaction kinetics, improved mass
transfer, and optimized electron–hole dynamics, essential for
catalytic reactions.30 With this consideration, we conducted
nitrogen gas adsorption–desorption isotherms on the b-FeOOH
catalyst as illustrated in Fig. S4. Following meticulous calcula-
tions, the results indicated that the BET surface areas of these
samples initially increased, followed by a slight decrease as the
reaction temperature rose. Furthermore, tribocatalytic reac-
tions were employed, as these reactions occur on the catalyst's
surface. To elucidate the factors contributing to the variable
tribocatalytic activity of b-FeOOH nanorods, the interrelation-
ships among the average diameter, surface area, and k values
are summarized in Fig. 3a. It is apparent that the surface area of
these b-FeOOH nanorods decreased with an increase in reaction
temperature, reaching a minimum at 120 °C. The inconsis-
tencies in the correlation between the surface areas of various
catalysts and their tribocatalytic performances suggest that the
surface area does not signicantly impact tribocatalytic
performance. Consequently, the average diameters of b-FeOOH
RSC Adv., 2025, 15, 47666–47675 | 47669
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Fig. 2 The absorption spectra of RhB aqueous solution were measured over time using b-FeOOH catalyst produced at three different
temperatures: (a) 80 °C, (b) 100 °C, and (c) 120 °C, respectively and (d) the related degrading efficiency curves.

Fig. 3 (a) The mean diameter and surface area of b-FeOOH catalyst synthesized at various temperatures are plotted, with corresponding SEM
images shown in the insets. (b) Transient tribocurrent density-time analysis of optimized b-FeOOH catalyst. (c) UV-vis spectra analysis of b-
FeOOH catalyst at different temperature, and (d) the corresponding band gap analysis.

47670 | RSC Adv., 2025, 15, 47666–47675 © 2025 The Author(s). Published by the Royal Society of Chemistry
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nanorods were also examined. The average diameters of the
nanorods initially increased, achieving their maximum size at
100 °C before decreasing. A correlation was observed between
the average diameters of the nanorods and their tribocatalytic
performances, suggesting that the diameters of the nanorods
considerably inuenced their tribocatalytic performances. The
optimized catalyst possesses the largest average diameter and
exhibits the highest tribocatalytic performance compared to the
other catalysts synthesized at different temperatures. This
suggests that the (b-FeOOH-100 °C) catalyst undergoes a more
intense reaction with water molecules and generates a greater
number of charges than the other catalysts under identical
conditions as demonstrated in Fig. 3c. Scanning Electron
Microscopy (SEM) analysis was further utilized to investigate
the microstructure of these catalysts as shown in the insets of
Fig. 3a. The b-FeOOH-80 °C and b-FeOOH-120 °C catalysts
possess similar morphologies, yet the former has a larger
average diameter than the latter. As previously indicated, the
tribocatalytic performance was predominantly inuenced by
larger diameters rather than surface roughness, leading to
enhanced activity. Fig. 3b illustrates the time-dependent anal-
ysis of tribocurrent density for the optimized catalyst under
ultrasonic vibration. The optimized catalyst exhibited the
highest tribocurrent density. These nding suggests that the
optimized catalyst (b-FeOOH-100 °C) generated a greater
number of charges compared to other nanorods under equiva-
lent conditions, corroborating its superior tribocatalytic
performance. In conclusion, the diameter of nanorods exerted
a signicant inuence on tribocatalytic activity, in contrast to
Fig. 4 (a and b) EPR spectrum analysis for detection of cO2

͞
, detection, a

constant of b-FeOOH synthesized at different temperatures, and stabilit

© 2025 The Author(s). Published by the Royal Society of Chemistry
other factors such as electrical structure, surface area, and
roughness.30 Subsequently, the electronic structures of b-
FeOOH nanorods were analyzed using UV-vis diffuse reectance
spectra, as illustrated in Fig. 3c. The absorption edges for the
three catalysts did not demonstrate any discernible differences.
The bandgaps (Eg) of these catalysts are depicted in Fig. 3d. The
calculated energy bandgap (Eg) values of the b-FeOOH nanorods
were determined to be 2.2 eV. This indicates that the catalysts
synthesized at different temperatures did not exhibit variations
in bandgap. The valence band potential of the b-FeOOH nano-
rods was determined using XPS-VB analysis, as shown in
Fig. S5a. The estimated valence band value relative to the
conventional hydrogen electrode (NHE) was computed to be
1.53 eV. Consequently, the conduction band value of the b-
FeOOH nanorods was −0.67 eV relative to the normal hydrogen
electrode (NHE). Based on these calculations, the energy band
diagram is portrayed in Fig. S5b. To verify the conduction band
(CB) of synthesized b-FeOOH nanorods, with respect to refer-
ence electrode (Ag/AgCl) at a pH of 7 Mott–Schottky (MS) anal-
ysis was employed as shown in Fig. S6. The at-band potential
(E) was determined to be −0.89 V. Using the slop derived from
MS plots and using eqn (1) and (2) as provided in SI the CB
potential is −0.67 eV. The energy levels derived from this
electrochemical analysis are in strong agreement with our XPS
valence band spectrum and provide a robust and experimentally
veried foundation for the proposed energy band diagram and
the subsequent discussion on the charge transfer mechanism
in the tribocatalytic process.
nd cOH respectively. (c and d) comparison analysis of the reaction rate
y analysis for the degradation of RhB, respectively.
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Next to verify the generation of cOH and cO2
− active radicals,

electron paramagnetic resonance (EPR) spectrum analysis was
employed utilizing dimethylpyridine nitrogen oxide (DMPO) as
a catalyst, as illustrated in Fig. 4a and b. No indications of cO2

−

and cOH were observed without the application of ultrasound
vibrations; however, pronounced peak intensities of DMPO
cO2

− and DMPO cOHwere observed under ultrasonic vibrations,
signifying the tribocatalytic nature of the catalyst. These inves-
tigations thus conrmed that both hydroxyl radicals (cOH) and
superoxide radicals (cO2

−) were generated by optimized (b-
FeOOH-100 °C) nanorods throughout the reaction process. The
substantial diameter of the optimized (b-FeOOH-100 °C)
nanorods, in conjunction with an ultrasonic frequency of 40
kHz, reached its resonance frequency. Consequently, the opti-
mized (b-FeOOH-100 °C) nanorods generated more charges
under identical conditions and interacted more vigorously with
water molecules than other catalysts. Therefore, in comparison
to other catalysts, the optimized b-FeOOH-100 °C catalyst
produced a greater quantity of cOH and cO2

− active radicals as
well as a higher tribocurrent density (Fig. 3b).

The respective reaction rate constant k values for these
processes of degradation were 0.024, 0.19, and 0.04 min−1,
respectively as shown in Fig. 4c. The measured k value for the
optimized b-FeOOH-100 °C catalyst was signicantly greater
than that of other catalysts, indicating the improved tri-
bocatalytic performance of the optimized catalyst. In addition,
Fig. 5 (a and b) Experiments involving the trapping of active species for Rh
curve. (c and d) Degradation, and adsorption of RhB dye at various pH v

47672 | RSC Adv., 2025, 15, 47666–47675
the stability of the optimized b-FeOOH-100 °C catalyst was
further examined by conducting multiple tests on RhB degra-
dation under similar conditions, as illustrated in Fig. 4d.
Clearly, there was no decrease in the efficacy of degradation
aer performing ve repeated cycles, which indicates the
exceptional stability and ability to be reused of the b-FeOOH-
100 °C catalyst. Thus, the result clearly showed that the b-
FeOOH-100 °C catalyst exhibited exceptional tribocatalytic
activity and excellent stability. Finally, comparative analysis
conrms the superior tribocatalytic performance of the b-
FeOOH nanorods as shown in Table S1. The tribocatalytic
activity of the b-FeOOH-100 material was further assessed
through the degradation of RhB under exclusive mechanical
stimulation (magnetic stirring in darkness). Remarkably, a 97%
degradation efficiency was attained within an 18 hours period
(Fig. S7, SI), providing denitive evidence of a tribocatalytically
driven process.

To elucidate the roles of various active radicals involved in
the process of dye degradation, active species trapping experi-
ments were performed for RhB degradation utilizing BQ, TBA,
and EDTA-2Na as scavengers for cO2

−, cOH and h+, respectively.
The UV-vis absorption spectra of the RhB solution as a function
of time with various radical scavengers are presented in Fig. 5a
and b respectively. Fig. 5a illustrates the impact of the three
scavengers on the tribocatalytic efficiency of the optimized
catalyst (i.e., b-FeOOH-100) with the resultant k values
B degradation, alongside an analysis of the corresponding degradation
alues, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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presented in Fig. 5b. The tribocatalytic efficiencies signicantly
diminished upon the addition of EDTA-2Na (h+), TBA (cOH),
and BQ (cO2

−). The results indicated that the friction-induced h+

and e− subsequently reacted with H2O/OH
− and O2 to generate

cOH and cO2
− active radicals along with h+, facilitated the

degradation of RhB, as seen by the k values in Fig. 5b. To further
verify the signicance of the optimized catalyst we perform the
cOH and cO2

− active radical analysis for all the synthesized
catalyst as represented in Fig. S8. It was found that the opti-
mized catalyst generated a greater quantity of both cOH and
cO2

− active radicals than the b-FeOOH-80 and b-FeOOH-120
catalysts, a result that is directly consistent with its superior
tribocatalytic performance.

The pH of the reaction medium emerges as a pivotal and
governing factor in the tribocatalytic degradation process, crit-
ically controlling the interfacial dynamics between the catalyst
and the pollutant to dictate overall efficiency. The exceptionally
high degradation efficiency of 97% at pH 10.8 is achieved
through a synergistic mechanism where the initial adsorption
step dictates the overall success of the subsequent catalytic
processes as shown in Fig. 5c and d. At this optimal basic pH,
the surface of the b-FeOOH nanorods is negatively charged,
fostering a powerful electrostatic attraction with the cationic
rhodamine B (RhB) dye molecules, which leads to their
pronounced pre-concentration onto the catalyst surface. When
40 kHz ultrasound is applied, the resulting acoustic cavitation
and violent collapse of microbubbles propel the nanorods into
high-velocity collisions, generating intense triboelectric effects
that mechanically excite electron–hole pairs (e−/h+) on their
surfaces. These charge carriers then react to produce a suite of
potent reactive oxygen species (ROS), primarily hydroxyl radi-
cals (cOH) and superoxide radicals (cO2

−), directly at the solid–
liquid interface. Crucially, because the RhB molecules are pre-
adsorbed due to the favorable pH, they are positioned
perfectly for an immediate and efficient oxidative attack by
these ROS, leading to the rapid breakdown of the chromophore,
fragmentation of the aromatic structure, and ultimate miner-
alization into CO2, H2O, and simple ions. Thus, the superior
performance at pH 10.8 is a direct result of the perfect synergy
between maximized dye adsorption and the highly localized,
ultrasonic-driven tribocatalytic generation of oxidants, whereas
at lower pH values, electrostatic repulsion prevents this crucial
interface, leading to signicantly lower efficiency.

Based on experimental results, the tribocatalytic reaction
mechanism involved in RhB dye degradation is depicted in
Fig. S9. The solution continuously rubs the b-FeOOH nanorods
and water molecules under ultrasonic vibration. Due to fric-
tional energy, these nanorods accept electrons, while the water
molecules lose electrons. This effect persists, effectively main-
taining a population of separated charges. Subsequently, the
positive holes (h+) accumulated at the solid–liquid interface
facilitate the direct oxidation of organic contaminants, leading
to their efficient degradation. At the same time, electrons on the
surface of b-FeOOH nanorods connected with O2 dissolved in
the reaction medium, creating cO2

− radicals. cO2
− radicals

directly degraded the RhB dye, as also conrmed by active
species trapping analysis. Moreover, reactive species trapping
© 2025 The Author(s). Published by the Royal Society of Chemistry
observations suggested that cOH radicals were crucial in the
degradation of RhB as depicted in Fig. 5a. To gure out the
cause of cOH radicals, the following main processes were
assessed: (1) the gradual reduction of O2 by electron transfer
and (2) the oxidation process involving h+ and H2O/OH

−.
Regarding the former process, electrons initially interact with
O2 to produce cO2

− active radical which then converted into
H2O2, and cOH active radicals. Iodimetry monitoring of H2O2

production during the tribocatalytic reaction validated this two-
step reductive procedure for cOH production. The progressive
increase in H2O2 along with quantitative analysis veries this
assumption as shown in Fig. S10.
Conclusions

In conclusion, this study highlights the outstanding tri-
bocatalytic efficiency of the b-FeOOH-100 catalyst in degrading
RhB dye under vibrational mechanical stimulation. The cata-
lytic activity was found to be strongly dependent on the nanorod
diameter, with larger b-FeOOH nanorods exhibiting superior
tribocatalytic behavior. The optimized b-FeOOH-100 sample
achieved rapid degradation of RhB, displaying reaction rate
constants of 0.024, 0.19, and 0.04 min−1. Moreover, the catalyst
maintained excellent stability and reusability over repeated
cycles. Mechanistic analysis indicated that friction-induced
holes (h+), together with hydroxyl (cOH) and superoxide (cO2

−)
radicals, were the dominant reactive species responsible for
pollutant decomposition. Considering its simple synthesis
route, environmental friendliness, and cost efficiency, the b-
FeOOH-100 catalyst demonstrates great potential for practical
wastewater treatment applications.
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