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The emergence of flexoelectric effect, which refers to the linear electromechanical coupling between strain
gradient and charge polarization in a wide range of materials, suggests a new catalytic mechanism to
activate chemical bonds and reactions. Although pioneering studies have shown the remarkable
potential for flexoelectric catalysis in a few scenarios, the lack of green, cheap, bio-compatible, and
high-efficiency flexoelectric catalysts acts as a major barrier to its expanding applications. In this study,
we report the effective design of a high-performance flexoelectric catalyst by simultaneous structural
and compositional engineering on hydroxyapatite, a ubiquitous mineral and a well-known biomaterial.
By synergizing atomic-scale and nanoscale strain gradients (which are respectively induced by surface

lattice doping and geometry engineering) in F-doped hydroxyapatite nanowires (F-HAP NWs), the
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leading to a high hydrogen generation rate (322.7 pmol g2 h™) in pure water. The findings highlight the

DOI: 10.1038/d55c00710k potential of F-HAP NWs in flexoelectric catalysis and offer new insights into mechanocatalytic and
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Introduction

Flexoelectricity refers to the electromechanical coupling effect
originating from the interaction between the gradient of
a mechanical strain and the electric polarization of materials
(e.g. insulating solids, liquid crystals, biological membranes)."?
Evidently, the applications of random external stress on mate-
rials usually introduce non-uniform strains as well as internal
strain gradients,>* which can break the inversion symmetry*>®
and thereby generate polarization fields in samples.”® Since
flexoelectricity is not constrained by material symmetry, Curie
temperature, or size (in contrast to the well-known piezoelec-
tricity),” its widespread existence provides a new opportunity for
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electrochemical processes in biological systems.

harvesting and transforming mechanical energy from environ-
mental vibrations such as waves and wind to drive electro-
chemical reactions (i.e., flexoelectric catalysis)." Although the
magnitude of the flexoelectric effect is generally small (~10"° C
m™? in terms of flexoelectric polarization) as compared to the
piezoelectricity, it exists in all insulating materials while
piezoelectricity is limited to non-centrosymmetric dielectrics."*
Moreover, as a strain gradient is inversely proportional to the
spatial scale of a system, the flexoelectric effect is size-
dependent; therefore, flexoelectricity becomes increasingly
conspicuous as the material size diminishes to the nanoscale.*?
In this context, recent studies have reported the emerging
applications of flexoelectric catalysis in a few nanomaterials,
primarily focusing on dye degradation,” H,0O, generation,*
hydrogen evolution, etc. For example, Cheng et al. have found
that Ag,MoO,, as a flexoelectric catalyst, effectively degrades
mixture dyes and other organic pollutants under ultrasonic
irradiation.’ Wu et al. have synthesized high-entropy oxide
nanocomposites with Ag(CuZn)(AlCr),0, and CuO phases,
where the interface strain gradients enhance the flexoelectric
polarization and lead to an excellent hydrogen production rate
under ultrasonic irradiation.” However, it is noticeable that
those available flexoelectric catalysts are generally complex
metal oxides, and always contain precious (Au, Ag, Pt, etc.) or
heavy metal elements (Cd, Pb, Sn, etc.), resulting in intricate
synthesis protocols, high costs, and potential environmental/
health risks.”?® Thus, the search of high-performance
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flexoelectric catalysts that are both eco-friendly and cost-
effective, is an urgent task.

As a common natural mineral and also the major component
of bones, the centrosymmetric hydroxyapatite (Ca;o(PO4)s(OH),,
abbreviated as HAP) has also been proven to exhibit flexoelec-
tricity,”** implying its potential to serve as a green, cheap, and
bio-compatible flexoelectric catalyst.*®* However, the observed
flexoelectric effect is normally subtle, which may lead to poor
flexoelectric catalytic performance. To boost the catalytic
performance of HAP, it is of first priority to improve its flexo-
electric response (i.e., flexoelectric polarization charges).>*¢ In
this event, it is thereby essential to increase the deformation
limit under external forces of its nanomaterials; consequently,
according to previous reports, it is anticipated that controlling
the geometry of HAP nanomaterials in the form of 1D (one-
dimensional) nanowires (NWs) or 2D (two-dimensional) nano-
flakes, which both allow large degrees of deformation without
breaking their structural integrities at the nanoscale, is
a convenient and well developed strategy.”’>° Previously, we
have demonstrated that methylammonium lead iodide
(MAPDI;) NWs are more easily to be bent than its nanoparticles
counterpart, which therefore leads to a higher flexoelectric
response.® Similarly, it is also rather beneficial if additional
local strain could be introduced into HAP nanomaterials.*>**
For instance, Wu et al. have systematically characterized the
nanoscale flexoelectricity and demonstrated the ability to ach-
ieve tunable and large strain gradients at the atomic-scale grain
boundaries.*® In light of this case, surface lattice doping (or in
other words, gradient doping) should be effective in creating
atomic-scale strain gradients for those 1D & 2D nanomaterials.**

Inspired by the above discussions, we report herein the
gradient F-doped HAP (F-HAP) NWs as a new type of high-
performance flexoelectric catalyst for hydrogen evolution reac-
tion. High aspect-ratio F-HAP NWs were synthesized for the
catalytic application, which are capable of generating signifi-
cant nanoscale strain gradients under mechanical stimulation.
Besides, the isoelectronic nature of fluoride ions (F~) and
hydroxide groups (OH™) allows for partial substitutions of OH™
by F~ within the lattices of HAP, and the size mismatch of F~
and OH™ introduces local strain in HAP; moreover, the favor-
able strain gradient can be also introduced in HAP NWs upon
a controlled surface doping strategy.*>*° Therefore, the coupling
of the nanoscale and atomic-scale strain gradients induces
a significantly enhanced flexoelectric response of F-HAP NWs,
resulting in a high hydrogen generation rate (322.7 pmol g~ *
h™" in pure water, which is comparable with state-of-the-art
mechanocatalysts) in flexoelectric catalysis. This study offers
novel design concepts for flexoelectric catalysts in chemical
reactions and has the potential to address a gap in the field of
mechanocatalysis.

Results and discussion

To systematically investigate the effect of nanoscale and atomic-
scale strain gradients on the performance of flexoelectric
catalysis, HAP NWs with different F-doping levels and different
aspect ratios were parallelly synthesized by a modified
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hydrothermal method (see Experimental section and Table S17
for details).*” For short, F-HAP NWs with different F~ concen-
trations were named as HAP, F(1)-HAP, F(3)-HAP, F(5)-HAP, and
F(7)-HAP, where the F~ concentration was set as 0%, 1%, 3%,
5% and 7%, respectively; and F(5)-HAP NWs (which has the best
catalytic performance among the above five samples; refer to
the following discussion) with increasing aspect ratios were
named as S-HAP, M-HAP, and L-HAP, where S, M, and L stand
for Short, Middle, and Long, respectively (see Fig. S11 for the
statistical analysis of their diameters and lengths).

A multiscale characterization was initially conducted across
the F-HAP samples to examine the structural information.
Fig. 1a presents the typical scanning electron microscopy (SEM)
image of a crowd of F-HAP NWs, which reveals their charac-
teristic 1D microstructures and smooth surfaces, with an
average diameter of 50 nm and lengths up to 1000 nm. It should
be noted that a few NWs were markedly bent under SEM
observations, showing their highly flexible characteristics.
High-resolution transmission electron microscopy (HRTEM)
image (Fig. 1b) exhibits the orthogonal lattice fringes with
interplanar spacings of 0.35 and 0.47 nm, corresponding to the
(002) and (110) planes of hexagonal HAP, respectively. A slight
decrease in the F-HAP crystal plane spacing is observed in
comparison to the undoped HAP nanowires (Fig. S2 and S37).
Fast Fourier transform (FFT) pattern from an isolated NW (inset
in Fig. 1b) confirms its single-crystalline nature, with the
pattern well assigned to a hexagonal structure as reported in
previous synthesis. High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of
a HAP NW is presented in Fig. 1c, clearly showing the homo-
geneous lattices from the surface to the center of the 1D
structure. HAADF-STEM image in Fig. 1d further demonstrates
the smooth surface of a representative NW. Fig. 1e-h presents
the energy dispersive spectroscopy (EDS) elemental mappings
for Ca, O, and P within the selected NW. The synchronous
distributions of these constituent elements imply a uniform
chemical composition. However, the distribution pattern of
fluorine (F) differs from those of P, Ca, and O. It can be iden-
tified that the concentration of F gradually decreases from the
surface to the center of the NWs, which could be ascribed to the
diffusion gradient of F doping (see Fig. S47 for a dedicated EDS
line scan result). In order to directly visualize the strain distri-
butions across the NWs, geometric phase analysis (GPA) based
on the HAADF-STEM images of F-HAP NWs was performed in
the selected regions in Fig. 1i and j (the interior region and the
surface region of NWs, respectively). As shown in Fig. 1k and I,
GPA mappings reveal that the Ej, strain component at the
surface region is significantly higher than that from the interior
region, suggesting lattice distortions at the surface of the NW
(mainly due to gradient F doping).

The crystal structure of the F-HAP samples was subjected to
further investigation via X-ray diffraction (XRD). As shown in
Fig. 1m, the diffraction patterns from all F-HAP NWs corre-
spond to the hexagonal phase of HAP. The diffraction peaks
observed at 25.87°, 31.77°, 32.20°, and 32.90° are assigned to
the crystal planes of HAP, namely (002), (211), (112), and (300),
respectively. As the concentration of F elements increases, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structural characterizations for F-HAP samples. (a) SEM image, (b) lattice-resolved HRTEM image (inset: FFT pattern), (c and d) HAADF-
STEM images, and (e—h) EDS elemental mappings for Ca, O, P and F of (d) for F(5)-HAP NWs. (i and j) Enlarged views for regions 1 and 2 in (c). (k

and |) GPA analysis for regions 1 and 2. (m
and L-HAP.

(211) and (112) crystal planes are observed to shift to higher
angles in the right panel of Fig. 1m, indicating the successful
incorporation of F atoms into HAP NWs.*® The above changes
should be caused by the gradient doping of smaller F~ (133 pm)
in the original HAP lattice framework containing OH™ (137 pm),
resulting in partial lattice distortions. Besides, TEM observa-
tions (Fig. S51) also reveal distinct dislocations at the surface of
F-HAP NWs due to the gradient doping of F, confirming that the
doping successfully induced lattice distortions and introduced
atomic-scale strain gradients (see further discussions below).
According to these results, the surface of F-HAP NWs is thereby
strained due to the controlled introduction of F doping. In
addition, XRD patterns of F(5)-HAP NWs with different aspect
ratios maintain the same as the standard card (Fig. 1n).
Subsequently, to understand the surface chemistry of F-
doped HAP NWs, X-ray photoelectron spectroscopy (XPS) was

© 2025 The Author(s). Published by the Royal Society of Chemistry

) XRD patterns for HAP, F(1)-HAP, F(3)-HAP, F(5)-HAP, and F(7)-HAP. (n) XRD patterns for S-HAP, M-HAP,

performed, showcasing the existence of expected elements in
the samples (Fig. 2a). Moreover, as shown in Fig. 2b, the fine
scan of F 1s in F(5)-HAP shows a peak at 684 eV, indicating the
presence of F.** The lattice oxygen ratio in F(5)-HAP decreases,
and the chemical states of P 2p, and Ca 2p in F(5)-HAP are
similar to those in HAP (Fig. S6). Fourier transform infrared
spectroscopy (FTIR) was used to analyse the chemical structures
of the F-HAP samples. The results of FTIR analysis (Fig. 2c)
indicate the emergence of a new absorption peak at 736 cm ™' in
F-doped HAP NWs (this peak can be attributed to the F---OH
stretching vibration*) as the concentration of F doping
increases. The bending vibration peaks of P-O bond in PO,*~
appear at 563 cm~ " and 604 cm ', and the tensile vibration
peaks are located at 962 cm™ ", 1031 cm ™, and 1099 cm™".** The
results showed that F doping did not change the characteristic

Chem. Sci., 2025, 16, 9905-9912 | 9907
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Fig.2 Optical characterizations for F-HAP samples. (a) XPS survey spectra and (b) F 1s high-resolution XPS spectra of F(5)-HAP and HAP. (c) FTIR
profiles of F-HAP samples. (d) Tauc plots and (e) UPS spectra of F(5)-HAP and HAP samples. (f) Band structures of F(5)-HAP and HAP for hydrogen

generation reaction.

functional groups of PO,*~ in HAP, but only introduced the F---
OH bonds.*

The optoelectronic properties and energy band structure of
the samples were also characterized. The optical absorbances of
F-HAP NWs were investigated by UV-visible absorption spec-
troscopy (Fig. S71). The absorption edges of F-HAP do not
exhibit significant alterations in comparison to HAP.** Fig. 2d
presents the Tauc plot for the optical bandgap of F-HAP NWs
and HAP (5.04 eV). To determine the effect of F doping on the
energy bands of HAP, ultraviolet photo-electron spectroscopy
(UPS) tests were performed. Fig. 2e shows the positions of the
valence band (VB) and the work function (Ws) for HAP and F(5)-
HAP, respectively. VB of HAP is approximately 7.14 eV, and W;is
19.07 eV. In comparison, the VB of F(5)-HAP is 7.01 eV, and W¢is
18.94 eV (Fig. S81 compares the optical bandgaps of F(5)-HAP
and HAP). The conduction band minimum (CBM) and valence
band maximum (VBM) of F(5)-HAP correspond to —0.27 V and
4.77 V relative to the normal hydrogen electrode (NHE),
respectively (Fig. 2f). As shown in the band structure map, F
doping has minimally affected the energy levels. It is note-
worthy that this energy level alignment of F-HAP is consistent
with the thermodynamic requirements for water splitting,
dictated by the electrode potential of H'/H, (0.00 V versus NHE)
and O,/H,0 (+1.23 V versus NHE).

Piezoelectric force microscopy (PFM) mode of a scanning
probe microscope (SPM) was employed to assess the electro-
mechanical coupling behaviour of F-HAP NWs; both L-HAP and
S-HAP were involved in this test to compare their PFM
response.** The applied voltage through the PFM tip induced
a mechanical response in F-HAP NWs, confirming electrome-
chanical coupling in both NWs. It can be observed that the

9908 | Chem. Sci., 2025, 16, 9905-9912

biasing of L-HAP and S-HAP-NWs yielded typical amplitude-
voltage butterfly loops (with their maximum amplitudes at
136.19 and 70.91 pm, respectively; see Fig. 3a and c) and distinct
180° phase-reversal hysteresis loops as the flexoelectric
response (Fig. 3b and d). Apparently, the displacement of S-HAP
NWs is smaller than that of L-HAP NWs, which demonstrates
that L-HAP NWs exhibit a larger flexoelectric response; the
amplitude curves indicate that the d3; piezoelectric coefficient
for L-HAP NWs (24.47 pm V') is much greater than that of S-
HAP NWs (11.33 pm V™ '). These observations suggest an
exceptional electromechanical coupling in these F-HAP NWs,
which agrees well with the existing reports indicating that F-
HAP exhibits a superior flexoelectric response relative to
HAP.*® Fundamentally, the introduction of a strain gradient
through gradient F~ doping enhances the flexoelectric response
in HAP NWs. Likewise, our experiments indicate that the aspect
ratio of F-HAP NWs also influences the flexoelectric response. L-
HAP, which experiences a larger strain gradient during defor-
mation, shows a more significant flexoelectric response
compared to S-HAP. The combined effect of deformation-
induced strain and F doping significantly enhances the overall
flexoelectric response in L-HAP NWs.

Moreover, finite element method (FEM) was employed to
model the strain gradient of single NWs subjected to a bending
stress. To simulate NWs of varying lengths under the same
stress condition, three individual models were created with the
lengths of 300 (Fig. 3e), 600 (Fig. S9t), and 1000 nm, and all with
a fixed diameter of 50 nm. Fig. 3f illustrates the stress distri-
butions (e;,) within NWs under bending moments applied at
both ends. Clearly, one side (red area) experiences a tensile
stress, while the opposite side (blue area) experiences

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Bending behaviours of F-HAP NWs. (a) PFM response and (b) phase curve for an L-HAP NW (inset of (b): the corresponding PFM image). (c)
PFM response and (d) phase curve for an S-HAP NW (inset of (d): the corresponding PFM image). (e) FEM models for S-HAP and L-HAP NWs. (f)
FEM results for bending induced stress and strain gradient distributions within F-HAP NWs. (g) FEM results for bending induced stress and strain
gradient upon doped with one atom within F-HAP NWs. (h) FEM results for bending induced stress and strain gradient upon surface doping within
F-HAP NWs. (i) Schematic illustration for the coupling of F-gradient doping and strain gradient in a bending HAP NW.

a compressive stress (the green area represents the neutral
plane, where ¢ = 0). Consequently, in this event, strain increases
gradually from the center to the surface along the radial direc-
tion and decreases from the center toward the ends along the
axial direction. Under identical stress conditions, the long NW
exhibits greater deformation compared to the short one,
resulting in a more pronounced strain gradient. The strain
gradients are relatively low at both ends of NWs but show
a significant increase in the central regions. This finding
demonstrates that a high aspect ratio of NWs facilitates the
formation of strain gradients, thereby enhancing the mecha-
noelectrical coupling. The simulation shown in Fig. 3g exam-
ines the effect of a single doping atom within the NWs. While
the overall stress distribution remains largely unchanged upon
bending, a notable concentration of stress is observed at the
doped sites, as shown in the enlarged frames. Finally, the
simulation presented in Fig. 3h illustrates the stress distribu-
tions and strain gradients of NWs during bending upon surface
doping (i.e., gradient doping) of foreign atoms. As gradient
doping progresses, the stresses on both the tensile and
compressive sides of NWs increase, accompanied by significant
rises in the strain gradients.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Based on the above results and analysis, Fig. 3i proposes the
potential flexoelectric mechanism in the F-HAP NWs. Since the
radius of F~ is slightly smaller than that of OH™, the surface
doping of F~ in HAP NWs introduces lattice compression and
generates atomic-scale strain gradients in F-HAP NWs, which
could significantly enhance the flexoelectric effects. Meanwhile,
external mechanical stimulations (such as ultrasound) would
induce substantial bending for these flexible NWs, resulting in
nanoscale strain gradients caused by the deformation. The
coupling of strain gradients induced by lattice distortions and
NWs deformation enhances the overall flexoelectric effect; the
internal polarization field thereby promotes the separation of
electrons and holes in opposite directions.'® Besides, it should also
be mentioned that the internal electric field can cause the energy
bands to tilt.* Consequently, protons (H') in the water rapidly
bind to the accumulated charge, resulting in the production of H,.

Based on the preceding analysis, we expect that F-HAP NWs
would exhibit a remarkable flexoelectric catalytic performance
for hydrogen evolution. Therefore, we investigated the flexo-
electric catalytic performance of F-HAP NWs upon ultrasonic
stimulation in a dark environment. F-HAP NWs were added into
a self-made quartz reactor, filled with deionized water, sealed,

Chem. Sci., 2025, 16, 9905-9912 | 9909
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Fig. 4 Hydrogen production performances of F-HAP NWs via flexoelectric catalysis. (a) Time-dependent hydrogen evolution profiles for HAP
and F-HAP NWs. (b) Comparative amounts of hydrogen generated from F-HAP NWs after 5 h. (c) Time-dependent hydrogen evolution profiles
for F(5)-HAP NWs under ultrasonic (black) and ultrasonic/light (red). (d) Time-dependent hydrogen evolution profiles for S-HAP, M-HAP and L-
HAP NWs. (e) Comparative amounts of hydrogen produced by HAP NWs with different aspect ratios (S, M and L) after 5 h. (f) Cycling performance

of hydrogen generation for F(5)-HAP NWs.

and subjected to ultrasound-induced mechanical actions. Gas
chromatography (GC) was employed to monitor the H,
produced by the reaction system. The experiment has demon-
strated that F-HAP has the capability to produce H, under
mechanical stimulation. Fig. 4a shows the catalytic perfor-
mance of F-HAP NWs with different levels of F doping, all
exhibiting a strong and linear hydrogen production over time,
and F(5)-HAP achieved the highest H, yield of 322.7 umol g~*
h™" (the original GC data can be referred in Fig. S107). Fig. 4b
summarizes the H, yields over 5 h for different F doping levels,
which are 575.7, 668.6, 1613.3, and 1121.5 pmol g~ from lowest
to highest doping levels. It is evident that F gradient doping
significantly enhances the interactions between F-HAP NWs
and mechanical signals (it should be mentioned that the
surface F~ doping strategy may induce localized symmetry
breaking in HAP NWs, thereby introducing possible piezoelec-
tric effect in the catalysis), yet an appropriate level of F doping is
crucial for achieving the highest flexoelectric response as well as
catalytic efficiency. To verify the absence of light effect, an
external light source (xenon lamp) was used to continuously
irradiate the reactor under the same experimental conditions.
The results showed that the catalytic activity of F-HAP did not
depend on light (Fig. 4c), but solely on mechanical interaction.

As mentioned earlier, catalysts based on flexoelectric effect
offer a significant advantage, particularly at the nanoscale,
where the flexoelectric effect becomes more pronounced as the
dimensions decrease. F(5)-HAP NWs with different aspect
ratios, namely L-HAP, M-HAP, and S-HAP, were further tested
for their catalytic properties. As shown in Fig. 4d, L-HAP NWs
had higher H, production efficiency (the original GC data can
be referred in Fig. S11t). Quantitatively, there was a significant
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enhancement of hydrogen production from 778.3 to 1613.3
umol g ' for F-HAP NWs with the increase in aspect ratios
(Fig. 4e). Consistent with previous FEM findings, L-HAP NWs
can produce greater deformation under mechanical stimula-
tion, which in turn causes a larger strain gradient and thus
a better catalytic activity. The cyclic stability of F-HAP NWs as
catalysts for hydrogen production in flexoelectric catalysis was
also assessed; as shown in Fig. 4f. The hydrogen production rate
remained constant throughout three catalytic cycles (a total
duration of 15 h), suggesting that the F-HAP NWs have good
reproducibility and durability in this catalytic reaction. To the
best of our knowledge, as a biomaterial, the catalytic ability of F-
HAP NWs is already comparable to those of some familiar
catalytic materials (Table S2t). Besides, we comprehensively
analysed the microstructural evolution of F-HAP NWs during
the reaction. Compared with the XRD pattern of the pre-
reaction material (Fig. S12t), the peak of F-HAP remained
almost unchanged after the reaction, indicating that it was
stable in the catalytic system. In addition, the NWs after 3 cycles
(15 h) were isolated from the reaction system and further
observed under SEM (Fig. S131). During the prolonged reaction,
the NWs were fractured and fragmented to a certain extent due
to the destructive effect of ultrasound, but their 1D structures
remained unchanged.

Conclusions

In summary, we have synthesized HAP NWs with controllable
surface F doping and investigated their application for flex-
oelectrically catalysing hydrogen generation in pure water. Our
results show that the nanoscale strain gradient can be enhanced

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by increasing the aspect ratio of NWs while an additional
atomic-scale strain gradient could be introduced by the F-
doping gradient at the surface regions of NWs. The synergistic
effect of the nanoscale and atomic-scale strain gradients by
respectively optimizing the aspect ratio and F doping level leads
to a significant flexoelectric response for HAP NWs. As a result,
a high hydrogen production rate of 322.7 umol ¢ * h™" is ach-
ieved in pure water via flexoelectric catalysis in darkness. Our
work demonstrates the potential of HAP NWs for hydrogen
production by harvesting mechanical energy from environment,
offering great promise for flexoelectric research on centrosym-
metric and bio-compatible materials.
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