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a b s t r a c t

Piezocatalysis offers an efficient approach for producing H2O2, a sustainable fuel and oxidant with a wide

range of applications. Natural tourmaline, known for its exceptional piezoelectric properties, stands out

as a promising green catalyst compared to other synthetic catalysts. In this study, natural tourmaline was

modified using a simple acid treatment to remove iron, achieving effective piezocatalytic H2O2 synthe-

sis at a rate of 513.7 μmol g−1 h−1 under ambient conditions. In-depth studies demonstrated that the

Fe-free tourmaline exhibited a stronger polarization electric field due to the enhanced polyhedron distor-

tion, compared to the Fe-containing tourmaline. The influence of temperature on their piezoresponse was

also investigated. This study provides new insights into the mechanisms of piezoelectric H2O2 production

using natural tourmaline.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen peroxide (H2O2) is an economical, eco-friendly fuel

and oxidizer with diverse application scenarios [1–3]. As H2O2 de-

mand surges, a significant supply-demand gap has emerged. Tra-

ditional H2O2 synthesis relies on the energy-intensive and envi-

ronmentally harmful anthraquinone oxidation process [4]. There

is an urgent need to explore sustainable and efficient alterna-

tives for H2O2 production. Piezocatalysis has emerged as a promis-

ing technique for H2O2 synthesis, leveraging mechanical energy,

such as sound, waves, and vibrations, to drive chemical reactions

[5,6]. Piezoelectric effect originates from the properties of non-

centrosymmetric piezoelectric materials [7]. When external strain

is applied to the piezoelectric materials in a certain direction,

polarization occurs in the materials, generating a localized elec-

tric field [8]. The magnitude of the polarization electric field is

a critical factor that influence the efficiency of piezo-catalytic re-

actions [9,10]. Specifically, the polarization-induced charges serve

as essential driving forces for the 2e- oxygen reduction reaction

(ORR) and water oxidation reaction (WOR), both of which are rate-

limiting steps in H2O2 production [5,11,12]. Therefore, it is vital

to modulate the polarization electric field of piezoelectric materi-

als, thereby optimizing the generation and distribution of localized

piezo-charges.
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Studies on piezoelectric catalysts have predominantly focused

on synthetic materials like ZnO, MoS2, and BiOIO3 [13–15]. How-

ever, synthetic materials often face challenges such as high pro-

duction costs and limited commercial viability. In contrast, natu-

ral mineral materials like tourmaline offer significant advantages

due to their cost-effectiveness, environmental friendliness and ex-

ceptional piezoelectric properties, making them highly promising

for sustainable applications [9,16]. To date, piezocatalytic tourma-

lines have been applied in environmental field including dye de-

composition, heavy metals adsorption, microorganism disinfection

and Fenton-like processes [9,17–20]. The crystal structure of tour-

malines is composed of XO9 polyhedra, YO6 octahedra and ZO6

octahedra (where X=Na+, Ca2+, K+ and vacancy, Y=Mg2+, Fe2+,
Al3+, etc., Z=Al3+, Fe3+, Mg2+, etc.), ring of six corner-sharing TO4

tetrahedra (T= Si4+), BO3 trigon and anions (OH-, O2-, etc.) [21].

Previous studies showed that cationic distribution in Y octahedral

position could influence its polarization electric field, further en-

hancing its catalytic efficiency [22], while Fe was considered as

the main factor that affected the polarization of tourmalines [23].

However, the role of Fe in modulating the piezoelectric behavior of

tourmalines and its subsequent impact on the generation of H2O2

remains ambiguous.

Herein, we investigated the piezoelectric catalytic effect of two

different tourmalines including Fe-rich tourmaline (Fe-rich TM)

and Fe-free tourmaline (Fe-free TM) for H2O2 production at am-

bient condition. Specifically, the Fe-free TM was simply derived
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Fig. 1. Scheme of (a) polyhedron distortion and (b) the polarization electric field in

two natural tourmalines. (c) XRD patterns and (d) FT-IR spectra of Fe-free TM and

Fe-rich TM.

from Fe-rich TM by hydrochloric acid pickling. As demonstrated

in Fig. 1a, the removal of Fe in YO6 octahedra lead to polyhedron

distortion of the crystal structure, thereby improving the piezo-

electric properties of TM. The abundant localized piezo-charges

driven by the enhanced polarization electric field was utilized for

the redox processes (Fig. 1b). The piezocatalytic H2O2 production

rate was 513.7 μmol g-1 h-1 on Fe-free TM, which was three times

higher than that of Fe-rich TM (161.1 μmol g-1 h-1). The piezoelec-

tric properties and polarization electric field of Fe-free TM were

found to be superior to Fe-rich TM, as revealed by piezoresponse

force microscopy (PFM) and zeta potential analysis, respectively.

We also investigated the reaction pathway of H2O2 production us-

ing electron paramagnetic resonance (EPR), chemical probes and

scavengers [24,25]. Moreover, the temperature-dependent PFM was

conducted to analyse the correlation between temperature and

piezoelectric coefficient (d33). This study is expected to provide

crucial insights into the mechanisms of piezoelectric H2O2 produc-

tion by natural tourmaline, highlighting the impact of Fe on cat-

alytic efficiency.

The structural and morphological properties of Fe-free TM and

Fe-rich TM were characterized by scanning electron microscope

(SEM) and X-ray diffraction (XRD) patterns. The SEM images re-

vealed that both Fe-free and Fe-rich TMs consist of nonuniform

micron-scale granular particle, with average diameter of 3.131μm

and 3.570μm, respectively. The energy dispersive X-ray spec-

troscopy‌ (EDS) results of Fe-free TM indicated the absence of Fe,

whereas Fe-rich TM contained Fe at a proportion of 2.3 % (Figs. S1

and S2 in Supporting information). The XRD pattern of Fe-rich TM

was well-indexed to tourmaline (PDF #02–0996). The crystallinity

in Fe-free TM was reduced as shown in Fig. 1c, which indicated

the destruction of the crystal structure. The chemical bond features

of TMs were analyzed by Fourier transform infrared spectroscopy

(FT-IR) (Fig. 1d). In the Fe-rich TM, peaks at 655 cm-1, 715 cm-1

and 780 cm-1 were attributed to the stretching of M-O (M= Fe, Al,

Mg), while the peak at 1042 cm−¹ was assigned to O-Si-O stretch-

ing [26]. Another peak of Fe-rich TM at 509 cm-1 corresponded to

the bending vibration of Si-O [27]. In the Fe-free TM, red shifts

of the Si-O and Si-O-Al peaks to 474 cm-1 and 1107 cm-1 were ob-

served, which were due to the variation of bond length and the

reduction in bond energy, suggesting the crystal deconstruction in

Fe-free TM [18]. Additionally, the absence of peaks associated with

Fe in Fe-free TM confirmed the removal of Fe in YO6 octahedra

which agreed with the results shown in EDS results, survey X-ray

photoelectron spectrometer (XPS) spectra (Fig. S3 in Supporting in-

Fig. 2. (a) Piezocatalytic H2O2 production by Fe-free TM and Fe-rich TM. (b)

Piezocatalytic H2O2 production over Fe-free TM under varying reaction times. (c)

Piezocatalytic H2O2 production in different water samples after 60min. Experi-

mental conditions: Catalysts dosage=0.4 g/L, ultrasonic power=100W, tempera-

ture=25 °C.

formation) and Fe 2p high-resolution spectra of Fe-free TM (Fig. S4

in Supporting information). As depicted in Figs. S5 and S6 (Sup-

porting information), the high-resolution O 1s XPS spectra of both

TM deconvoluted into three distinct peaks. The peak at 530.3 eV

corresponded to lattice O of tourmaline while the peaks at approx-

imately 531.5 eV and 532.5 eV were attributed to bridging and the

terminal hydroxyl group, respectively [18].

The piezoelectric performance of Fe-free TM and Fe-rich TM

was subsequently evaluated under ultrasonic (Us) vibration. Con-

trol experiments without ultrasound showed no H2O2 production

for either sample, confirming the essential role of piezoelectric ef-

fect (Fig. S7 in Supporting information). As shown in Fig. 2a and

Fig. S8 (Supporting information), the H2O2 production rate reached

513.7 μmol g-1 h-1 on Fe-free TM under Us condition, surpassing

Fe-rich (161.1 μmol g-1 h-1) TM by three times and outperforming

most reported synthetic piezo-catalysts. To further assess the fea-

sibility of the Fe-free TM/Us system, experiments were conducted

under various conditions. The results shown that H2O2 yield in-

creased with the reaction time (0–210min) (Fig. 2b) and the ul-

trasound power (20–100W) (Fig. S9 in Supporting information).

In addition, the variation of pH (pH 1, 4, 7, 9, 11) and catalysts

amount (0.2–1 g/L) led to a volcanic trend of H2O2 production

(Figs. S10 and S11 in Supporting information). The piezocatalytic

H2O2 production performance of Fe-free TM remained stable over

four cycles as shown in Fig. S12 (Supporting information). To ex-

plore the practical application, diverse real water samples com-

prising seawater, tap water, industrial wastewater, hospital effluent

and rainwater were tested for piezoelectric H2O2 production us-

ing Fe-free TM. The aqueous samples displayed marginally reduced

efficacy compared to pure water, which was attributed to the co-

existence of ionic contaminants and dissolved organic compounds.

(Fig. 2c).

The polarization electric field, with a strength ranging from

104–107 V/m, was generated on the surface of the TM due to

its intrinsic electric dipole moment [28]. A stronger electric field

demonstrated a greater capacity to release negative ions [29]. The

Fe-free TM in NaCl solution exhibited a zeta potential of −42.9mV,

while the Fe-rich counterpart displayed a more positive value of

−21.5mV. The result indicated a higher density of electrostatic

charges on the surface of the Fe-free TM, suggesting a more potent

polarization electric field compared to Fe-rich TM (Fig. 3a) [30].

The transient current response of the two TMs was measured with
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Fig. 3. (a) Zeta potential at pH 7. (b) Transient current response under ultrasonic

vibration. (c) Radical-quenching tests. (d) Piezoelectric H2O2 generation under dif-

ferent atmospheres over Fe-free and Fe-rich TM. Experimental conditions: Catalysts

dosage=0.4 g/L, ultrasonic power=100W, temperature=25 °C.

ultrasonic vibration both on and off. The Fe-free TM exhibited a

significantly higher current intensity compared to the Fe-rich TM,

and this result aligned well with H2O2 production rate (Fig. 3b).

Furthermore, electrochemical impedance spectra (EIS) and liner

sweep voltammograms (LSV) were conducted to investigate the

separation rate of carriers. EIS analysis revealed a diminished semi-

circular arc in the Nyquist plot for Fe-free TM compared to Fe-rich

TM, indicative of accelerated charge transfer dynamics [31,32]. The

experimental data were analysed via an equivalent circuit model,

as depicted in the inset of Fig. S13 (Supporting information), where

Rs, Rct, Q represented the solution resistance, charge transfer re-

sistance value between the electrode and solution, and the elec-

trode double-layer capacitance respectively [33]. The simulated Rct
values were shown in Table S1 (Supporting information). As il-

lustrated in Fig. S14 (Supporting information), under a given an-

ode potential, the current density measured over Fe-free TM was

higher than that over Fe-rich TM. These results confirmed that Fe-

free TM exhibited superior charge transfer rate, demonstrating po-

tential for piezoelectric H2O2 production [34,35].

To investigate the pathway of piezoelectric H2O2 production,

scavengers were used to quench superoxide (O2
•−), and hydroxyl

radicals (HO•) [36,37]. As illustrated in Fig. 3c and Fig. S15 (Sup-

porting information), when O2
•− was inhibited by p-benzoquinone

(p-BQ), the piezoelectric H2O2 production experienced a sharp de-

cline over Fe-free TM, whereas only a slight decrease was observed

when HO• was scavenged by tert–butylalcohol (TBA). Besides, when

the atmosphere was switched to O2, the H2O2 production rate in-

creased by 53.4%, while it decreased by 66.5 % in an N2 atmo-

sphere (Fig. 3d). Together these results suggested that ORR was the

predominant route for piezoelectric H2O2 production over Fe-free

TM at ambient conditions, while WOR process played a limited

role [11]. A similar trend in H2O2 production was observed over

Fe-rich TM in the scavenging experiment, implying that the same

reaction pathway was involved as with Fe-free TM.

Electron paramagnetic resonance experiment was conducted to

detect the intermediates during the piezoelectric H2O2 production

process via TMs [38]. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO)

was used to capture O2
•− and HO• involved in the ORR and WOR

process (Fig. S16 in Supporting information) [37]. As shown in Fig.

4a, Fe-free TM displayed a stronger signal corresponding to the

DMPO–O2
•− adduct than Fe-rich TM. Notably, a more pronounced

signal attributed to DMPO–HO• was detected in the Fe-rich TM

system than in the Fe-free system, as illustrated in Fig. 4b and

the fitting curves in Fig. S17 (Supporting information), which con-

Fig. 4. (a) Spin-trapping EPR spectra of DMPO–O2
•− and (b) DMPO–HO• . (c) The

concentration of HO• radicals. (d) The corresponding high-resolution XPS spectra

of Fe 2p of Fe-rich TM before and after piezocatalytic reaction. (e) The scheme of

piezocatalytic H2O2 production over Fe-rich TM and Fe-free TM.

trasted with the its comparatively lower H2O2 yield. To figure out

the immanent cause, the generation of HO• of these two TMs was

evaluated by fluorescent probes (Figs. S18 and S19 in Support-

ing information) [25]. As depicted in Fig. 4c, a higher production

of HO• radicals was observed in Fe-rich TM compared to Fe-free

TM. Within the first 30min, Fe-rich TMs generated 66.5 μmol/L of

HO•, which was 3.5 times higher than Fe-free TM (18.9 μmol/L). It

has been previously reported that Fe-containing TM demonstrated

an ability to activate H2O2 to produce HO• with a high constant

reaction rate (k=40–80 L mol-1 s-1) [39–40]. Therefore, the high-

resolution XPS spectra of Fe 2p of Fe-rich TM was obtained to anal-

yse the oxidation state distribution of Fe2+ and Fe3+ before and af-

ter piezocatalytic reaction. Gaussian fitting of the peaks, presented

in Fig. 4d, showed that the peaks at 709.2 and 722.32 eV before the

reaction corresponding to Fe2+ in Fe-rich TM, while those at 711.8

and 724.9 eV were associated with Fe3+ [18]. After the reaction, the

peaks for Fe2+ were shifted to 709.5 and 722.6 eV, while the Fe3+

peaks moved to 711.9 and 725.1 eV. The Fe2+/Fe3+ ratio on the sur-

face of Fe-rich tourmaline was 0.56 before the piezo-catalytic reac-

tion, and remained nearly unchanged at 0.55 afterward (Table S2 in

Supporting information). The stable Fe2+/Fe3+ ratio suggested that,

despite the slow reduction of Fe3+ to Fe2+ by H2O2 (0.001–0.01

L mol-1 s-1), the external piezoelectric field effectively facilitated

the Fe3+/Fe2+ cycling [39].

Based on the above analysis, a logical hypothesis was proposed

as follows (Fig. 4e). The removal of Fe from the YO6 octahedron

led to distortion of the polyhedron in the Fe-free TM, resulting

in an enhanced polarization that strengthened the electric field at

the surface. Under Us vibration, the polarization-induced surface

charges facilitated a step-by-step reduction of O2 to H2O2 over Fe-

free TM. Concurrently, a water molecule was oxidized by the pos-

itive piezoelectric charges to form a HO• radical, and the recom-
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Fig. 5. Piezoresponse force microscopy (PFM) analysis of (a) Fe-free TM and (b) Fe-

rich TM under different temperature. (c) Correlation between temperature versus

d33.

bination of two HO• radicals generated H2O2. In the case of Fe-

rich TM, the H2O2 generation pathway was similar, however, the

presence of Fe promoted the dissociation of H2O2. The diminished

piezoelectric response of the Fe-rich TM, coupled with the catalytic

dissociation of H2O2 by Fe, resulted in a lower piezoelectric H2O2

production rate compared to the Fe-free TM.

Given the temperature increased during the Us vibration pro-

cess, temperature-dependent PFM was conducted to analyse the

relationship between temperature and piezocatalytic activity of

these two TMs. The observed ∼180° phase-voltage hysteresis loops

and the butterfly-shaped amplitude-voltage curves in Figs. 5a and

b confirmed the piezoelectric properties of both TMs. Furthermore,

the piezocatalytic activity of these two TMs was quantitated by

piezoelectric d33 coefficient, which can be calculated as [41]:

d33=D − DI

V −VI
(1)

where DI and VI represent the displacement and voltage, respec-

tively, at the intersection of the loop [33]. D and V are the respec-

tive values at different points of the loop. Fig. 5c demonstrated a

negative correlation between maximum effective d33 coefficients

and temperature. Across all temperatures, the d33 values of the

Fe-free TM were significantly higher than those of the Fe-rich TM,

consistent with prior results indicating superior piezoelectric per-

formance in Fe-free TM. As temperature increased, d33 decreased

for both materials, with Fe-free TM exhibiting a slower decline

compared to Fe-rich TM. The superior performance and thermal

stability of Fe-free TM made it a promising candidate for appli-

cations requiring high and stable piezoelectric properties over a

range of temperatures.

In conclusion, piezo-catalytic H2O2 synthesis was effectively ac-

complished using two natural tourmalines. Compared to Fe-rich

TM, Fe-free TM exhibited superior piezo-catalysis activity. In-depth

analysis unveiled the underlying mechanism of H2O2 generation

pathway indicating that ORR processes predominantly contributed

to H2O2 production while the presence of Fe promoted the disso-

ciation of H2O2 into HO• radicals. The removal of Fe from the YO6

octahedron in Fe-free TM induced polyhedral distortion, which sig-

nificantly enhanced the polarization within the catalysts. The in-

creased polarization amplified the surface electric field, strength-

ening the piezoelectric effect and improving the piezo-catalytic

performance. This work provides new insight into the mechanisms

of piezoelectric H2O2 production by natural tourmaline.
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