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Abstract
Mechanochemistry  and  tribochemistry,  together  with  their  catalytic  branches,
mechanocatalysis  and  tribocatalysis,  have  traditionally  focused  on  reactions  between
solids driven by low-frequency mechanical energy. Since the initial reports of organic-dye
degradation by metal oxides under magnetic stirring, tribocatalysis has developed into an
efficient  form  of  heterogeneous  catalysis  in  aqueous  solutions.  This  mini-review
summarizes the development of this emerging research direction. For semiconductors, a
tribocatalytic  mechanism  has  been  established  in  which  mechanical  energy  absorbed
through friction excites electron-hole pairs. Several convenient and scalable strategies have
proven  particularly  effective  for  enhancing  semiconductor  tribocatalysis,  including
replacing  magnetic  stirring  rods  with  magnetic  rotary  disks,  selecting  highly  crystalline
semiconductors, optimizing friction pairs by coating the bottoms of reaction vessels, and
coupling tribocatalysis with PMS/PDS. In addition to semiconductors, several bulk metals
have  been  shown  to  convert  H2O  and  CO2  into  flammable  gases  through  friction.  For

metallic  materials,  a  distinct  tribocatalytic  mechanism has been proposed based on the
formation  of  high-pressure  micro-regions  at  frictional  interfaces  through  elastic
deformation  of  metals.  Finally,  we  discuss  common  limitations  in  current  tribocatalysis
research and highlight the distinctive features that should guide future studies.
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INTRODUCTION
Mechanical energy is a clean and abundant energy source in natural environments and plays an important

role in the transition toward sustainability. Today, it is used as an energy input for chemical transformations

such as biomass valorization and polymer depolymerization
[1,2]

. In fact, the use of mechanical forces to

induce chemical reactions has been recognized for more than a century as an important subdiscipline of

chemistry: mechanochemistry
[3-6]

. Similarly, tribochemistry specifically concerns chemical reactions in solids

induced by frictional forces
[7,8]

. Given the central role of catalysis in chemistry, mechanocatalysis
[9-11]

 and

tribocatalysis
[12,13]

 have naturally emerged as branches of mechanochemistry and tribochemistry, respectively.

Mechanical energy is particularly effective in initiating reactions between solids. Because biomass and

polymers are often insoluble in common solvents, mechanochemistry and mechanocatalysis have been

widely applied to biomass valorization and polymer depolymerization
[1,2,14-17]

. Research on tribochemistry and

tribocatalysis, by contrast, has largely focused on reducing friction and even achieving superlubricity between

solids
[18-20]

. To date, therefore, mechanochemistry and tribochemistry have primarily addressed mechanically

induced reactions between solid-state reactants, whereas the use of mechanical energy to drive chemical

reactions in solutions remains comparatively under-explored. It should also be noted that, perhaps due to the

difficulty of scaling up, ultrasound is generally not considered a mechanical energy source within traditional

mechanochemistry
[5]

; accordingly, ultrasound-induced reactions in solutions are not regarded as part of the

field. Low-frequency mechanically stimulated reactions in solutions emerged much later. In 2019,

tribocatalytic degradation of organic dyes was first reported using Ba
0.75

Sr
0.25

TiO
3
 (BST) nanoparticles

suspended in aqueous solutions and stimulated by magnetic stirring
[21]

. In that system, BST nanoparticles

absorbed mechanical energy through friction and converted it into chemical energy that drove dye

degradation in the surrounding aqueous solution. This work established a new form of low-frequency,

mechanically driven heterogeneous catalysis in solutions. In subsequent years, tribocatalytic performance has

improved markedly, and important mechanistic insights have also emerged, broadening both the theoretical

and practical scope of mechanochemistry. To clarify the development in recent years, this mini-review

summarizes the key milestones in the evolution of magnetic stirring-stimulated tribocatalysis toward

efficient heterogeneous catalysis in aqueous solutions.

A TURNING POINT IN THE HISTORY OF MECHANOCATALYSIS AND TRIBOCATALYSIS
Mechanochemical reactions are commonly conducted in closed milling devices, where transient “hot spots”

above 1,000 K can form at impact sites
[22-24]

. Because intermediate processes are difficult to monitor
[25-27]

, these

devices are often treated as “black boxes”
[28,29]

, and mechanistic understanding of mechanochemistry,

including mechanocatalysis, remains limited. In superlubricity-related tribocatalysis, the in situ formation of

tribofilms under shear stress is highly sensitive to sliding speed, load, and humidity, further complicating

mechanistic interpretation
[ 3 0 - 3 2 ]

. Figure 1 summarizes the annual numbers of publications on

mechanocatalysis and tribocatalysis identified in Web of Science. Although both terms have been used for

more than 30 years, annual publication numbers have remained low, especially when compared with

photocatalysis, reflecting the challenges associated with understanding conventional mechanocatalysis and

tribocatalysis.

By contrast, the history of tribocatalysis shows a pronounced turning point in 2019, after which publication

numbers rose rapidly. As discussed below, this change coincides with the emergence of heterogeneous

tribocatalysis in aqueous solutions. This development not only extended the scope of mechanochemistry to

low-frequency friction-driven reactions in solutions, but also provided valuable mechanistic insights into

tribocatalysis.
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Figure 1. Publications on mechanocatalysis (using “mechanocataly*” or “mechano-cataly*” as topic) and on tribocatalysis (using
“tribocataly*” or “tribo-cataly*” as topic) collected from h​t​t​p​s​:​/​/​w​w​w​.​w​e​b​o​f​s​c​i​e​n​c​e​.​c​o​m​/​.

TRIBOCATALYSIS OF SEMICONDUCTORS IN AQUEOUS SOLUTIONS
Origin of tribocatalysis of semiconductors

Before 2019, several studies had already reported organic-dye degradation by metal oxides under magnetic

stirring
[33,34]

. However, these observations were interpreted as piezocatalysis, based on the assumption that

piezoelectric nanomaterials suspended in solutions were deformed by low-frequency mechanical

stimulation
[35]

. In 2019, Li et al. reported a carefully designed experiment
[21]

 demonstrating that BST

nanoparticles located at the interface between polytetrafluoroethylene (PTFE) magnetic rods and the beaker

bottom were responsible for the observed dye degradation under magnetic stirring. Based on these

experimental results, the authors proposed a mechanism in which mechanical energy absorbed through

friction excites electron-hole pairs in the BST nanoparticles
[21]

:

As illustrated in Figure 2, the friction-excited electron-hole pairs diffuse to the BST surface, where they

induce the formation of free radicals in the surrounding aqueous solution
[21]

.

This mechanism establishes a direct electronic pathway by which friction can convert mechanical energy into

chemical energy without requiring bulk heating or bond breaking in solids. To provide more direct evidence

for friction-induced carrier excitation, silicon single crystals were used as a model semiconductor. As shown

in Figure 3A and B, a 30 mg/L MO solution was rapidly decolorized by friction between Al
2
O

3
 nanoparticles

and a silicon single crystal
[36]

. Because Al
2
O

3
 is widely regarded as an inert material under these conditions,

this result provided clear evidence for the excitation of electron-hole pairs within silicon, as illustrated in

Figure 3C. After the reaction, the silicon single crystal remained intact apart from surface scratches [Figure

3D]. The role of semiconductors in tribocatalysis has since attracted increasing attention, and dozens of

                                                                                           

BST Friction−−−−−−→ BST + h+ + e− (1)

https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/
https://www.webofscience.com/


Page 4 of 19 Zhou et al. Catal. Energy Environ. 2026, 1, 7

Figure 2. Mechanism for tribocatalytic degradation of organic pollutants by BST nanoparticles at the PTFE-glass interface during magnetic
stirring: electron-hole pairs are excited in BST nanoparticles by mechanical energy absorbed through friction. Reprinted with permission
from[21]. Copyright 2019 Elsevier. PTFE: Polytetrafluoroethylene; BST: Ba0.75Sr0.25TiO3.

materials with semiconductor-type band structures have been investigated, including TiO
2

[37-40]
, ZnO

[41-43]
,

BaTiO
3

[44-47]
, SrTiO

3

[48-50]
, CdS

[51,52]
, GaN

[53]
, SiC

[54]
, Co

3
O

4

[55]
, NiO

[56]
, and Fe

2
O

3

[57]
. This expansion helps explain

the sharp increase in tribocatalysis publications shown in Figure 1. Across these semiconductor systems, low-

frequency magnetic stirring is the most common mechanical stimulation method, while representative

applications include organic-pollutant degradation, H
2
O/CO

2
 conversion, nitrogen fixation, and related

redox reactions. In the general mechanism discussed here, friction-induced electronic excitation in

semiconductors generates charge carriers that participate directly in surface redox reactions or form reactive

species; material-specific factors such as defects, piezoelectricity, and heterojunctions may further influence

charge separation and transfer.

Enhancing strategies

When first reported, tribocatalysis was relatively weak, requiring 12 h of magnetic stirring to degrade a 5

mg/L RhB solution
[21]

. Under optimized conditions, however, modified magnetic stirring can now completely

degrade RhB at concentrations as high as 500 mg/L within 24 h
[40]

. Thus, tribocatalytic performance has

improved substantially over the past few years, and several enhancement strategies have proven particularly

effective.

Magnetic rotary disks

Conventional magnetic stirring was used as the mechanical energy source in the earliest reports of

tribocatalytic dye degradation and remains the most widely used method for supplying mechanical energy in

tribocatalysis studies. To increase friction between PTFE magnetic stirring rods and the beaker bottom,

multiple rods have been used simultaneously, producing a pronounced enhancement
[21,37]

. However,

conventional magnetic stirring rods were not designed specifically for tribocatalysis, motivating the

development of devices tailored to maximize frictional energy input.

To address this limitation, PTFE magnetic rotary disks were specifically designed. As shown in Figure 4
[47]

,

one face of a 35-mm-diameter PTFE disk contains a cross-shaped groove 4 mm wide, allowing suspended

particles to enter the interface between the rotating disk and the beaker bottom. Eighteen magnets (5 mm × 5
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Figure 3. UV-Vis absorption spectra and color changes of a 30 mg/L MO solution during magnetic stirring in an Si-coated beaker: (A)
without suspended particles; (B) with suspended Al2O3 I particles; (C) Schematic illustration of friction-induced excitation of electron-hole
pairs in a silicon single crystal by Al2O3 particles; (D) Optical micrograph of the silicon single-crystal surface after 10 h of magnetic stirring
with Al2O3 I particles. (A-D) are adapted with permission from[36]. Adhering to the CC BY 4.0 agreement. PTFE: Polytetrafluoroethylene;
UV-Vis: ultraviolet-visible.

mm) are mounted inside the back cover, enabling the disk to be driven by a conventional magnetic stirrer.

The relatively large number of magnets strengthens the magnetic coupling to the stirrer. Compared with a

PTFE magnetic stirring rod
[38]

, the disk provides a much larger contact area with the beaker bottom and

exerts greater pressure on the interface, both of which enhance tribocatalysis. It is worth noting that disk

mass, diameter, groove geometry, and contact area are all relevant device parameters because they determine

the extent and stability of the friction interface.

PTFE magnetic rotary disks have since been adopted by several research groups for tribocatalytic

degradation of organic dyes, with encouraging results. Figure 5, for example, illustrates their effect on the

tribocatalytic degradation of a 10 mg/L RhB solution by TiO
2
 nanoparticles

[38]
. Although using four PTFE

magnetic rods simultaneously markedly improved the degradation rate, a single PTFE magnetic rotary disk

produced the best performance. The advantage of PTFE magnetic rotary disks over PTFE magnetic stirring

rods was so obvious that the comparison was not conducted for other organic dyes in that study
[38]

. This

comparison highlights the importance of optimizing mechanical-energy input in tribocatalysis.

Tribocatalytic conversion of H
2
O and CO

2
 into flammable gases was first reported for TiO

2
 nanoparticles

stimulated by magnetic stirring with commercial PTFE magnetic stirring rods
[37,58]

. Gas production under

those conditions was extremely low: after 50 h of magnetic stirring with four PTFE rods, only 8.98 ppm H
2
,

2.61 ppm CH
4
, and 30.04 ppm CO were produced

[58]
. By contrast, using a PTFE magnetic rotary disk, TiO

2

nanoparticles produced 40.5 ppm H
2
, 9.1 ppm CH

4
, and 29 ppm CO after 24 h

[56]
. Even more strikingly, NiO

particles produced 12,868.8 ppm H
2
 under the same conditions [Figure 6], more than 300 times the amount

produced by TiO
2
 nanoparticles . This result provides strong confirmation of the remarkable
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Figure 4. Photographs of a homemade PTFE magnetic rotary disk: (A) front surface with a cross-shaped groove; (B) back cover with 18
magnets mounted inside; (C) side view. (A-C) are reprinted with permission from[47]. Adhering to the CC BY 4.0 agreement. PTFE:
Polytetrafluoroethylene.

Figure 5. C/C0 versus magnetic stirring time for 10 mg/L RhB solutions containing TiO2 nanoparticles under magnetic stirring with one
PTFE stirring rod, four PTFE stirring rods, or one PTFE magnetic rotary disk. Adapted with permission from[38]. Copyright 2022 Elsevier.
PTFE: Polytetrafluoroethylene.
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Figure 6. Production of flammable gases from H2O and CO2 in a glass reactor after 24 h of magnetic stirring with a PTFE magnetic rotary
disk under three conditions: no particles, 1.00 g of TiO2 nanoparticles, or 1.0 g of NiO particles. Reprinted with permission from[56].
Adhering to the CC BY 4.0 agreement. PTFE: Polytetrafluoroethylene.

mechanocatalytic overall water-splitting behavior of NiO reported by Ikeda et al. in 1999
[59]

. The origin of the

enormous difference in H
2
 production between TiO

2
 and NiO remains unclear. Nevertheless, these results

demonstrate the importance of PTFE magnetic rotary disks for tribocatalytic conversion of H
2
O and CO

2

into flammable gases.

In most mechanochemical processes, mechanically induced heating must be considered
[22-24]

, which

complicates mechanistic analysis. For example, in the mechanocatalytic overall water-splitting system

reported by Ikeda et al., substantial H
2
 production was observed for both NiO and Co

3
O

4

[59]
, but the proposed

mechanocatalytic mechanism was questioned because magnetic stirring with PTFE magnetic rods at 1,500

rpm was believed to cause a large temperature rise
[60]

. Magnetic rotary disks, by contrast, typically operate at

much lower speeds, such as 400 rpm, while still producing strong tribocatalytic effects
[45]

. As shown in Figure

7, H
2
 production from H

2
O after 1 h magnetic stirring using friction pairs of Co

3
O

4
/glass, Co

3
O

4
/Ti, and

Al
2
O

3
/Si with PTFE magnetic rotary disks at 400 rpm was comparable to that obtained for NiO/glass and

Co
3
O

4
/glass using PTFE magnetic rods at 1,500 rpm

[61]
. At this lower rotational speed, no obvious heating is

observed during magnetic stirring, suggesting that magnetic rotary disks provide a particularly suitable

mechanical-energy source for mechanistic studies of mechanochemistry in solutions.

It should be emphasized that rotational speed is an operating parameter rather than a direct measure of

mechanical energy. Quantitative mechanical-energy input would additionally require information such as

torque or friction force, contact conditions, and device geometry; therefore, absolute mechanical energy is

not assigned when it was not measured in the original studies.
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Figure 7. Comparison of H2 production after 1 h magnetic stirring for several friction pairs. A PTFE magnetic rod rotating at 1500 rpm was
used for NiO/glass and Co3O4/glass, whereas a PTFE magnetic rotary disk rotating at 400 rpm was used for Co3O4/glass, Co3O4/Ti, and
Al2O3/Si. Reprinted with permission from[61]. Adhering to the CC BY 4.0 agreement. PTFE: Polytetrafluoroethylene.

Catalyst optimization

Because tribocatalysis is a form of heterogeneous catalysis in solution, substantial effort has been devoted to

optimizing the catalysts themselves. A wide range of materials have been evaluated for tribocatalytic activity,

and several important systems, including TiO
2
, ZnO, SrTiO

3
, and BaTiO

3
, have been deliberately modified to

improve their performance. Reported approaches include doping
[41,49]

, heterojunction formation
[43,62,63]

,

thermal treatment in hydrogen
[46]

, and morphology control
[48,50,51]

. These strategies are already well established

in photocatalysis and are likely to remain important avenues for the future development of tribocatalysts.

For photocatalysts, a high specific surface area is generally considered essential for superior catalytic

performance. Tribocatalysts, however, can exhibit a distinctly different trend.

Figure 8A, for example, compares the degradation of 5 mg/L RhB under identical conditions using three

nanostructured ZnO samples: ZnO-1, ZnO-2, and ZnO-3
[42]

. Among them, ZnO-3 exhibited the highest

tribocatalytic activity. As shown in Figure 8B, ZnO-3 is composed of much larger grains and has a lower

specific surface area than ZnO-1 and ZnO-2. This trend contrasts sharply with the conventional behavior

expected in photocatalysis.

To explain this behavior, high crystallinity has been proposed as a key property of semiconductor

tribocatalysts because it facilitates the transport of friction-excited electron-hole pairs
[64]

. Similar trends have

since been reported in multiple tribocatalysis studies, indirectly supporting the mechanism based on friction-

induced carrier excitation in semiconductors. These findings suggest that catalyst-optimization principles in

tribocatalysis can differ fundamentally from those in photocatalysis.



Zhou et al. Catal. Energy Environ. 2026, 1, 7 Page 9 of 19

Figure 8. (A) RhB degradation efficiencies under magnetic stirring with three ZnO nanoparticle samples (ZnO-1, ZnO-2, and ZnO-3); (B)
SEM images of ZnO-1, ZnO-2, and ZnO-3. (A and B) are adapted with permission from[42]. Adhering to the CC BY 4.0 agreement. SEM:
Scanning electron microscopy.

Coating materials on vessel bottoms

Unlike photocatalysis, tribocatalysis offers an additional broadly effective enhancement strategy: coating

disk-shaped materials onto the bottoms of vessels containing solutions
[65]

. This simple approach has played a

critical role in several striking tribocatalytic results. For example, when high-concentration RhB solutions

were treated with magnetic stirring-stimulated TiO
2
 nanoparticles in beakers with glass, Al

2
O

3
, PTFE, or Ti

bottoms, while 100 and 200 mg/L RhB solutions could be degraded within relatively short times with all four
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Figure 9. UV-Vis absorption spectra and color changes of 300 mg/L RhB solutions containing TiO2 nanoparticles during magnetic stirring
in beakers with (A) a glass bottom, (B) an Al2O3 coating, (C) a PTFE coating, and (D) a Ti coating; (E) C/C0 as a function of magnetic
stirring time; (F) degradation efficiencies after 16 h of magnetic stirring. (A-F) are reprinted with permission from[40]. Adhering to the CC
BY 4.0 agreement. PTFE: Polytetrafluoroethylene; UV-Vis: ultraviolet-visible.

bottom materials
[40]

, 300 mg/L RhB solution could be degraded in a relatively short time only with the PTFE

bottom, as shown in Figure 9. In fact, 400 and 500 mg/L RhB solutions could still be efficiently degraded with

the PTFE bottom. This enhancement associated with the PTFE bottom can be satisfactorily explained by the

strong electron affinity of PTFE, which promotes separation of the electron-hole pairs excited in TiO
2

nanoparticles:

The effects of bottom coatings, however, can be difficult to rationalize. As shown in Figure 10
[55]

, when Co
3
O

4

particles suspended in water containing CO
2
 were stimulated by magnetic stirring with a PTFE magnetic

rotary disk, a Ti-coated bottom increased H
2
 and CH

4
 production by factors of 1.87 and 26.4, respectively.

                                                                                                 

TiO2NP Friction−−−−−−→ TiO2NP · h+ · e− (2)

TiO2NP · h+ · e− + PTFE Friction−−−−−−→ TiO2NP · h+ + PTFE · e− (3)
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Figure 10. Tribocatalytic conversion of CO2 and H2O into flammable gases by Co3O4 in reactors with glass or Ti bottoms. Reprinted with
permission from[55]. Adhering to the CC BY 4.0 agreement. PTFE: Polytetrafluoroethylene.

The Ti coating also enabled the formation of C
2
H

6
 and C

2
H

4
. In catalytic CO

2
 conversion in water, CO

2

reduction typically competes with H
2
 evolution, and the formation of C

2

+
 products is particularly challenging.

Although the origin of this effect remains unclear, the result highlights the attractive potential of

tribocatalytic CO
2
 conversion. Given its simplicity and effectiveness, vessel-bottom coating should be more

broadly explored in tribocatalytic systems.

Coupling with other technologies

As an emerging technology, tribocatalysis has also been combined with established catalytic approaches.

Several groups have investigated synergistic combinations of tribocatalysis with photocatalysis
[66-68]

 and

pyrocatalysis
[44]

, with encouraging results. In our view, however, the most promising result to date is the

coupling of tribocatalysis with PMS-based advanced oxidation processes (AOPs). As shown in Figure 11A-D,

the degradation of 20 mg/L bisphenol A (BPA) and phenol by magnetic stirring-stimulated TiO
2

nanoparticles is greatly enhanced by the addition of PMS
[69]

. Compared with other methods used to activate

peroxymonosulfate/peroxydisulfate (PMS/PDS), including heating, irradiation, and ultrasound
[70,71]

, the

rotary-disk approach used in this study is more readily scalable and therefore offers promise for large-scale

PMS/PDS applications.

TRIBOCATALYSIS OF METALS IN AQUEOUS SOLUTIONS
Unlike semiconductors, for which tribocatalysis was first identified in aqueous systems, metallic materials

were already known to exhibit mechanocatalytic activity
[72,73]

. In particular, certain metals can mechanically

catalyze reactions between solids when used as milling balls or milling vessels in ball-milling processes, an

approach termed direct mechanocatalysis
[10,74]

. Soon after tribocatalysis was identified in semiconductor
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Figure 11. UV-Vis absorption spectra for the degradation of BPA and phenol by TiO2 nanoparticles under magnetic stirring: (A) 20 mg/L
BPA; (B) 20 mg/L BPA with 200 mg/L PMS; (C) 20 mg/L phenol; (D) 20 mg/L phenol with 200 mg/L PMS. (A-D) are reprinted with
permission from[69]. Adhering to the CC BY 4.0 agreement. PMS: Peroxymonosulfate; BPA: bisphenol A; UV-Vis: ultraviolet-visible.

materials in aqueous solutions, analogous tribocatalytic behavior was also reported for metals
[75]

.

Magnetic stirring with magnetic rotary disks has been instrumental in revealing the tribocatalysis of metals

in aqueous solutions. Following the design of the PTFE magnetic rotary disk shown in Figure 4, metallic

magnetic rotary disks were fabricated. As shown in Figure 12, four Ti disks (10 mm in diameter) were

mounted on a larger PTFE disk (35 mm in diameter), with 18 magnets installed inside using the same design

as the PTFE magnetic rotary disk
[76]

. When placed in a beaker on a conventional magnetic stirrer, the

resulting Ti magnetic rotary disk rotates against the beaker bottom, producing dynamic friction at the Ti-

bottom interface. Replacing the Ti disks with other metals, such as Cu, Ni, Ag, or Pb, readily produces

corresponding metallic rotary disks and allows analogous metal-bottom friction pairs to be investigated
[75]

.

Five types of metallic magnetic rotary disks - Cu, Ni, Ti, Ag, and Pb - were separately rotated in reactors

containing H
2
O and CO

2

[75]
. Although H

2
, CO, and CH

4
 were detected in all cases, H

2
 production from Cu,

Ni, and Ti exceeded that from Ag and Pb by more than two orders of magnitude. Accordingly, Cu, Ni, and

Ti were classified as tribocatalytically active, whereas Ag and Pb were regarded as inert. The tribocatalytic

conversion of H
2
O and CO

2
 can also be strongly regulated by the material coating the reactor bottom. For a

Ni magnetic rotary disk, for example, Figure 13 shows the gas products obtained with different coatings
[77]

. A

glass bottom gave the highest absolute yields of H
2
 and CH

4
, whereas a Ni-coated bottom produced the

highest CH
4
/H

2
 and C

2
H

6
/H

2
 ratios; C

2
H

4
 was detected only with a Ti-coated bottom. These results reveal

substantial potential for using low-frequency friction with metallic materials to convert H
2
O and CO

2 
into

flammable gases.
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Figure 12. Images of a Ti magnetic rotary disk: (A) front surface; (B) side surface. (A and B) are reprinted with permission from[76].
Adhering to the CC BY 4.0 agreement.

Figure 13. Flammable gases produced after 5 h of magnetic stirring with a Ni magnetic rotary disk in reactors containing H2O and CO2 and
equipped with glass, Al2O3, Ti, Ni, or Cu bottoms. Reprinted with permission from[77]. Copyright 2024 Elsevier.

In one study of five metals (Cu, Ni, Ti, Ag, and Pb), three - Cu, Ni, and Ti - were found capable of

mechanically catalyzing the conversion of H
2
O and CO

2

[75]
. The apparent generality of this behavior

motivated a relatively simple mechanism for metal tribocatalysis. Taking a Ni magnetic rotary disk in water

as an example
[77]

, magnetic stirring generates dynamic friction between the Ni disk and the reactor bottom,

whether glass [Figure 14A] or Ni [Figure 14B]. Because the friction surfaces are microscopically rough, water
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Figure 14. Schematic illustrations of water blocking and squeezing in microholes by a Ni magnetic rotary disk under magnetic stirring: (A)
on a glass bottom; (B) on a Ni bottom. (A and B) are reprinted with permission from[77]. Copyright 2024 Elsevier.

can become trapped in surface micro-holes and compressed through the elastic deformation of Ni. Under

the resulting elevated local pressure, Ni, as well as Cu and Ti
[75]

, can catalyze the conversion of H
2
O and CO

2

trapped in these micro-holes. By contrast, Ag and Pb exhibit no catalytic activity under the same conditions,

indicating intrinsic differences among metals in their catalytic behavior at high pressure. Importantly, this

mechanism provides a second pathway - distinct from semiconductor tribocatalysis - by which friction can

convert mechanical energy into chemical energy without relying on bulk heating or bond breaking in the

solid. This absorption of frictional energy through elastic deformation lays the foundation for metal

tribocatalysis, although it still requires more direct quantitative verification of the interfacial pressure and

deformation.

In photocatalytic and electrocatalytic conversion of H
2
O and CO

2
, the catalysts are typically nanostructured

materials, and their long-term stability remains a major barrier to practical application. By contrast, the

ability of bulk metals to catalyze the conversion of H
2
O and CO

2
 into flammable gases under low-frequency

friction
[75,77]

 suggests that metal tribocatalysis could provide a robust approach for large-scale H
2
O and CO

2

conversion. This area therefore warrants much broader investigation, particularly for the conversion of H
2
O

and CO
2
.

It is useful to compare tribocatalysis in semiconductors and metallic materials. First, semiconductors absorb

frictional energy by exciting electron-hole pairs, whereas metallic materials absorb it through elastic

deformation. Second, semiconductor tribocatalysis arises from the combined action of electrons, holes, and

the reactive radicals they generate, whereas metallic-material tribocatalysis exploits the intrinsic catalytic

activity of the metal under elevated local pressure. These two classes of tribocatalysis therefore differ

fundamentally in mechanism. In terms of applications, semiconductor tribocatalysis is highly versatile and

may be applicable to many processes conventionally addressed by photocatalysis, whereas metallic-material

tribocatalysis appears particularly promising for H
2
O and CO

2
 conversion

[75-77]
. Because tribocatalysis is

application-oriented, selecting the appropriate material is of primary importance.

For convenient comparison, Table 1 summarizes several representative systems for which this mini-review

has collected sufficient information on device, mechanical-input conditions, performance, and reaction time.

CONCLUSION AND OUTLOOK
Since tribocatalytic degradation of organic dyes was first reported in 2019, the field has expanded rapidly,

generating numerous studies of environmentally relevant reactions driven by mechanical energy. Beyond

organic-pollutant degradation and the conversion of CO
2
 and H

2
O, proposed applications now include N

2

fixation
[78]

, H
2
O

2
 synthesis

[79]
, Li-ion battery recovery

[80]
, uranium extraction

[81]
, and bacterial sterilization

[82]
.
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Table 1. Representative tribocatalytic systems discussed in this mini-review

Catalyst/system
Device and mechanical-
input information

Application Performance/yield Time
Mechanistic
interpretation

BST nanoparticles[21]

Magnetic stirring with PTFE
rod; absolute mechanical
energy not quantified

RhB degradation
5 mg/L RhB degraded
under the reported
conditions

12 h
Friction-excited
electron-hole pairs and
radical formation

TiO2 nanoparticles[58]

Four PTFE magnetic rods;
absolute mechanical energy
not quantified

H2O/CO2 conversion
8.98 ppm H2; 2.61 ppm
CH4; 30.04 ppm CO

50 h
Semiconductor carrier-
mediated redox pathway

TiO2 nanoparticles[56]

PTFE magnetic rotary disk;
absolute mechanical energy
not quantified

H2O/CO2 conversion
40.5 ppm H2; 9.1 ppm CH4;
29 ppm CO

24 h
Semiconductor carrier-
mediated redox pathway

NiO particles[56]

PTFE magnetic rotary disk;
absolute mechanical energy
not quantified

H2 production from
H2O + CO2

12,868.8 ppm H2 24 h

Friction-induced
electronic processes
discussed for
semiconductor
tribocatalysis

TiO2 + PTFE-bottom
reactor[40]

Magnetic stirring with PTFE
friction interface; absolute
mechanical energy not
quantified

High-concentration
RhB degradation

300 mg/L RhB degraded
by 96.2%

16 h
PTFE promotes
separation of friction-
excited charge carriers

BST: Ba0.75Sr0.25TiO3; PTFE: Polytetrafluoroethylene.

At the same time, important mechanistic insights have emerged into the direct conversion of mechanical

energy into chemical energy through friction in solutions, and several broadly effective strategies for

enhancing and regulating tribocatalysis have been established. Tribocatalysis is therefore expected to

continue developing as an important tool for sustainable technologies.

Despite the growing number of studies on this emerging form of heterogeneous catalysis in aqueous

solutions, many investigations have not yet incorporated the most effective design principles established in

the field. For example, conventional magnetic stirring with a commercial PTFE magnetic rod is still widely

used for tribocatalytic degradation of organic pollutants, even though its degradation efficiency is

substantially lower than that achieved with the PTFE magnetic rotary disk introduced in 2022
[38]

. Similarly,

coatings on vessel bottoms have been shown to strongly influence tribocatalysis in many systems
[65]

, yet they

remain unexplored in most current studies. Because tribocatalysis fundamentally depends on dynamic

friction, future studies should continue to optimize the friction interface, while also improving the

quantitative characterization of mechanical-energy input and standardizing reporting of device geometry

and operating conditions. More direct mechanistic measurements, targeting organic pollutants beyond

model dyes, evaluating energy efficiency, and scaling up will all be important for practical development.
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