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Coupling the effects of flexoelectricity with piezoelectricity has been proved to effectively harvest

mechanical energy. In this study, a composition-graded core–shell structure (HAP@FAP) was prepared by

surface-gradient F-doping in hydroxyapatite, which could introduce flexoelectricity by a built-in strain

gradient. A flexoelectric-boosted piezoelectric response was demonstrated by piezoresponse force

microscopy (PFM) characterization, showing that the piezoelectric constant of HAP@FAP was increased by

2.25 times via a lattice strain gradient induced by chemical heterogeneities derived from the unique

composition-graded core–shell structure. Thus, the piezocatalytic activity of HAP@FAP for phenanthrene

(PHE) degradation in soil was enhanced. This work provides a new strategy for the modification of

piezoelectric catalysts for the remediation of organics-contaminated soils on industrial land.

Keywords: Hydroxyapatite; Flexoelectricity; Piezocatalysis; Gradient doping; Soil remediation.

1 Introduction

Soil contamination is defined as the deterioration of soil
function attributed to high pollutant concentration in the
soil. With the development of industrialization and
agriculture, pollutants in soil are accumulating, which
consequently has become a severe environmental problem.
Polycyclic aromatic hydrocarbons (PAHs) as typical
persistent organic pollutants have been recognized as
primary soil pollutants due to their high hydrophobicity,
toxicity, and structural stability.1–5 It is imperative to
develop effective methods to remove the remaining PAHs
from contaminated soil environments. Various treatment
processes (e.g. natural decay, bioremediation, electric
technology, and adsorption6–8) have been used to eliminate
PAHs from soil. However, the removal efficiency of these
methods is still too low to fulfil practical requirements,
owing to the slow desorption of pollutants and poor mass
transfer in heterogeneous systems. Recently, the ultrasonic
dispersion method has been proved to be an efficient
approach to enhance the desorption of pollutants9–11 and
accelerate mass transfer (especially in soil systems).12

Besides, it is worth noting that the quenching of numerous
cavitation bubbles could generate a pressure of up to 108

Pa,13 which would make it possible to degrade PAHs in soil
via piezocatalysis technology.

Piezoelectric materials, a type of efficient catalysts, can
convert external mechanical energy into chemical
energy.14,15 Under external force, charge carriers can be
separated and migrated to the surface of the catalysts
driven by the built-in piezoelectric field, which can react
with water, oxygen, and other substances to generate
reactive free radicals.16,17 Hydroxyapatite (Ca10(PO4)6(OH)2,
HAP), an emerging piezoelectric material, has exhibited
broad application prospects in the treatment of pollutants
in gas, liquid, and solid phases due to its various
advantages, including good biocompatibility, controllable
morphology, ion-exchange capability, acid–base
adjustability, and wide range of sources.18–20 However, the
weak piezoelectric coefficient (d33) of HAP (1–16 pm V−1)21

has hindered its further application in piezocatalysis. As a
strategy that can directly affect the piezoelectric response,
the coupling effect of piezoelectricity and flexoelectricity
has been applied to prepare piezoelectric materials with a
high piezoelectric coefficient.22 Here, piezoelectricity is
based on electric polarization caused by uniform strain,
while flexoelectricity refers to polarization caused by a
strain gradient.23,24 Due to the very weak atomic strain
gradient in bulk dielectric materials, the flexoelectricity in
these materials is basically negligible. However, the

300 | Ind. Chem. Mater., 2024, 2, 300–308 © 2024 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

College of Chemistry, Chemical Engineering and Materials Science, Collaborative

Innovation Center of Suzhou Nano Science and Technology, Soochow University,

Suzhou 215123, China. E-mail: linajun@suda.edu.cn, lujm@suda.edu.cn

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3im00093a

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

4.
07

.2
02

5 
10

:4
5:

10
. 

 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

http://crossmark.crossref.org/dialog/?doi=10.1039/d3im00093a&domain=pdf&date_stamp=2024-05-22
http://orcid.org/0000-0002-1125-1230
http://orcid.org/0000-0003-2451-7154
https://doi.org/10.1039/d3im00093a
https://doi.org/10.1039/d3im00093a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3im00093a
https://rsc.66557.net/en/journals/journal/IM
https://rsc.66557.net/en/journals/journal/IM?issueid=IM002002


Ind. Chem. Mater., 2024, 2, 300–308 | 301© 2024 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

flexoelectric effect in nanomaterials can be manifested
because the magnitude of the strain gradient is inversely
proportional to the size of the nanostructure.

In this study, a unique composition-graded core–shell
structure is reported, which could induce flexoelectricity
by a built-in strain gradient. Hydroxyapatite@fluorapatite
core–shell nanorods (HAP@FAP) were prepared via ion
exchange, which actually led to gradient F-doping in the
hydroxyapatite (Fig. 1). Owing to the differences in the
lattice parameters between the crystal structure of HAP
and FAP, the concentration-graded FAP shell layer
uniformly formed on the surface of the HAP core could
induce a strain gradient in the core-to-surface direction.
Thus, this nanoscale strain gradient could induce a
flexoelectric effect, thereby boosting the piezoelectric
response of HAP@FAP. In addition, the unique effect of
the composition-graded core–shell structure was further
demonstrated by F(1.5)-HAP as a comparison without
gradient F-doping, which was prepared by directly adding
NaF into the precursor solution with the ratio of n(Ca) :
n(F) = 10 : 1.5. The increment of the piezoelectric
coefficient (d33) was monitored by piezoelectric response
force microscopy (PFM), reflecting that the piezoelectric
response was enhanced. Finally, HAP@FAP was applied to
the piezocatalytic degradation of the persistent organic
pollutant phenanthrene (PHE) in soil. Meanwhile, the
factors that may affect the piezocatalytic activity were also
systematically investigated.

2 Results and discussion
2.1 Morphology and microstructure

The scanning electron microscopy (SEM) images showed
that the pristine HAP exhibited a relatively uniform
nanorod morphology, and the HAP@FAP-x prepared by
surface-gradient F-doping (Fig. S3† and 2b) showed a
similar morphology. However, the morphology of the F(1.5)-
HAP solid-solution nanocrystals changed from nanorod to a
hexagonal prism (Fig. 2c). The energy-dispersive X-ray
spectroscopy (EDX) mapping images (Fig. S4†) showed the

uniform distribution of Ca, P, O, and F elements in
HAP@FAP-x and F(1.5)-HAP, demonstrating the successful
introduction of F−. In addition, the lattice distributions of
the as-prepared samples were further observed by high-
resolution transmission electron microscopy (HRTEM).
Clear and ordered lattice fringes were observed: the lattice
spacings of 0.343 nm (Fig. 2d), 0.345 nm (Fig. 2e), and
0.344 nm (Fig. 2f) all corresponded to the (002) crystal
faces of HAP.25 Since the crystal structures of HAP and FAP
were almost identical on the (002) crystal face, no
significant changes in the lattice spacing between these
samples could be observed.26,27

The crystal structure of the catalysts was further
studied by X-ray diffraction (XRD). As shown in Fig. 3a,
the diffraction peak of HAP nanorod corresponded to the
hexagonal phase of HAP (JCPDS No. 09-0432). The
diffraction peaks at 25.88°, 31.77°, 32.20°, 32.90°, and
34.05° were assigned to the (002), (211), (112), (300), and
(202) crystal planes of HAP, respectively. The HAP@FAP-x
with a core–shell structure showed an XRD pattern similar
to that of the pristine HAP (Fig. S5†). However, as the

Fig. 1 Schematic illustration of the fabrication of HAP@FAP.

Fig. 2 SEM images of (a) HAP, (b) HAP@FAP-1.5, and (c) F(1.5)-HAP.
HRTEM images of (d) HAP, (e) HAP@FAP-1.5, and (f) F(1.5)-HAP.

Fig. 3 (a) The XRD patterns of HAP, HAP@FAP-1.5, and F(1.5)-HAP; (b)
enlarged view between 30–35°; (c) FTIR scans of HAP, HAP@FAP-1.5,
and F(1.5)-HAP; and (d) F 1s high-resolution XPS spectra of HAP@FAP-
1.5 and F(1.5)-HAP.
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value of x increased, the diffraction peaks of HAP@FAP-x
gradually shifted to higher angles, owing to the formation
of more FAP in the superficial crystal structure of HAP
through the gradient F-doping. The F(1.5)-HAP did not
show new diffraction peaks, but displayed a more
significant shift compared with HAP (Fig. 3b), indicating
that F(1.5)-HAP was not a mixed phase of HAP and FAP,
but rather a solid-solution structure.28 It is worth noting
that the (311) and (112) crystal planes of F(1.5)-HAP were
shifted to higher angles and the intensity of the two
diffraction peaks also decreased.29 In addition, the spacing
between the two crystal facets was also significantly
shortened. All these changes arose from the introduction
of F− (133 pm), whose ionic radius was smaller than that
of OH− (137 pm), resulting in lattice distortion.

To further distinguish the heterogeneous core–shell and
solid-solution structure, FTIR and XPS analyses were
executed. As shown in Fig. 3c, pristine HAP and HAP@FAP-
1.5 exhibited a distinct hydroxyl signal peak at 631 cm−1

derived from the hydroxyl group, while F(1.5)-HAP did not.
Instead, a new vibration peak appeared between 700–800
cm−1, corresponding to the hydrogen bonding between F−

and OH− in F(1.5)-HAP.30 The FTIR results showed that only
part of the OH− in the superficial layer was replaced by F− in
HAP@FAP-1.5, while the deeper core still maintained the
crystal structure of HAP. On the contrary, most of the OH− in
F(1.5)-HAP was replaced by F−, forming a Ca10(PO4)6(OH)1−xFx
solid-solution structure. Fig. 3d also shows that the core–
shell structure had a lower F content than that of F(1.5)-HAP.

This could also be attributed to the fact that F− could
hardly reach the nuclear layer of HAP through the ion-
exchange reaction. Likely, according to Table S2 and Fig. S6,†
the atomic ratio of F and Ca in HAP@FAP-x gradually
increased with the increasing NaF concentration. However,
when x > 1, the F : Ca atomic ratio was significantly lower
than the feeding ratio of the F source and Ca sources,
forcefully demonstrating that OH− in the deeper core
structure could hardly be replaced by F− through the ion-
exchange method. In contrast, in the F(1.5)-HAP solid-
solution structure prepared by the hydrothermal reaction, the
F : Ca atomic ratio could basically match the feeding ratio
(0.15 : 1).

Hence, HAP@FAP-1.5 was demonstrated to be not just
a simple core–shell structure, but a composition-graded
core–shell structure resulting from the Kirkendall
effect,22,31,32 with the simultaneous interdiffusion of F−

and OH−. F− diffused along the shell–core direction and
constantly substituted OH−, thus uniformly forming the
concentration-graded FAP shell on the surface of the HAP
core.33 In addition, no obvious phase boundary between
FAP and HAP could be observed. The difference in the
radius of F− and OH− led to the change in the lattice
parameters in the shell layer of HAP@FAP-x, resulting in
electric polarization (i.e., flexoelectricity) triggered by the
strain gradient, apart from the piezoelectric effect of HAP
itself.

2.2 Piezoelectric response and current

To demonstrate the piezoelectricity of HAP@FAP-1.5
intuitively, piezoresponse force microscopy (PFM) was used
to detect its piezoelectric response. Fig. 4a shows the stacked
nanoparticles morphology of HAP@FAP-1.5, and the
corresponding piezoelectric response phase image obtained
is shown in Fig. 4b. When a ±10 V bias was applied to
HAP@FAP-1.5, typical piezoelectric butterfly curves with an
amplitude maximum of 58.75 pm and a clearly defined 180°
piezoelectric response phase reversal hysteresis loop (Fig. 4c)
were obtained, demonstrating the excellent piezoelectric
response of HAP@FAP-1.5. For HAP and F(1.5)-HAP, similar
butterfly loops images were obtained (Fig. S7†) with
amplitude maximums of 23.25 and 42.00 pm, respectively.
From the amplitude curves, the d33 piezoelectric coefficients
were calculated by eqn (1) as 3.29, 7.41, and 6.05 pm V−1 for
HAP, HAP@FAP-1.5, and F(1.5)-HAP, respectively.

d33 = u/V (1)

where u is the butterfly line amplitude (pm) and V is the
applied bias voltage (V).34

The reason why HAP@FAP-1.5 exhibited the highest
piezoelectric response amplitude could be attributed to the
strain gradient built in HAP@FAP-1.5, inducing a synergistic
effect between the flexoelectricity and piezoelectricity. An
electrochemical workstation was used to test the piezoelectric
current signals output of HAP, HAP@FAP-1.5, and F(1.5)-HAP
driven by mechanical stirring. As shown in Fig. 4d, when
magnetic stirring was provided, significant piezoelectric
discharge signals on these catalysts could be generated by
harvesting the fluid flow mechanical energy, in which
HAP@FAP-1.5 had the highest electrical signal output, while
the electrical signal was negligible in the electrolyte solution
without the catalyst.

Fig. 4 PFM images of HAP@FAP-1.5 (a) topography; (b) phase
diagram; (c) amplitude butterfly line and phase hysteresis line; (d)
piezoelectric discharge signals of HAP, HAP@FAP-1.5, and F(1.5)-HAP
under magnetic stirring (1200 rpm).
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2.3 Piezocatalytic activity and degradation pathway

The piezocatalytic activities of the catalysts were evaluated by
using PHE-contaminated kaolin clay (2 g, 200 mg kg−1) as a
model. The degradation curves of the three catalysts are
shown in Fig. 5a. Since ultrasound could promote the mixing
and fragmentation of soil, as well as the desorption and
diffusion of PHE from soil, the adsorption process of PHE by
the catalysts before degradation was studied. In terms of the
adsorption capacity, a negligible adsorption of hydrophobic
by PHE was observed due to its nanorod morphology and
unmodified surface without sufficient adsorption sites.
However, after the introduction of the hydrophobic F
element, the contact opportunity between HAP@FAP-1.5 (or
F(1.5)-HAP) and hydrophobic PHE increased, thereby
improving the adsorption capacity of both for PHE. Notably,
compared with F(1.5)-HAP, the FAP shell on the superficial
layer of HAP@FAP-1.5 had more F sites, making it more
hydrophobic, as proved by the contact angle test results in
Fig. S8,† so its adsorption capacity for PHE was stronger than
F(1.5)-HAP. For contrast, a series of blank tests without
catalysts or ultrasonic were performed (Fig. 5a and S9a†), and
it was found that PHE could only be adsorbed not degraded
without ultrasonic treatment. During the degradation
process, HAP@FAP-1.5 showed the best piezocatalytic activity,
and its degradation efficiency of PHE reached 78.99% under

ultrasonic vibration for 120 min. In Fig. 5b, HAP@FAP-1.5
exhibited the highest k value (0.01389 min−1), which was
about 2.33 and 1.65 times that of HAP and F(1.5)-HAP,
respectively. These results demonstrated that flexoelectricity
induced by the strain gradient in HAP@FAP-1.5 core–shell
structure was well coupled with the piezoelectricity of HAP,
resulting in stronger piezocatalytic activity.

During the piezocatalytic process in soil suspension, there
were several factors that had significant influences on the
catalytic performance, including the dosage of catalysts, the
water–soil ratio, and ultrasonic power. Therefore, taking
HAP@FAP-1.5 as an example, the influence of these factors
on the catalytic degradation performance was explored. It can
be observed from Fig. 5c and d that the removal rate of PHE
improved with the increase in the dosage of the catalysts
(based on the quality of the soil). When the dosage of the
catalyst was increased to 5% (100 mg) and 10% (200 mg), the
removal rate of PHE could reach 90.51% and 100% within
120 min, and the k values were about 1.54 and 2.71 times
that of the initial conditions, respectively. Furthermore, when
the dosage reached 10% (200 mg), the PHE in soil was
completely degraded.

These results showed that the increasing dosage of
catalyst could effectively enhance the degradation efficiency
of PHE in soil. Considering the low cost and good
biocompatibility of HAP, HAP@FAP-1.5 showed potential
prospect for large-scale soil remediation. Fig. 5e and f
showed that the removal rate of PHE also increased with
the increase in the water–soil ratio. When the water–soil
ratio was 20 : 4, the penetration ability of ultrasound
decreased due to the increase in the suspension density,
resulting in weaker external mechanical stress applied to
the catalysts, so that the final degradation efficiency greatly
declined, which only reached 44.46% at 120 min, and its k
value was about 0.32 times that of the initial conditions.
When the water–soil ratio increased to 20 : 1, the external
mechanical stress generated by ultrasound could act more
effectively on the catalyst and soil particles with the smaller
suspension density, which not only enhanced the
piezocatalytic activity, but also promoted the dispersion of
PHE in the reaction system, leading to a great increase in
the degradation efficiency. In this case, PHE could be
completely removed within 90 min, with a k value
approximately 2.57 times that of the initial condition. The
impact of external mechanical stimulus was also explored
by changing the size of the ultrasonic power. It can be seen
from Fig. S10a† that the removal rates of PHE for 150, 300,
and 600 W ultrasonic power within 120 min were
approximately 31.4%, 50.3%, and 79.0%, respectively, with
the corresponding degradation kinetic rate constants shown
in Fig. S10b.† The greater the ultrasonic power, the higher
the degradation efficiency, implying that enhanced
synergetic effect between the piezoelectricity and
flexoelectricity in HAP@FAP-1.5 could be generated by a
larger external mechanical stress triggered by the increased
ultrasonic power.

Fig. 5 Degradation efficiency of PHE in soil. (a) Reaction conditions:
[PHE]0 = 200 mg kg−1, [catalyst]0 = 20 mg (1%), Vw/Ms = 20 : 2 (mL g−1),
power = 600 W; (b) degradation rate constants (min−1); (c) degradation
with different dosages of HAP@FAP-1.5; (d) degradation rate constants
(min−1); (e) degradation with different water–soil ratio conditions (Vw/
Ms, mL g−1) by HAP@FAP-1.5; (f) degradation rate constants (min−1).
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In order to validate the phenanthrene degradation
mechanism, the intermediate products of PHE were
identified by GC-MS. The mass spectra and corresponding
intermediates are shown in Fig. S11.† Based on the literature
and test results, the possible degradation pathway of PHE is
proposed in Fig. 6. For path I, ·OH attacked the
phenanthrene aromatic ring at the 9- and 10-positions to
form 9,10-phenanthrenediol, because the 9,10-double bond
of PHE was the most electron-rich position.35,36 However,
9,10-phenanthrenediol was not detected in our samples due
to the fact that it can be easily transformed to 9,10-
phenanthraquinone (m/z = 207), which is the most common
product of phenanthrene identified in other reports. As for
path II, ·O2

− attacked the 10-position of PHE to form the
ionic intermediates, which were further dehydrated and
dehydrogenated to form phenanthro[9,10-b]oxirene (m/z =
192).37 After these two possible stages, these intermediates
mentioned above were further oxidized to form more
complex products, such as (E)-2-(2-carboxyvinyl)benzoic acid
(m/z = 192), 2-cyclohexane-1-ol (m/z = 98), and
1,2-cyclohexanedione (m/z = 113). In particular, due to the
presence of silicon in kaolin, there may also be silane
substitution products during the reaction, such as
trimethylsilyl 4-((trimethylsilyl)oxy)benzoate (m/z = 239), and
trimethylsilyl 2-(2-hydroxyethyl)benzoate (m/z = 207).38 At the
end of the piezocatalytic reaction, unstable intermediates
underwent ring-opening and bridge cleavage reactions under
the continuous attack of free radicals to generate small
molecular products, such as 2-oxopent-4-dienoate (m/z = 116)
and hex-2-enoic acid (m/z = 99), which were finally converted
into CO2 and H2O.

39

2.4 Piezocatalytic mechanism of HAP@FAP

The position of the valence band (VB) and conduction band
(CB) determines the redox ability of a semiconductor. The
optical absorbances of HAP, HAP@FAP-1.5, and F(1.5)-HAP
were investigated by UV-visible adsorption spectroscopy
(Fig. 7a). Compared with the pristine HAP, the slight red-
shifted adsorption of HAP@FAP-1.5 could be interpreted as

evidence of band trailing effects related to the disorder
induced by impurity insertion into the HAP lattice. In
addition, according to the relationship between (F(R)hν)1/2

and the photon energy, the optical band gaps (Eg) of HAP,
HAP@FAP-1.5, and F(1.5)-HAP were estimated to be 5.97,
5.90, and 5.97 eV (Fig. 7b). The VBs of the catalysts were
investigated by XPS (Fig. 7c), which turned out to be the same
value: −3.13 V. Combining Eg and VB, the CB positions of the
catalysts were determined, showing that of HAP@FAP-1.5
(−2.77 eV) was more positive than that of HAP and F(1.5)-HAP
(−2.84 eV). Hence, in terms of the band position of the
catalysts, the redox capacity of HAP@FAP-1.5 decreased.
Therefore, the improvement of HAP@FAP-1.5's catalytic
activity could be attributed to the synergistic effect of

Fig. 6 Possible degradation pathways of PHE by the piezocatalysis of
HAP@FAP-1.5.

Fig. 7 (a) UV images of HAP, HAP@FAP-1.5, and F(1.5)-HAP; (b) band
gap diagram; (c) XPS-VB of HAP, HAP@FAP-1.5, and F(1.5)-HAP; (d)
energy band structure diagrams of HAP, HAP@FAP-1.5, and F(1.5)-HAP.

Fig. 8 The effect of scavengers on piezocatalysis with HAP@FAP-1.5
for (a) the degradation of PHE; (b) corresponding degradation kinetic
rate constants (min−1); (c) concentration change curves of ·O2

−, ·OH,
and H2O2; (d) corresponding productivities in 120 min under
ultrasound.

Industrial Chemistry & MaterialsPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

4.
07

.2
02

5 
10

:4
5:

10
. 

 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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3im00093a


Ind. Chem. Mater., 2024, 2, 300–308 | 305© 2024 The Author(s). Co‐published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

piezoelectricity and flexoelectricity, which was caused by the
strain gradient in the core–shell structure.

The role of active free radicals was determined through
free radical trapping experiments. IPA, BQ, and EDTA-2Na
were used as scavengers for hydroxyl radicals (·OH),
superoxide radicals (·O2

−), and holes (h+), respectively, and
the results are shown in Fig. 8a. After adding BQ, the
degradation efficiency of PHE decreased to 41.90%,
indicating ·O2

− was the dominant active species in the
piezocatalysis process. After ·OH was captured, the
degradation efficiency was very similar to that with the
addition of BQ (120 min, 30.99%), which meant that ·OH was
generated by the conversion of ·O2

− in the piezocatalysis
process. However, after adding EDTA, the degradation
efficiency was significantly improved compared with the
blank, which may be attributed to the fact that the capture of
h+ was helpful to the inhibition of carrier recombination.40 It
was also further demonstrated that the main active species
·OH were derived from ·O2

−. From Fig. 8b, it can be observed
more intuitively that after the addition of IPA and BQ, the
degradation rates of PHE were only 0.17 times and 0.28 times
that of the blank, while the degradation rate after adding
EDTA-2Na was up to 1.99 times that of the blank.

In order to further prove the existence of ·O2
− and ·OH

and determine the productivity, the NBT conversion
method41 and the TA-PL method were used.42 As shown in
Fig. S12a and b,† the fluorescence intensity of
2-hydroxyterephthalic acid (TA-OH) gradually increased at
426 nm, meanwhile, the absorbance of NBT at 259 nm
gradually decreased as the ultrasound time was prolonged,
indicating the continuous generation of ·OH and ·O2

−. In
addition, H2O2 is an important intermediate in the two-step
reduction reaction between O2 and e−, so the concentration
of H2O2 generated in the piezocatalytic process was detected
by the iodine method. The gradual increase in the UV
absorption peak at 349 nm (Fig. S12c†) indicated the stable
generation of H2O2. It is worth noting that the concentration
of H2O2 within 120 min was up to 1112.60 μmol L−1

(Fig. 8c and d), which was very close to the output of the
main active species ·OH (1111.45 μmol L−1), and much higher

than that of ·O2
− (258.00 μmol L−1). These results further

proved that part of the ·OH was generated by the two-step
reduction reaction between O2 and e−.

Based on the above results and analysis, the possible
mechanism of PHE degradation caused by piezoelectric
polarization is proposed in Fig. 9. In this mechanism, a
gradient core–shell structure is formed with the
interdiffusion between OH− and F−. Contributing to the
difference in crystal structure between HAP and FAP, electric
polarization (i.e., flexoelectricity) is generated by the strain
gradient, which can be coupled with the piezoelectric effect
of HAP to enhance the piezocatalytic activity. Under the
continuous external stress triggered by ultrasound, a
piezoelectric potential can be generated by the deformed
HAP@FAP-1.5. The free electrons and holes can be driven to
the opposite surface by the built-in piezoelectric field,
producing reactive species. Since the CB of HAP@FAP-1.5
(−2.74 V) is more negative than the reduction potential of O2/
·O2

− (−0.33 V vs. NHE), e− can react with O2 to form ·O2
− (eqn

(3)), which are finally converted into the dominant ·OH (eqn
(5)). At the same time, ultrasound can also promote the
desorption of PHE from soil and the dispersion of the
catalyst in heterogeneous systems, thus improving the
catalytic activity of HAP@FAP-1.5. The generated reactive
oxygen species (ROS) undergo a series of redox reactions with
the PHE adsorbed on the surface of the catalysts, which are
finally degraded into small molecule products. The possible
reactions are as follows:

HAP@FAP-1.5 + Ultrasound → h+ + e− (2)

O2 + e− → ·O2
− (3)

O2 + 2e− + 2H+ → H2O2 (4)

H2O2 + e− + H+ → H2O + ·OH (5)

·OH + PHE → degraded products (6)

3 Conclusions

In this work, HAP@FAP with a heterogeneous core–shell
structure was fabricated by surface-gradient F-doping in
hydroxyapatite for the enhanced piezocatalytic degradation of
PHE in soil, which could degrade 79% PHE (200 mg kg−1 in
soil) in 120 min. On the one hand, the high degradation
efficiency could be attributed to the flexoelectricity induced
by the chemical heterogeneities-induced lattice strain
gradient, significantly improving the piezoelectric coefficient.
On the other hand, ultrasound could effectively enhance the
desorption of PHE from soil to the aqueous phase, where the
oxidation process is most effective, thereby increasing the
degradation efficiency. What's more, due to the good
biocompatibility, low cost, and wide range of sources,
HAP@FAP can well achieve the requirements of in situ soil
remediation.

Fig. 9 Schematic illustration of the proposed mechanism for
piezocatalytic degradation by HAP@FAP.
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4 Experimental section
4.1 Materials and reagents

All materials and reagents were used without purification.
Anhydrous calcium chloride (CaCl2), ammonia (NH3·H2O),
dichloromethane (DCM), kaolin clay (Al2O3·2SiO2·2H2O), and
phenanthrene (PHE) were purchased from Macklin
Biochemical Technology Co., Ltd, China. Anhydrous sodium
dihydrogen phosphate (NaH2PO4) and sodium fluoride (NaF)
were purchased from Aladdin Reagent (Shanghai) Co., Ltd.

4.2 Preparation of HAP@FAP

Pure HAP nanorods were prepared using hydrothermal
methods reported in our previous research work. First, 0.2
mmol HAP powder was added to NaF solution with different
concentrations (2, 4, 6, and 8 mM) in the ratios of n(Ca) : n(F)
= 10 : 0.5, 10 : 1, 10 : 1.5, 10 : 2, followed by stirring for 0.5 h to
obtain homogeneous mixtures. After that, the pH value of the
mixed solution was adjusted to 12 by adding ammonia. The
resulting suspension was transferred to a Teflon-lined
autoclave and heated to 200 °C for 24 h. After cooling to
room temperature, the sediment was collected and washed
with deionized water and ethanol several times, followed by
freeze-drying to obtain the HAP@FAP-x (x = 0.5, 1, 1.5, 2)
core–shell structures. As a control, an F-doped HAP sample
named as F(1.5)-HAP was prepared by adding NaF to the
precursor solution with the ratio of n(Ca) : n(F) = 10 : 1.5
during the preparation of HAP.

4.3 Characterization

The morphology and elemental mapping images were
characterized by scanning electron microscopy (SEM, Regulus
8230 and EVO 18) operated at 15 kV electron accelerating
voltage in high vacuum conditions. The lattice distributions
of the as-prepared samples were further observed by high-
resolution transmission electron microscopy (HRTEM, FEI
Tecnai G2 F20) operated at 200 kV with LaB6 filament of 0.24
nm point resolution coupled with Gatan Microscopy Suite
software. The crystal structures of the as-prepared materials
were analyzed by X-ray powder diffraction (XRD, X'Pert-Pro
MPD, Cu Kα, 40 kV and 40 mA) at a scan rate of 0.02° per
second in the 2θ range from 5° to 80°. The elemental
composition and valence band of the catalysts were measured
by X-ray photoelectron spectroscopy (XPS, ESCALAB MK II)
with an Al-Kα X-ray source. The absorption band edges were
measured by ultraviolet-visible spectroscopy (UV-vis,
Shimadzu UV-3600) in the wavelength range from 200 to 800
nm, using BaSO4 as the reflectance standard reference. The
intensity of the hydroxyl signal was characterized using
Fourier-transform infrared spectroscopy (FTIR, VERTEX 70)
at a scan rate of 4 cm−1 per second in the scanning range
from 600 to 4000 cm−1. The piezoresponse force microscopy
(PFM) measurements were characterized with atomic force
microscopy (AFM, Dimension Icon, Bruker) operated at a tip
bias voltage of 6000 mV with a conductive Pt/Ir probe (SCM-

PIT-V2, Bruker) and Au/Si conductive substrate. Gas
chromatography-mass spectrometry (GC-MS, QP2020 NX) was
used to detect the residual amount of PHE in soil and
intermediate products produced during degradation.

4.4 Electrochemical measurements

Piezoelectric discharge tests were carried out using a CHI
760E electrochemical workstation with a standard three-
electrode configuration. Glassy carbon (0.197 cm2 surface
area), Pt wire, and Ag/AgCl electrodes correspondingly served
as the working, counter, and reference electrodes. Also, 50
mL PBS (0.1 M, pH 7.4) solution containing 2 mM
ethylenediaminetetraacetic acid disodium salt served as the
electrolyte. Different samples were dispersed into the
electrolyte (2 mg mL−1) with periodic magnetic stirring (1200
rpm) for the piezoelectric discharge output measurements.

4.5 Degradation experiments

Chemically pure kaolin was used as the simulated soil. PHE-
contaminated soil was prepared by adding 10 mL 200 ppm
PHE in DCM solution to 10 g kaolin clay, followed by
thorough mixing for 24 h using a multi-tube vortex oscillator
and air drying to completely evaporate the DCM. The soil
samples were then ground using a 2 mm-mesh screening.
The final PHE concentration was 200 mg kg−1.

The piezocatalytic activity of HAP@FAP-x was evaluated by
using PHE as the target pollutant in soil. An ultrasonic
cleaner was used (KQ3200DB, 600 W and 45 kHz) to provide
periodic local mechanical strain to the nanostructures. The
proposed processing diagrams of phenanthrene removal in
soil and the degradation experiments are shown in Fig. 10
and S1.† Here, 2 g contaminated soil and 20 mg catalysts
were dispersed uniformly in 20 mL deionized water by an
oscillator. Prior to degradation, the mixture was stirred for 1
h in the dark to obtain adsorption/desorption equilibrium.
Afterwards, the resultant solution was put into the above
ultrasonic source and then subjected to a certain stress. Next,
a 1 mL suspension was sampled out at regular intervals,
followed by freeze-drying to obtain dry soil samples. Then
DCM was added into the samples for the extraction of the
residual PHE assisted by ultrasound for 2 h. Then, the
suspension was centrifuged, and the supernatant was filtered
by a 0.22 μm membrane. The concentration of residual PHE
was determined by GC-MS with DCM used as the mobile

Fig. 10 Diagram for the proposed processing of phenanthrene
removal in soil under ultrasonic treatment.
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phase. The specific parameters of the GC-MS tests are
detailed in the National Environmental Protection Standard
of China HJ 805-2016 and are listed in Table S1.† Fig. S2†
shows the standard curve (R2 = 0.999) and extraction
efficiency of PHE from the soil. All the average recovery rates
at different concentrations of PHE exceeded 95%.
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