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A B S T R A C T   

Selective oxidation of 5-hydroxymethylfurfural (HMF) to 5-formyl-2-furancarboxylic acid (FFCA) is a critical 
reaction for producing value-added chemicals from biomass. The challenge for this reaction is to develop an 
efficient catalytic process that can be conducted under mild conditions. Herein, we first propose piezocatalytic 
HMF oxidation using a Pt decorated hydroxyapatite (HAP) piezocatalyst (Pt/HAP). The introduction of Pt on 
HAP creates an interfacial electric field. The couple of nonlocal piezoelectric field and localized interfacial 
electric field greatly promotes both the bulk and surface charges transfer. Moreover, Pt not only promotes the 
separation of piezo-induced charges but also activates oxygen molecules and organic functional groups of the 
substrates. Compared with pristine HAP, Pt/HAP exhibits outstanding piezocatalytic activity, which reached 
96% HMF conversion and 70% FFCA yield in 2 h under room temperature. A wide range of aldehydes and al-
cohols, such as fatty aldehydes, furan aldehydes, fatty alcohols, and ethylene glycol, were all oxidized to car-
boxylic acids. This work provides a novel method on utilizing piezocatalysis for biomass conversion.   

1. Introduction 

Biomass is the only promising renewable non-fossil-based carbon 
resource with advantages of abundant reserves, easy accessibility, and 
utilization without changing the current carbon balance of the 
ecosystem [1–6]. 5-Hydroxymethyl-furfural (HMF), the dehydration 
product of C6 carbohydrates, is regarded as an important platform 
molecule to produce various high-value-added chemicals [7,8]. HMF 
possesses two functional groups, the alcoholic group and the aldehydic 
(-CH2OH and -CHO). The oxidation of HMF could produce 2,5-diformyl-
furan (DFF), 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), 5-for-
myl-2-furancarboxylic acid (FFCA), 2,5-furancarboxylic acid (FDCA). 
Over the past decades, much research has been focused on the oxidation 
of HMF to DFF, HMFCA and FDCA with a great success [9–11]. How-
ever, the oxidation of HMF to 5-formyl-2-furancarboxylic acid (FFCA), 
which possesses two functional groups (-CHO and -COOH) and exhibits 
considerable potential in medicine and furan-based polyesters [12,13], 
was rarely reported. The deep oxidation to one carboxylic (-COOH) 
group while prohibiting one aldehydic group (-CHO) deep oxidation 
makes the selective production of FFCA difficult. The catalytic oxidation 
of HMF to FFCA was reported at elevated temperatures and high oxygen 
pressure but with low activity in the air [14]. Enzyme catalysis realized 

the mild oxidation of HMF to FFCA but with the short process-life and 
instability of enzymes [15]. Therefore, developing new routes for 
high-efficiency transformation from HMF to FFCA under mild conditions 
is still a challenging target. 

Recently, piezocatalysis driven by mechanical energies (such as sonic 
waves, tide, wind, and atmospheric pressure) has attracted widespread 
attention [16–21]. The piezo-potential induced by stress can induce a 
giant electric field, which drives the separation and migration of elec-
trons and holes to participate in the surface reaction under mild con-
ditions. Piezoelectric-based catalysis relies on the charge separation 
efficiency. Compared with photo-driven charges separation [22], 
stress-induced charge carriers show much lower efficiency. The couple 
of piezocatalysis and photocatalysis, namely piezo-photocatalysis, was 
generally employed to improve the efficiency [23]. Up to now, some 
successes have been achieved on the piezocatalytic degradation of 
organic pollutions and water splitting [24–26], while either piezoca-
talysis or piezo-photocatalysis has never been realized in biomass con-
version to produce valuable chemicals. 

Herein, we first propose a novel piezocatalytic approach toward the 
selective oxidation of HMF into FFCA. Hydroxyapatite 
(Ca10(PO4)6(OH)2, HAP), whose piezoelectricity originates from the 
ferroelectric ordering of the OH– ions along the [001] direction, was 
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used as the piezoelectric materials [27–29]. Pt nanoparticles were 
loaded on the HAP to construct an interfacial electric field and thus 
boost stress-induced charges separation. Moreover, Pt could effectively 
active O2 molecules and organic functional groups of the substrates. 
Compared with HAP, Pt/HAP catalyst improves catalytic activity, 
showing 96% HMF conversion and 70% FFCA yield in the air under 
ultrasonic vibration at ambient temperatures while pristine HAP was 
nearly inactive. This work will provide new inspirations on utilizing 
mechanical energies for biomass conversion. 

2. Experimental section 

2.1. Reagents 

All commercial chemicals of analytical grade were used without 
further purification. 5-Hydroxymethylfurfural (HMF)，5-hydrox-
ymethyl-2-furancarboxylic acid (HMFCA), 5-formyl-2-furancarboxylic 
acid (FFCA) and 2,5-furan dicarboxylic acid (FDCA) were purchased 
from Aladdin Industrial Corporation. The commercial HAP was pur-
chased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Item No. 
H106378). HNO3, methanol, 4-benzoquinone (BZQ) and isopropanol 
(IPA) were purchased from Tianjin Kermel Chemical Reagent Co. Ltd. Bi 
(NO3)3⋅5H2O, Na2WO4, NaOH, KIO3, CaCl2, CuCl2, (NH4)2HPO4, 
CH3CH2OH, HCOOH, CH3COOH, HCHO, CH3CHO, CH3CH2CH2OH, 
CH3CH2CHO, CH3CH2COOH were purchased from Tianjin Damao 
Chemical Reagent Factory. Furfural, furan carboxylic acid, 5-Bromo-2- 
furaldehyde, 5-Bromofuran-2-carboxylic acid, ethylene glycol, and gly-
col acid were purchased from Innochem Chemical Reagent Co. Ltd. 

HAuCl4⋅4H2O, H2PtCl6⋅6H2O, IrCl3⋅xH2O and RuCl3⋅xH2O were pur-
chased from CNMC Shenyang Research Institute of Nonferrous Metals. 
Water was purified using a Millipore Milli- 57Q Advantage A10 water 
purification system to a resistivity higher than 18 MΩ.cm. Ar 
(>99.999%) and H2 (>99.999%) were provided by Dalian Junfeng Gas 
Chemicals Co. Ltd. 

2.2. Catalyst preparation 

The HAP-supported catalyst with 3 wt% weight of metal was pre-
pared by the impregnation method. Typically, 0.5 g commercial HAP 
was dispersed in 20 mL deionized water with a certain volume of HxMCly 
mH2O solution. After stirring for 24 h, the mixture was placed on a 150 
ºC heating plate to evaporate the water. The obtained powder was then 
reduced at 400 ºC by H2 (20 mL⋅min− 1) for 3 h with a ramp rate of 2 ºC 
min− 1. The above catalysts were named Au/HAP, Rh/HAP, Ir/HAP, and 
Pt/HAP. 

2.3. Characterization 

X-ray diffraction (XRD) patterns were recorded on Bruker D8 
Advance (Cu Kα = 1.5404 Å) to analyze the phase and structure with a 
scanning rate of 0.05◦ s− 1 from 10◦ to 90◦. Transmission electron mi-
croscope (TEM) and high-resolution transmission electron microscopy 
(HRTEM) were measured on a JEOL 2100-F (JEOL, Japan) microscope 
with an accelerating voltage of 200 kV. X-ray photoelectron spectros-
copy (XPS) was recorded on a VG Multi lab 2000 (VG Inc.) photoelectron 
spectrometer using monochromatic Al Kα radiation as the excitation 

Fig. 1. (a) The XRD patterns of HAP and Pt/HAP. (b) High-resolution XPS spectra of Pt 4f. (c) HRTEM image of Pt/HAP. (d) Elemental mapping images of Pt/HAP.  
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source under vacuum at 2 × 10 − 6 Pa. The charged correction of binding 
energy was conducted with the C 1 s = 284.80 eV. Energy Dispersive X- 
ray Spectroscopy (EDS) was conducted on SU8010 field-emission scan-
ning electron microscope (FESEM, Hitachi, Japan). UV–vis diffuse 
reflectance spectra (UV–vis DRS) were recorded on a UV–vis spectro-
photometer (Agilent UV-550) at room temperature in the range of 
200–800 nm with BaSO4 as the background. The electron paramagnetic 
resonance (ESR) experiment was conducted on a Bruker spectrometer at 
X-band under room temperature with a field modulation of 100 kHz. 

The formaldehyde adsorption FTIR spectra were recorded using a 
Thermo Scientific Nicolet iS10 IR spectrometer. PFM measurements 
were done upon a Bruker Dimension ICON atomic force microscope 
(AFM) equipped with a ferroelectric test system; the Pt/HAP suspension 
was spin-coated onto a Pt deposited SrTiO3 substrate. During the PFM 
characterization, the AC bias for the measure in amplitude and phase 
images was 0 V, and the resonance frequency for measuring the 
butterfly-shaped amplitude curve and the hysteresis loop was 275.5 
kHz. The ferroelectric property of Pt/HAP was studied by a ferroelectric 
analyzer (aixACCT TF-2000E) at 8000 mV and 1 Hz under room tem-
perature. The Pt/HAP sample was pressed in a tablet (diameter of~ 10 
mm and thickness of ~ 1 mm) without further annealing, then silver 
paste was applied to both sides of the tablet (effective area of ~30 mm2). 
Electrochemical tests were conducted in an Autolab (PGSTAT302N) 
workstation with a conventional three-electrode cell system: both the 
working electrode and the counter electrode were Pt sheets and a 

saturated calomel electrode was used as the reference electrode. 30 mg 
of HAP or Pt/HAP was dispersed in 30 mL of 0.5 mol L− 1 Na2SO4 
electrolyte. The Mott-Schottky plot of HAP or Pt/HAP was taken at a 
frequency of 1 kHz. It should be noted that the direction of the current 
(positive or negative) depended on the open circuit potential, which was 
positive during the analysis and likewise the current response. 

2.4. Piezocatalytic HMF oxidation 

Piezocatalytic experiments were conducted in a cylindrical jacketed 
Teflon reactor. Ultrasonic irradiation was provided by an ultrasonic 
generator (Xi ’an Taikang, China), equipped with a titanium probe 
transducer that emits ultrasound waves at 20 kHz and provides a set 
power output of 400 W. An ultrasonic probe with a tip diameter of 10 
mm was inserted into the solution at a depth of 6 cm without touching 
the bottom of the Teflon reactor. The sonication was performed in a 
pulse mode of 3.0 s On and 2.0 s Off. Typically, 50 mg Pt/HAP catalysts, 
3.2 mmol L − 1 HMF, and 10 mL deionized water were added into the 
reactor under air atmosphere for 2 h. After the reaction, a transparent 
solution was obtained by using a 0.22 µm organic filter membrane, 
which was further analyzed on HPLC. 

2.5. HPLC analysis 

A high-performance liquid chromatography (HPLC, Shimadzu 

Fig. 2. PFM images of Pt/HAP. (a) Topography. (b) Amplitude. (c) Phase. (d) Amplitude butterfly and phase hysteresis loops.  
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Prominence LC-20 CE) with an ultraviolet-visible detector (265 nm) and 
an XBridge C18 column (4.6 mm × 150 mm, 5 µm) was used to analyze 
the concentration of HMF and its oxidation product. The mobile phase 
was V(H2SO4, 0.05 wt%): V(CH3OH) = 80:20 with a flow rate of 0.5 mL/ 
min, and the column temperature was 40 ºC. Sample solutions (30 μL) 
were diluted with 1.47 mL of 0.05 wt% H2SO4, and 10 μL of a diluent 
was injected using an autosampler. The calibration curves of pure HMF, 
HMFCA, FFCA, and FDCA standard solutions were further recorded to 
quantify the HMF conversion and HMFCA, FFCA, and FDCA yield. 
Conversion of HMF, the yield of HMFCA, FFCA, and FDCA were calcu-
lated as follows: 

HMF Conversion (%) = [n(HMF consumed)/n(HMF initial)] × 100%. 
HMFCA Yield (%) = [n(HMFCA)/n(HMF initial)] × 100%. 
FFCA Yield (%) = [n(FFCA)/n(HMF initial)] × 100%. 
FDCA Yield (%) = [n(FDCA)/n(HMF initial)] × 100%. 
n(HMF consumed) is the molar amount of consumed HMF during the 

reaction and n(HMF initial) is the initial molar amount of HMF. n 
(HMFCA), n(FFCA) and n(FDCA) represent the molar of HMFCA, FFCA 
and FDCA, respectively. 

Fig. 3. (a) DRS spectrum. (b) Mott-Schottky plots. (c) Transient open-circuit voltage decay (OCVD) curves. (d) The average lifetime distribution of piezo-induced 
charge carrier. (e) Transient piezocurrent response under the vibration. (f) Electrochemical impedance spectroscopy (EIS). 
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2.6. DFT calculation 

All of the first-principles electronic structure calculations were car-
ried out using the Vienna ab initio simulation package (VASP) [30], one 
density functional theory implementation. The exchange-correlation 
potential was described by the Perdew–Burke–Ernzerhof (PBE) [31] 
formulation of the generalized gradient approximation (GGA). The 
ion-electron interactions were represented by the projector augmented 
wave (PAW) [32] method. A plane-wave basis set with an energy cutoff 
of 400 eV was used. The k-point sampling was performed using the 
Monkhorst–Pack scheme [33]. The electronic self-consistent minimiza-
tion was converged to 10–5 eV, and the geometry optimization was 
converged to − 0.02 eV. The lattice constants of HAP were optimized to 
be a = b= 9.424 Å and c = 6.879. Å. We used them to build a (1 × 1) 
(001) slab. A 4 × 4 × 1 k-point mesh was used. Four Pt atoms were used 
to show the Pt nanoparticle loaded on HAP (001). The work functions 
were calculated using HAP (001) and Pt (111). 

3. Results and discussions 

3.1. Crystal structure and chemical compositions 

The Pt/HAP was prepared via an impregnation method. H2PtCl6 was 
impregnated on HAP, followed by reduction at 400 ◦C under H2 atmo-
sphere. The crystal structures of the samples were characterized by X-ray 
diffraction (XRD). All diffraction peaks are in good agreement with 
hexagonal phase HAP (JCPDS card NO. 09-0432) (Fig. 1a). No diffrac-
tion peaks assigned to Pt are observed on Pt/HAP, which is due to its low 
content and high dispersity [34]. X-ray photoelectron spectroscopy 
(XPS) was conducted to investigate the valence states and surface 
elemental composition of Pt/HAP. The survey scan spectrum of Pt/HAP 
reveals the presence of Ca, O, P, and Pt elements (Fig. S1a). The Pt 4 f 
signal could be deconvoluted into two peaks located at 70.9 eV and 74.3 
eV, which are assigned to 4 f7/2 and 4 f5/2 of Pt0 (Fig. 1b) [35]. 

Fig. 4. (a) Piezocatalytic HMF oxidation over various catalysts. Reaction conditions: 10 mL of HMF aqueous solution (3.2 mmol L− 1), 50 mg of catalysts, 1 atm air, 
2 h. (b) Time curve of HMF oxidation. (c) Two possible pathways of HMF oxidation to FFCA. 

Table 1 
Piezocatalytic oxidation of aldehydes and alcohols.  

Entry Substrate Product Conversion / 
% 

Yield / 
%  

1 71  62  

2 89  84  

3 96  78  

4 66  46  

5 62  54  

6 65  43  

7 77  68  

8 83  68  

9 58  47 

Reaction conditions: 10 mL of substrate aqueous solution (3.2 mmol L− 1), 
50 mg of Pt/HAP, 1 atm air, 4 h. 
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Compared with pristine HAP, the peaks of O 1 s, Ca 2p and P 2p shift 
towards lower binding energy due to the strong interaction between Pt 
and HAP (Fig. S1b-d) [36]. As shown by the high-resolution trans-
mission electron microscope (HRTEM), Pt nanoparticles with a size of 
5–10 nm are dispersed on HAP support, and the lattice space of the Pt 
(111) plane is observed (Fig. 1c) [37]. Element mapping spectra further 
shows that Pt is homogeneously distributed on the surface of HAP 
(Fig. 1d). The intimate contact between Pt and HAP could be favorable 
for the migration of piezo-induced charges. 

3.2. PFM characterizations 

Piezoelectric force microscopy (PFM) was carried out to investigate 
the piezoelectric properties of the Pt/HAP. A coarse surface with bright 
spots can be seen in the topography image owing to the decoration of Pt 
(Fig. 2a) [38]. The signal disturbance of Pt nanoparticles further affects 
the contrasts in the amplitude and phase images (Fig. 2b and c). The 
amplitude− voltage butterfly loop and phase− voltage hysteresis loop 
reveal the excellent piezoelectric nature of Pt/HAP (Fig. 2d, Fig. S2a-d), 
whose maximum amplitudes could reach about 350 pm. 

3.3. Piezoelectrical charges properties 

The photoelectric behavior of the samples was further studied. 
UV–vis diffuse reflectance spectra (DRS) reveal the broadening of ab-
sorption range and the color of catalysts turned brown from white 
(Fig. 2a). To analyze the energy band structure of catalysts, Mott- 
Schottky plots were carried out to determine the position of the flat 
band (Fig. 2b). The positive slopes of curves revealed typical n-type 
semiconductor properties. The flat-band potentials of HAP and Pt/HAP 
were estimated to be − 0.83 V and − 0.94 V. The conduction band (CB) 
position was more negative about 0.2 V than the flat band potential for 
most n-type semiconductors [39]. Therefore, the CB of HAP and Pt/HAP 

were estimated to be − 0.63 V and − 0.74 V (Fig. S3, Table S1) [40]. 
Open-circuit voltage decay (OCVD) was conducted to investigate carrier 
dynamics (Fig. 2c). A piezo-induced voltage decrease was evidenced 
under vibration. The average lifetime for Pt/HAP, especially the 
long-lived distribution (τ > 100 s, black double-headed arrow), is 
longer than that of pristine HAP (Fig. 2d), indicating an improved carrier 
dynamic [41]. The immobilization of Pt on HAP promotes piezo-induced 
carrier separation as demonstrated by the piezocurrent and electro-
chemical impedance spectroscopy (EIS) characterizations. Compared 
with pure HAP, Pt/HAP exhibits a stronger piezocurrent signal (Fig. 2e). 
EIS reveals that Pt/HAP owns less charge transfer resistance (Fig. 2f). 
The decoration of Pt on HAP significantly promotes the separation and 
migration of charge carriers. 

3.4. Piezocatalytic oxidation 

We then performed the piezocatalytic HMF oxidation under vibra-
tion (20 kHz) in H2O solvent and air atmosphere (Fig. 4a, Fig. S4). Most 
of the widely used catalysts, such as Bi2WO6, Bi4Ti3O12, BiOIO3 were 
inactive for this reaction. HAP showed low activity with 1% yield of 
FFCA, while the immobilization of metals could enhance piezocatalytic 
activity (Fig. S5). Pt/HAP shows the best performance with 96% HMF 
conversion and 70% FFCA yield in 2 h. A comparison of HMF oxidation 
to FFCA of different catalysts was shown in Table S2 [42–45]. The at-
mosphere shows a significant effect on HMF oxidation. The replacement 
of air with argon significantly decreases the reaction activity, indicating 
the oxidation is majorly conducted by oxygen (Fig. S6). Besides, blank 
experiments reveal that ultrasonic-induced stress plays a key role in the 
catalytic oxidation reaction, and only 17% yield of FFCA was obtained 
without ultrasonic vibration (Fig. S7). 

There are two possible pathways for the oxidation of HMF to FFCA. 
In path 1, the hydroxylic group of HMF is first oxidized to afford DFF and 
then further oxidized to FFCA. In path 2, the aldehydic group of HMF is 

Fig. 5. (a) Charge density difference diagram of Pt/HAP with the adsorption of O2 molecule. (The yellow and cyan area represents electron accumulation and 
depletion, respectively) (b) ESR spectra of DMPO-•O2

− in methanol. (c) ESR spectra of DMPO-•OH in water. 
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first oxidized to afford HMFCA, which is then further oxidized to FFCA. 
The time curves of HMF oxidation over Pt/HAP were recorded to explore 
the reaction route in this piezocatalytic system (Fig. 3b). Notably, no 
DFF intermediate was detected. HMFCA is detected and its concentra-
tion was first increased to a maximum and then decreased, implying 
piezocatalytic HMF oxidation probably undergoes path 2 (Fig. 3c). Pt/ 
HAP was stable under the reaction conditions and could be reused four 
times without dramatic decrease (Fig. S8a-b). The slight activity 
decrease could be ascribed to the mass loss during the recycling of the 
catalyst. To demonstrate the feasibility of this piezocatalytic approach, 
we further investigated the oxidation of other aldehydes and alcohols. 
Fatty aldehydes, furan aldehydes, fatty alcohols, and ethylene glycol 
could all be oxidized to the corresponding carboxylic acids with 58–96% 
conversion and 43–84% yield (Table 1 and Fig. S9-S17).  

3.5. Reactive oxygen species (ROS) generation 

Density functional theory (DFT) is performed to further investigate 
the activation of O2 (Fig. 5a). The charge density difference of Pt/HAP 
reveals that Pt could effectively activate O2 molecule, which was 
beneficial for the generation of reactive oxygen species [46,47]. The 
reaction mechanism was studied using trapping experiment and in situ 

electron spin resonance (ESR) using dimethyl pyridine N-oxide (DMPO) 
as a spin-trapping reagent [48]. The addition of radical-trapping reagent 
4-benzoquinone (BZQ) and isopropanol (IPA) significantly suppressed 
HMF oxidation, indicating the importance of •O2

- and •OH radical for 
this piezocatalytic progress (Fig. S18) [49]. Two characteristic signals, 
which correspond to superoxide radical (•O2

-) and hydroxyl radical 
(•OH), can be observed under vibration (Fig. 5b and c). The •OH radical 
is derived from the reduction of oxygen by the piezo-induced electrons 
[50]. Pt/HAP exhibits a stronger radical signal due to improved charge 
separation efficiency and the activation of oxygen by Pt. 

3.6. Piezocatalytic oxidation mechanism 

The adsorption of the substrate on the surface plays a key role in the 
catalytic oxidation reaction. We then investigated the adsorptive Fourier 
transform infrared spectrometer (FTIR) using formaldehyde as the probe 
molecule (Fig. 6a). After the introduction of formaldehyde vapor, 
formaldehyde molecule peaks at 1145 and 1032 cm− 1 were observed on 
HAP [51]. These peaks disappeared after evacuation, indicating the 
weak interaction on pristine HAP. In contrast, the peak at 2071 cm− 1, 
which is assigned to the adsorption of carbonyl groups on Pt sites [52], 
was still reserved on Pt/HAP after desorption. These results reveal that 
the immobilization of Pt on HAP could enhance the adsorption of the 
aldehyde group (-CHO) of the substrates. 

We further studied the oxidation progress of the aldehyde group 
using formaldehyde as the probe molecule by DFT calculation (Fig. 6b). 

Fig. 6. (a) FTIR spectra for HCHO absorption over HAP and Pt/HAP. (b) DFT calculation for the conversion of formaldehyde to formic acid over Pt/HAP. (c) 
Schematic diagram of the piezocatalytic HMF oxidation process over Pt/HAP. 
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Firstly, formaldehyde was closely adsorbed on Pt/HAP surface with 
C––O binding to Pt (Eads = − 0.96 eV) as demonstrated by the adsorptive 
FTIR characterization. The C-H bond cleavage was a rate-determining 
step and can be cleaved via hydrogen transfer to Pt or directly react-
ing with •OH radical. The direct hydrogen abstraction by •OH is ther-
modynamically more favorable with reaction energy of − 1.61 eV, while 
hydrogen transfer to Pt is endothermal. Finally, the formyl is easily 
combined with •OH radical to form formic acid with a large negative 
reaction energy (− 4.83 eV). 

Based on the above results, a possible piezocatalytic mechanism of 
HMF oxidation was proposed (Fig. 6c). Hexagonal (P63/m) HAP, whose 
piezoelectricity is ascribed to the polarization of OH– groups confined to 
the channel formed by the overlapping hexagonal calcium atoms, could 
generate a spontaneous ferroelectric polarization. The hydrogen and the 
oxygen atoms are equally distributed along [001] direction and provide 
a paraelectric arrangement of O and H atoms [53]. The ferroelectric 
polarization of HAP provides a giant piezoelectric field (E1) for sepa-
rating piezo-generated charges. The work function of the HAP is larger 
than that of Pt (Fig. S19a-b). As demonstrated by the charge density 
difference (Fig. S18c), when Pt is loaded on HAP, the electrons will 
transfer from Pt to HAP, thus forming an electric field (E2). The direction 
of this surface electric field is the same as the bulk nonlocal piezoelectric 
field of HAP, which greatly promotes the charges separation and 
migration from bulk to the Pt. When subjected to mechanical vibration, 
the electrons will smoothly migrate from bulk to Pt driven by coupling 
E1 and E2 electron fields. Activated molecular oxygen on Pt was thus 
reduced by the electrons to generate •O2

- radical, which is further 
converted to •OH radical. These active oxygen species oxidize HMF to 
FFCA. 

4. Conclusion 

In summary, we reported a novel piezocatalytic method for the se-
lective oxidation HMF to FFCA. Pt/HAP is effective for piezocatalytic 
HMF oxidation reaction. The immobilization of Pt on HAP greatly pro-
motes the separation and migration of charges from bulk to Pt due to the 
coupling of nonlocal piezoelectric field and localized surface electric 
field. Pt also enhances the adsorption and activation of O2 molecules and 
organic substrates. We believe this work will endow new inspirations on 
utilizing mechanical energy to produce value-added chemicals from 
biomass. 
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