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The synchronous harvesting and conversion of multiple renewable energy

sources for chemical fuel production and environmental remediation in a
single system is a holy grail in sustainable energy technologies. However, it is
challenging to develop advanced energy harvesters that satisfy different
working mechanisms. Here, we theoretically and experimentally disclose the
use of MXene materials as versatile catalysts for multi-energy utilization.
TizC,Tx MXene shows remarkable catalytic performance for organic pollutant
decomposition and H, production. It outperforms most reported catalysts
under the stimulation of light, thermal, and mechanical energy. Moreover, the
synergistic effects of piezo-thermal and piezo-photothermal catalysis further
improve the performance when using Ti;C,Tx. A mechanistic study reveals
that hydroxyl and superoxide radicals are produced on the Ti;C,Tx under
diverse energy stimulation. Furthermore, similar multi-functionality is realized
in Ti,CTx, V,CTx, and Nb,CTx MXene materials. This work is anticipated to
open a new avenue for multisource renewable energy harvesting using MXene

materials.

The rapid depletion of fossil fuels and worsening environmental con-
ditions have spurred continuous research endeavors in the conversion
of intermittent solar, mechanical, and thermal energy sources into
storable chemical energy'®. Diverse renewable energy harvesting
technologies, including piezo, photo, and thermal catalysis, have been
developed over the past decades and have shown great potential for
wastewater treatment and clean fuel generation*'®. Unfortunately, due
to the unpredictable availability of single-source renewable energy,
which depends on the season, climate, and geographical position”',
the conversion efficiency and stability provided by individual energy
harvesting technologies are insufficient for practical deployment.
Conventionally-designed energy harvesters normally can utilize only
one energy source and are poorly effective for capturing other energy
resources. For instance, TiO, has been widely investigated in

photocatalysis, but it shows no activity for piezo or thermal catalysis.
Consequently, significant amounts of other forms of harvestable
energy are wasted, thus hindering the maximization of the energy
conversion capability.

To break through limitations, a promising strategy is to develop
advanced energy harvesters that can capture multiple energy sources.
Generally, hybrid devices are constructed by embedding individual
harvesters made of different materials into one system, but this is
restricted by various material incompatibility and fabrication chal-
lenges. As such, research efforts have departed from the traditional
paradigm of fabricating hybrid devices and shifted to the development
of single-composition energy harvesters. Nevertheless, realizing such
multi-functionality remains daunting due to the need to simulta-
neously satisfy different energy conversion mechanisms within a single
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material. Especially, different energy conversion effects should be
independent or coupled, instead of counteracting each other.

In the last decade, MXenes, with a formula of M, , {X,,T, (X is
C or N, and T, are surface O, OH, and/or F groups), have expan-
ded rapidly into an extensive family of two- dimensional (2D)
materials'>. The versatile compositions and rich chemistry of
MXenes give them great potential for diverse energy storage
applications. Specifically, the abundant surface groups of F, O,
and OH reduce the symmetry of MXenes, which may create polar
domains that allow the material to be activated by mechanical
vibrations?*"*, Additionally, MXenes with excellent metallic con-
ductivity feature electronic properties similar to noble metals and
can be used as thermal catalysts®®>*. Furthermore, MXene exhi-
bits intense surface plasmon excitation, ensuring efficient and
broad solar light absorption®*. These combined unique polar,
electronic, and optical properties make MXene materials pro-
mising candidates for the simultaneous conversion of multi-
source mechanical, thermal, and solar energies. However, there is
no report on the exploration of MXenes as a versatile catalyst for
such a purpose.

Herein, we theoretically and experimentally validate the utiliza-
tion of multiple energy sources by MXene materials. As a typical
example, 2D Ti;C,Tx MXene prepared by the HF etching of Ti5AlIC,
showed efficient piezo, thermal, and photothermal catalytic activity
under stimulation of diverse energy sources, including vibration, flow,
heating, and NIR light. The material outperformed most reported
catalysts, representing an outstanding material for diverse energy
utilization. Superoxide and hydroxyl species were generated during
these processes. The synergistic effects of piezo-thermal and piezo-
photothermal catalysis further improved the performance of Ti;C,Tx.
Similar to Ti;C,Ty, the Ti,CTy, VoCTx, and Nb,CTx MXene materials
showed promising multifunctional catalytic properties.

fo-oe-

Fig. 1| Energy bands and crystal structures of Ti;C, and Ti;C,Tx. a-d Calculated
energy bands and dipole moments of Ti;C, and Ti;C,Tx monolayers. e Top view of
the monolayer Ti;C,Tx crystal structure with the tensile deformation of the sim-
plified Tx-Ti hexagonal structure (upper) and Ti-C hexagonal structure (lower),

Results

Theoretical and experimental study of MXene

To explore the possibility of using MXenes as multisource energy
harvesters, a series of density functional theory (DFT) calculations and
experimental characterizations were carried out to investigate their
polar, electronic, and optical properties. Ti;C,Tx are the most com-
mon MXenes, so they were studied first. As shown in Fig. 1a-d, typical
TizC,Tx structure models terminated without or with different OH, F,
and mixed F-OH functional groups were constructed. Generally, pie-
zoelectricity originates from the non-centrosymmetric nature of a
material, which leads to the generation of electric dipoles. Therefore,
the electric dipole moment is a key indicator of piezoelectric materials.
To reveal the possible piezoelectric properties of TisC,Tx, the dipole
moments of these structures were calculated. Pure Ti;C, without
functional groups showed neither in-plane nor out-of-plane dipole
moments due to its centrosymmetric structure (Fig. 1a). When Ti;C,
was functionalized with only a single functional group, the resultant
TizC,Tx possessed a 2D hexagonal crystal structure composed of a Ti-C
skeleton and surface terminal T (T=OH or F) groups. If the functional
groups were located at a symmetrical position of the Ti;C,Ty, there
would be no dipole moment. However, if the functional group was
introduced at an asymmetric position, a permanent dipole moment
perpendicular to the 2D molecular plane was observed (values of
-0.088 and 0.038 eA were observed for F- and OH-terminated TisC,,
respectively), indicating obvious piezoelectricity (Fig. 1b, ¢ and Sup-
plementary Table 1). Moreover, when two or more kinds of functional
groups were present, regardless of whether they were located in
symmetrical (Fig. 1d) or asymmetrical sites (Supplementary Fig. 1), an
obvious permanent dipole moment was induced (Supplementary
Table 1). We have also investigated the influence of the number of
layers on the dipole moment of Ti;C,Tx. The dipole moment of mul-
tilayer TizC,Tx (5 layers) was comparable to that of monolayer Ti;C,Tx,
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causing the piezoelectricity. f Side view of the monolayer TizC,Tx crystal structure
and the simplified model of the crystal structure deformation during a tensile
process in the x-z plane of Tx-Ti (upper) and Ti-C (lower) bonds, causing the
piezoelectricity.
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Fig. 2| Characterization of Ti;C,Tx. a SEM image, b HRTEM image, XPS spectra of Ti3C,Tx: ¢ Ti2p, d O Is, e F 1s. f AFM image, g PFM image of Ti;C,Tx. h Amplitude-voltage
curve of TizC,Ty. i Light irradiation-temperature curve of Ti;C,Tx. j The thermal images of the Ti;C,Tx.

suggesting that the number of layers had little effect on the dipole
moment (Supplementary Table 2 and Supplementary Note 1).

The transformation from non-piezoelectric TizC, to piezoelectric
Ti;C, T originated from changes in the crystal structure. Based on the
structure models, monolayer Ti;C, without functional group belongs
to the P_3ml space group, which exhibits an inverted symmetry and is
intrinsically non-piezoelectric. As the surface was functionalized by Tx
groups (T=F, OH, 0), the Wyckoff positions of the Ti;C,Tyx materials
changed. The space group of the MXene changed from P_3m1 to P3ml1,
which is non-centrosymmetric, therefore giving TizC,Tx piezoelectric
properties (Supplementary Table 3). As specifically illustrated in
Fig. le, from the x-y plane (top view), Ti;C,Tx has a honeycomb lattice
structure. From the side view, it is clear that the atomic structure can
be divided into Ti-C combinations in the center and Ti-Tx functional
groups at both terminals (Fig. 1f). Because the Ti-Tx functional groups
were located at non-equivalent positions, the crystal structure
obviously lacks the inverted symmetry center along the x-y plane,
which gave Ti;C,Tx MXene in-plane piezoelectric properties, i.e., the
generation of a net polarization along the x-y plane®. This may lead to
obvious piezoelectricity of the Ti;C,Tx structure?”?s, In addition, DFT
calculations revealed that Ti;C,Tx with different functional groups (F,
OH) all exhibited metallic energy band structures (Fig. 1). The metallic

MXene demonstrated high thermal catalytic dehydrogenation per-
formance comparable to that of noble metals®.

Based on the theoretical calculations, we prepared the Ti;C,Tx
MXene by chemically etching Ti;AIC, using an HF solution. Supple-
mentary Fig. 2 shows the XRD patterns of the Ti3AIC, precursor and
Ti;C,Tx product. After HF etching, the characteristic peaks of Ti;AIC,
from 33° to 43° disappeared. Compared with Ti;AIC,, the (002) peak
was broadened and shifted towards a smaller angle. These changes
confirmed that Al atoms were successfully extracted from TizAlIC,*.
Figure 2a, b shows the morphology and microstructure of the Ti;C,Tx
sample characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). TisC,Tx possessed a stacked-
layer structure with opened interspaces. The layer spacing was deter-
mined to be 0.98 nm, as shown in the HRTEM image (Fig. 2b). More-
over, the chemical composition and surface state of Ti;C,Tx were
investigated by X-ray photoelectron spectroscopy (XPS). As illustrated
in Fig. 2c, two pairs of peaks are observed in the Ti 2p spectrum,
corresponding to the 2p;, and 2p;, orbitals of Ti(lll) and Ti(IV)
species®. The high-resolution C 1s spectrum shows two main peaks at
281.6 and 284.6 eV, which were assigned to C-Ti and C-C bonds,
respectively (Supplementary Fig. 3)*°. Notably, the O 1s spectrum
(Fig. 2d) reveals two peaks, one at 529.9 eV belonging to O-Ti bonds
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Fig. 3 | Catalytic degradation of MB. a The piezocatalytic efficiency of methylene
blue (MB) degradation over Ti;AIC, and TizC,Tx. b MB removal ratio and the cor-
responding rate constants over different polar semiconductors after 60 min soni-
cation. ¢ Piezocatalytic degradation of MB on different samples at 298 K under

continuous stirring (1000 rpm) in the dark. d, e Thermal catalytic degradation of
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MB over TizC,Tx and the corresponding rate constants. f-h Piezo-thermal catalytic
degradation of MB over Ti;C,Tx and the corresponding rate constants. All the data
in (a-h) were collected three times, and the error bars represent the standard
deviation.

and another at 532.2 eV, indexed to -OH bonds. In addition, F ions were
also detected on the surface of Ti;C,Tx (Fig. 2e). The results suggest
the successful preparation of MXene Ti;C,Tyx, which was functiona-
lized with F, O, and OH groups. In light of the theoretical calculations,
the arrangement of the different functional groups broke the sym-
metry of the TizC, Ty, regardless of their location. Thus, a piezoelectric
effect is expected in the HF-etched Ti;C,Tx.

To further experimentally investigate the piezoelectricity of the
TisC,Tx, piezoresponse force microscopy (PFM) was carried out.
TizC,Tx material with a thickness of ca. 140 nm was clearly detected in
the AFM image (Fig. 2f and Supplementary Fig. 4). The relative
amplitude image (Fig. 2g) and typical butterfly amplitude loop (Fig. 2h)
confirmed the piezoelectricity of Ti;C,Tx*’. Based on the amplitude-
voltage curve, the piezoelectric coefficient of TisC,Tx was calculated to
be 192.38 pm/V. Therefore, it could be utilized as a catalyst to capture
mechanical energy.

The optical properties of Ti;C,Tx samples were measured by
diffuse reflectance spectroscopy (DRS). As presented in Supplemen-
tary Fig. 5a, Ti;C,Tx showed efficient light absorption in the UV-Vis-NIR
region with a notable surface plasmon resonance (SPR) peak, similar to
that of noble metal nanostructures. Literature reports have shown that
the plasmon energy is determined by an interplay between interband
transitions and boundary effects correlated with the size and thickness

of TizC,Tx flakes. This offers a potential method to tune the plasma
frequencies over a large spectral range from the visible to near-
infrared region*~**. Multiple plasmon resonance modes, including
dipole and multipolar, were observed over a wide range of resonance
wavelengths in Ti;C,Tx flakes”. Moreover, the light reflectance of
TizC,Tx from 250 to 2000 nm was lower than 15% (Supplementary
Fig. 5b), implying strong light absorbance (>85%) of the material within
the solar spectrum. Because of the high light harvesting properties, the
photothermal effect of TizC,Tx was measured. As shown in Fig. 2i, j,
under simulated 1 sun irradiation, the temperature of the Ti;C,Tx rose
rapidly from 299 to 350 K within 240 s and cooled down to 299 K when
the simulated solar light was switched off, validating a significant light-
induced heating effect. The broadband light capture ability, along with
the excellent photothermal conversion, highlights the potential of
using TisC,Tx for solar energy harvesting and utilization.

Piezo and thermal catalytic performance of MXene

Encouraged by the above theoretical and experimental investigations,
the catalytic applications of the Ti;C,Tx MXene sample was system-
atically measured under stimulation by diverse energy resources to
evaluate its ability to use multiple energy sources. As shown in Fig. 3a,
TizC,Tx was first evaluated under sonication for methylene blue (MB)
degradation to test its piezocatalytic performance. In the absence of
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Fig. 4 | Photothermal catalytic degradation of MB over Ti;C,Tx and reaction
mechanism. a Schematic diagram of the photothermal catalysis test.

b Photothermal catalytic degradation of MB under NIR light irradiation of
700-1200 nm. ¢ Transient current response of Ti;C,Tx under sonication. d The
concentration of *OH and +O,™ over Ti;C,Tx under different reaction conditions

within 30 min. e Fluorescence spectra of TA solution over Ti;C,Tx under sonication
at 338 K. f The absorbance of NBT molecule over Ti;C,Tx under sonication at 338 K.
g Reaction mechanism of Ti;C,Tx for organics degradation under the stimulation
of different energy sources. All the data in (b, d) were collected three times, and the
error bars represent the standard deviation.

TisC,Ty, the absorption peak of MB was almost unchanged within
60 min, indicating that MB was difficult to decompose by sonication.
However, with the assistance of Ti;C,Tx, MB was rapidly degraded
upon increasing the reaction time and almost disappeared after soni-
cation for 60 min (Supplementary Fig. 6). The MB removal efficiency
reached 91%. No peak shift or new peaks occurred at low wavelengths,
suggesting thorough degradation of MB. In addition, the IR spectra of
the TizC,Tx before and after the catalytic reaction were measured to
study the dye adsorption on the catalyst surface (Supplementary
Fig. 7). No typical band for MB was observed. The identical IR spectra
indicate that MB was degraded rather than adsorbed on the surface of
Ti;C,Tx. The corresponding total organic carbon (TOC) content of the
MB solution before and after the piezocatalytic reaction was measured
to be 1.9 and 0.45 mg/L, respectively. The result further verified that
most MB was degraded to CO,, showing the excellent piezocatalytic
performance of the TizC,Tx driven by mechanical energy. Moreover, in
the presence of Ti;AIC,, the absorption peak intensity of MB was
slightly decreased. The weak activity of TisAlC, might be caused by the
leaching of Al during sonication and surface functionalization by
oxygen-containing functional groups. As evidenced by the ICP analysis

(Supplementary Note 2), noticeable AI** was detected in the reaction
solution of Ti5AIC, after the catalytic activity test (0.5 mg/L). In addi-
tion, the XPS characterization of the used Ti;AlC, showed that obvious
Ti-O bonds were generated on the surface (Supplementary Fig. 8),
indicating the partial transformation of TizAIC, to Ti;C,Tx with O and
OH groups during the catalytic reaction. This was the reason for the
weak activity of TizAlC,.

To highlight the remarkable piezocatalytic performance of
Ti;C,Tx, a variety of semiconductor piezocatalysts was prepared
(Supplementary Figs. 9-16) and used to degrade MB under identical
conditions. These catalysts are widely studied piezoelectric materials
with considerable catalytic performance, according to a literature
survey. As shown in Fig. 3b, Ti;C,Tx revealed much higher activity than
reported piezoelectric semiconductors (Supplementary Fig. 17). Also,
the catalytic performance was higher than most reported piezo-
catalysts in the literature (Supplementary Table 4). Taking the optimal
polar Bi,WO, nanosheet semiconductor as an example, it displayed
the best piezocatalytic MB degradation with a rate constant of
0.012 min™ (Fig. 3b). Nevertheless, the MB degradation was only one-
third of that obtained using TizC,Tx. In light of the high performance of

Nature Communications | (2023)14:4183
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TisC,Tx under sonication, its piezocatalytic activity was further eval-
uated under hydraulic forces driven by magnetic stirring (1000 rpm)
because the flow is more common and gentler mechanical energy in
natural environments*’. The performance of the optimal Bi,WOg
semiconductor was also investigated as a comparison. As shown in
Fig. 3¢, Bi;WOg exhibited almost no catalytic activity under stirring. In
sharp contrast, Ti3C,Tx removed nearly 70% of MB within 60 min with
the assistance of stirring in the dark (Supplementary Fig. 18). These
results verify that TizC,Tx MXene is an excellent candidate for har-
vesting and converting mechanical energy.

During the piezocatalytic tests, we found that in the presence of
Ti;C,Tx without sonication or stirring, MB was still gradually degraded
at 298 K in the dark (Fig. 3c). Because the surface area of TisC,Tx was
very low (2.8 m%*/g, Supplementary Table 5), and the catalytic reaction
was carried out after pre-adsorption treatment, adsorption was unli-
kely to be the reason for MB removal. To confirm this inference, con-
trol experiments were performed. The surface charge of the TizC,Tx
was first investigated by zeta potential analysis (Supplementary
Fig. 19a), which showed that the surface of MXene was negatively
charged. Nevertheless, due to the small surface area of Ti;C,Tx, the
adsorption capacities for three different dyes were low (Supplemen-
tary Fig. 19b). In addition, the possible influence of mass transfer on the
adsorption process was also investigated (Supplementary Fig. 19c¢).
The adsorption capacity of MXene without stirring was comparable to
that of MXene during low-speed stirring (50 rpm). Therefore, it is
suggested that TizC,Tx can utilize ambient heat to catalyze MB
degradation rather than adsorbing MB.

Moreover, the thermal catalytic degradation of MB at different
temperatures was been investigated over TizC,Tx MXene. As pre-
sented in Fig. 3d, MB was efficiently removed from 298 to 338K.
Increasing the temperature accelerated the reaction. At 338 K, MB was
completely removed within 60 min without stirring, and the rate
constant was determined to be 0.06 min (Supplementary Fig. 20 and
Fig. 3e). In contrast, most polar semiconductors were completely
inactive at 338 K (Supplementary Fig. 21). The efficient thermal cata-
lytic activities might be attributed to the metallic property of Ti;C,Tx
MXene, which could activate molecular oxygen to generate reactive
oxygen species. This was validated in the following mechanism study.

The bi-functionality of Ti;C,Tx MXene inspired us to further
investigate its piezo-thermal catalytic activity. As revealed in Fig. 3f-h,
under sonication or constant stirring, the existence of heating further
enhanced the performance of the Ti3C,Tx. The sample almost com-
pletely decomposed MB within 10 min at 338 K. The degradation effi-
ciency of Ti;C,Tx via the piezo-thermal effect was also much higher
than the superposition of the piezocatalysis and thermal catalysis
(Fig. 3h and Supplementary Fig. 22), indicating a synergistic effect
between the two catalytic processes. Furthermore, TizC,Tx was tested
for the piezo-thermal catalytic degradation of methyl orange (MO) and
rhodamine B (RhB). An analogous photoactivity enhancement was
observed (Supplementary Fig. 23 and Supplementary Note 3). The
results demonstrate the generality of the synergistic piezo-thermal
catalytic effect of the TizC,Tx for synchronous mechanical and thermal
energy utilization.

Photothermal and photothermal-piezocatalytic degradation

of MB

Ti;C,Tx displayed thermal catalytic performance, and DRS analysis of
TizC,Tx demonstrated broad solar light capture ability and excellent
photothermal conversion. As such, it is anticipated that Ti;C,Tx can be
used for solar-driven photothermal catalysis. To facilitate the light-to-
heat conversion, a floating TizC,Tx film was prepared (Supplementary
Fig. 24 and Fig. 4a), which showed highly efficient photothermal con-
version by avoiding light loss caused by solution absorption. More-
over, the floating film localized thermal energy at the air/water
interface, resulting in a rapid surface temperature increase. As

displayed in Supplementary Fig. 25, when irradiated by a commercial
near-infrared (NIR) lamp for 20 min, the surface temperature of the
TizC,Tx film increased from 299 to 330K, while the solution tem-
perature only moderately increased to about 310 K. Correspondingly,
a high photothermal catalytic activity for MB degradation was
obtained (Fig. 4b). Within 50 min, MB was almost completely removed
without stirring. In addition, the catalytic activity was further improved
through constant stirring. The rate constant reached 0.097 min™
(Supplementary Fig. 26 and Supplementary Note 4), which was much
higher than the values of the reported NIR-driven photocatalysts
(Supplementary Table 6). Furthermore, a series of traditional piezo-
catalysts was prepared for comparison (Supplementary Fig. 27a). No
NIR activity was detected for these catalysts because they were all
incapable of harvesting NIR light (Supplementary Fig. 27b). A further
comparison indicated that the degradation activity of TizC,Tx was
even higher than most of the visible-light-driven photocatalysts (Sup-
plementary Fig. 28). These results show the excellent NIR light capture
and utilization efficiency of Ti;C,Tx MXenes.

To clarify the origin of the catalytic activity under NIR irradiation,
the action spectrum of Ti;C,Tx was obtained. As shown in Supple-
mentary Figs. 29, 30a, TisC,Tx displayed an action spectrum that
resembled the plasmonic absorption spectrum of the sample. Impor-
tantly, the catalytic activity trends were in accordance with tempera-
ture changes caused by irradiation with different wavelengths
(Supplementary Fig. 30b). Moreover, when controlling the reaction
temperature at 298 K using a circulating cooling bath to eliminate the
effect of light heating, the activity of Ti;C,Tx under NIR light irradia-
tion remained almost the same as its activity at 298 K without light
irradiation (Supplementary Fig. 31). These results verify that the NIR
light-induced activity of the Ti;C,Tx MXene was caused by SPR pho-
tothermal conversion.

Discussion
In theory, piezocatalysts will bend and deform when subjected to
mechanical vibrations, which generate positive and negative charges
due to the piezoelectric effect. The positive and negative charges
polarize and produce a piezoelectric field in the corresponding
direction that separates charge carriers to drive catalytic redox reac-
tions. Thus, to reveal the underlying mechanism for the piezocatalytic
activity of TisC,Tx, the piezo-current response of the sample was first
measured to determine the generation of free charges under
mechanical vibration. As shown in Fig. 4c, when ultrasonication was
initiated on the TizC,Tx electrode, a current was immediately gener-
ated. Once sonication was turned off, the piezoelectric current quickly
terminated, confirming that the free charges were triggered by soni-
cation. Since the catalytic process was carried out in the air in an
aqueous solution, the piezo-generated charges transferred to the
surface of TisC,Tx and reacted with surface-absorbed species such as
0, and H,0 to produce reactive superoxide anions («O,") and hydroxyl
radicals («OH), as illustrated in Fig. 4d. This degraded organic pollu-
tants. The charge transfer and reaction processes were similar to those
of photocatalysis. Supplementary Fig. 32a shows the photo-
luminescence (PL) spectra of the Ti;C,Tx dispersion tested in the
presence of terephthalic acid (TA) probing molecules under sonica-
tion. The strong PL emission peak directly verified the generation of
*OH radicals in the reaction system. Nitroblue tetrazolium (NBT) was
used as a probe to quantify the <O,  concentration generated during
the reaction. As shown in Supplementary Fig. 32b, an obvious decrease
in the absorbance of NBT centered at 259 nm was observed, indicating
that Ti;C,Tx exhibited efficient activity for transforming O, into <O,".
These results confirmed that «O,™ and +OH radicals were generated by
piezocatalysis, which were the main active species during dye degra-
dation (Supplementary Fig. 33).

Similar PL and UV-vis absorption spectra were observed for the
Ti3C,Tx-NBT and Ti;C,Tx-TA systems under heating (Supplementary
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Fig. 5 | Catalytic H, production and MB degradation over MXenes. a H, pro-
duction of TizC,Tx under sonication in the dark. b Comparison of H, evolution
performance of TizC,Tx with some reported typical piezocatalysts. ¢ The stability of
Ti;C,Tx under sonication. d TEM image of Ti;C,Tx after ten cycles reaction.

e Catalytic degradation of MB over the MXene materials under sonication

1 2
Sonication Time (h)

conditions. f Catalytic degradation of MB over the V,CTx under different reaction
conditions. g H, production of V,CTy, Nb,CTx and Ti,CTx under sonication in the
dark. All the data in (a-c, e-g) were collected for three times, and the error bars
represent the standard deviation.

Fig. 34 and Supplementary Note 5), validating that thermal energy
excited Ti;C,Tx to generate charge carriers and form <O, and -OH
radicals. The thermal catalytic activity was attributed to the metallic
property of Ti;C,Tx. It could activate molecular oxygen to generate
*0,", which was further converted to «OH via the formation of an H,0,
intermediate (Supplementary Equations (1-3))*. To further under-
stand the underlying mechanism of the thermal catalytic process, DFT
calculations were carried out. Theoretically, the thermal activation of
0, to form <O, can be investigated by calculating the Bader charge
difference between free O, and O, adsorbed on the surface of a cata-
lyst. Generally, the charge transfer of 0.5 |e| is enough to generate
+0,7*%, Supplementary Fig. 35 and Supplementary Table 7 show the
DFT calculation results of changes in the Bader charge between the
free O, molecule and that in monolayer and bilayer TizC,Tx. The
charge density differences reveal that electrons may have transferred
from Ti3C,Tx to adsorbed O, molecules. The charge-transfer quantities
were 0.85 and 0.83 |e| for monolayer and bilayer Ti;C,Tx, respectively,
confirming that TizC,Tx could thermally activate O,. Notably, the

concentration of free radicals («O,” and <OH radicals) produced by
Ti;C,Tx under heating at 338 K was lower than that obtained by soni-
cation at 298 K. The two catalytic processes showed similar activities
for MB degradation because increasing the reaction temperature
facilitated the production of oxygen radicals and also accelerated the
reaction according to the Arrhenius formula: k = Ae~£«/RT (where, k is
the rate constant, £, is the activation energy, and T is the reaction
temperature).

Active species *O,” and *OH were also detected during the pho-
tothermal catalytic process (Supplementary Fig. 36), which induced
the degradation of MB. The reaction mechanism was similar to the
thermal catalytic process, for which solar energy was converted to heat
through plasmonic MXene and then thermally activated MXene. In
addition, the combination of piezocatalysis and thermal (photo-
thermal) catalysis further improved the production rates of <O, and
*OH active species, as demonstrated in Fig. 4d-f and Supplementary
Figs. 37-39. Thus, synergistic catalytic activity enhancements were
obtained. In short, under the stimulation of vibration, heat, or NIR
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light, free charges were generated and subsequently reacted with the
surface-adsorbed H,O and O, molecules to produce *OH and <O,
radicals (Fig. 4g). These highly oxidizing species further degraded the
organic pollutants to CO,.

Notably, NIR light irradiation and sonication produced almost
equal amounts of *O,", while sonication displayed much more sig-
nificant *OH radical production than superoxide radicals. The differ-
ences were probably caused by the different reaction mechanisms of
the two processes. Under NIR irradiation, hot electrons generated by
light heating were captured by oxygen to generate O, , which was
further converted into hydrogen peroxide that eventually decom-
posed into *OH (Supplementary Equations 1-3). This is a multi-step
reaction process with a low production efficiency of hydroxyl radicals.
In contrast, under sonication, *OH could be directly generated by the
reaction between the piezo-generated holes and water. Moreover, <O,
was generated by the reaction of oxygen and piezo-generated elec-
trons, which also contributed to the generation of hydroxyl radicals via
Supplementary Equations 1-3. As such, sonication produced more -OH
than NIR irradiation.

Besides catalytic degradation applications, Ti;C,Tx was also ana-
lyzed for the piezocatalytic production of H,, which is an ideal energy
carrier for realizing a carbon-neutral society. As shown in Fig. 5a, under
sonication with a power of 200 W for 3 h, TizC,Tx showed efficient H,
evolution activity in the presence of a methanol sacrificial agent. The
rate of H, production reached 1341 pmol « g™« h™. The comparison in
Fig. 5b is used to highlight the high piezocatalytic efficiency of the
TisC,Tx MXene. These chosen catalysts are widely studied piezo-
electric materials with considerable catalytic performances (Supple-
mentary Table 8). The H, production rate of Ti;C,Tx was much higher
than those of most reported piezocatalysts for H, evolution (Fig. 5b).
Moreover, almost no H, was generated over TizC,Tx without sonica-
tion. These comparison results confirmed the H, production potential
over the Ti;C,Tx piezocatalyst driven by sonication. In addition,
without the sacrificial reagent methanol, H, production was still
observed, but at a much lower reaction rate (135 pmol.g™+h™). The
low catalytic activity may have resulted from the rapid recombination
of positive and negative carriers in TisC,Tx without the sacrificial
agent”’.

Interestingly, an obvious enhancement in the piezocatalytic H,
evolution activity was observed for TizC,Tx (Fig. 5c) after several
reaction cycles. A similar phenomenon was observed during degra-
dation. As shown in Supplementary Fig. 40, after sonication for 7h,
TisC,Tx MXene showed improved catalytic activity for MB degrada-
tion. To understand this, the morphology of the sample after the
reaction was investigated (Fig. 5d and Supplementary Fig. 41). Soni-
cation exfoliated the layered Ti;C,Tx MXene (Supplementary Fig. 42)
into thinner Ti;C,Tx nanosheets, which increased the specific surface
area and exposed more active surfaces of the catalyst. Because H,
evolution and MB degradation are heterogeneous catalytic processes
occurring at the catalyst surface, a larger surface area with more active
sites increased the likelihood of piezo-generated charge carriers
interacting with the reactants, thereby enhancing the -catalytic
performance®***°. In addition, H, was produced under mild stirring. As
shown in Supplementary Fig. 43, when stirring at 500 rpm at 338 K, an
H, evolution rate of 71 pmol « g « h™ was obtained. In contrast, most of
the traditional piezocatalysts were inactive under such conditions.
These results highlight the unique advantage of Ti;C,Tx for harvesting
and converting abundant mechanical energy.

To further explore the application potential of MXenes, a cost-
effectiveness analysis, including the synthesis cost of the material and
the energy cost for the catalytic processes, were calculated. For com-
parison, the costs of some typical piezocatalysts used in Fig. 5b were
also evaluated. Supplementary Table 9 and Supplementary Note 6
show that Ti3;C,Tx had a relatively low synthesis cost of 5.58 ¥/g (¥
refers to Chinese Yuan), which is lower than most previously reported

piezocatalysts, but its catalytic activity was much higher. In addition,
Supplementary Table 10 compares the energy costs of TisC,Tx for
various catalytic applications. Among these, the piezocatalytic reac-
tion using hydraulic energy was the most cost-effective process.
Nevertheless, the catalytic efficiency was unsatisfactory for large-scale
applications, suggesting that future efforts should focus on improving
the catalytic activity of the MXene catalysts.

Collectively, the above study demonstrates that Ti3C,Tx can use
diverse renewable energy sources. Considering the large family of
MXene with similar structures, the harvesting and conversion of mul-
tiple mechanical, thermal, and solar energy over other MXene for
catalytic applications can be expected. To verify this deduction, three
other common MXene materials, V,CTx, Nb,CTx, and Ti,CTx, were
fabricated via the chemical etching of the same M,AIC precursor and
tested for MB degradation (Supplementary Fig. 44 and Supplementary
Note 7). As shown in Fig. 5e, under sonication, all MXene materials
showed catalytic degradation activity. V,CTx presented the best per-
formance with a degradation rate of 0.078 min™’. Moreover, V,CTx was
further used to degrade MB by utilizing other different energy sources.
As shown in Fig. 5f and Supplementary Figs. 45, 46, V,CTx efficiently
degraded MB under stimulation by heating, stirring, and NIR light.
Also, synergistic catalytic activity enhancement of sonication-heating,
stirring-heating, and stirring-photothermal was realized over V,CTx.
Furthermore, to examine whether these MXene materials could be
used for clean fuel production, the piezocatalytic H, evolution per-
formance over V,CTx, Nb,CTy, and Ti,CTx was tested with the assis-
tance of methanol as a sacrificial agent. As shown in Fig. 5g, all MXene
materials showed efficient H, production activities. V,CTx presented
the highest H, production rate of 2119 pmol . g™« h™, which was much
higher than the performance of Ti;C,Tx. These results validate the
fascinating prospect of utilizing diverse MXene materials for harvest-
ing and converting multiple renewable energy sources.

Here, we demonstrated the simultaneous harvesting and con-
version of multiple mechanical, thermal, and solar energy sources over
2D polar TizC,Tx MXene materials prepared by simple HF etching.
Ti;C,Ty showed remarkable catalytic performance for organic pollu-
tant decomposition and clean fuel production. Especially, the metallic
Ti3C,Tx conductor was even active at ambient temperature (298 K)
without light or mechanical vibration, while traditional polar semi-
conductors were completely inactive. Synergistic enhanced piezo-
thermal and piezo-photothermal catalysis further demonstrated the
advantage of MXene for capturing various energy sources. V,CTy,
Nb,CTy, and Ti,CTx also showed similar multi-functionality. Given the
large family and rich chemistry of MXene materials, this work provides
an avenue to capture multiple renewable energy sources for achieving
a sustainable society.

Methods

Materials

Titanium aluminum carbide (Ti5AIC,), hydrofluoric acid (HF), bismuth
nitrate (Bi(NO3);), sodium tungstate (Na,WO,), urea (CO(NH,),), cad-
mium chloride (CdCl,), thiourea, ammonium metavanadate (NH,VO3),
potassium bromide (KBr), zinc nitrate (Zn(NOs),), sodium hydroxide
(NaOH), methanol (CH50OH), and barium titanate (BaTiOz) were pur-
chased from Sinopharm Chemical Regent Co., Ltd. (Shanghai, China).
Deionized (DI) water was obtained from local sources. All the materials
were used as received without further purification.

Synthesis

Preparation of the Ti;C,Tx MXene. Briefly, 1g of LiF was dissolved in
20 mL of 6 M HCI solution in a 250 mL Teflon beaker. Then, TizAIC,
(1g) was slowly added, followed by reacting at 35°C for 24 h. The
resulting product was collected by centrifugation at 3500 rpm and
washed with DI water several times until pH > 6. Then, the TizC,Tx
sediment was dried in an oven at 298 K.
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Synthesis of Ti;C,Tx MXene film. After obtaining the Ti;C,Tx
samples, the sediment was re-dispersed in DI water and sonicated for
10 min to delaminate the MXene flakes. Most unexfoliated MXene was
removed after centrifugation at 1360xg for 1h. The colloidal super-
natant was collected, and the concentration was determined to be
~0.5mg/mL. The solution was filtered to form a TizC,Ty film. The
preparation of piezocatalysts have been provided in the Supplemen-
tary Methods.

Characterization

A Bruker D8 Advance X-ray diffractometer was used to analyze the
crystal structures of the prepared catalysts. A Cary 500 ultraviolet-
visible (UV-vis) diffuse reflectance spectrophotometer (DRS) was uti-
lized to investigate the optical properties of the catalysts. A field-
emission scanning electron microscope (FESEM; JSM-6700F) and a
transmission electron microscope (TEM; JEM-2010, FEI, Tecnai G* F20
FEG TEM) were used to determine the micromorphology of the as-
synthesized samples. X-ray photoelectron spectroscopy (XPS) was
performed using a Thermo Scientific ESCA Lab250 spectrometer
consisting of monochromatic Al Ka as the X-ray source. All binding
energies were calibrated to the C 1s peak of surface adventitious car-
bon at 284.6 eV. The surface area of the samples was measured by the
Brunauer-Emmett-Teller (BET) method using nitrogen adsorption
and desorption isotherms on a Micrometrics ASAP 2020 system. PFM
analysis was performed on a commercial piezoresponse force micro-
scope (Oxford Instruments, MFP-3D). The photothermal effect of the
sample was recorded by a Fotric IR thermal imager. Theoretical cal-
culation and additional characterization have been provided in the
Supplementary Methods.

Catalytic activities

Piezo, thermal, and piezo-thermal catalytic degradation of MB.
Methylene blue (MB) solution (50 ml, 20 ppm) was added to a 100 mL
beaker. Then, 50 mg of catalyst was dispersed in the above solution.
The suspension was placed in the dark for 30 min at room temperature
(ca. 288 K) without stirring to establish adsorption-desorption equili-
brium. For piezocatalysis, the reaction system was sonicated in the
dark using an ultrasonic cleaner (KQ-200VDE-DZ, 200 W) equipped
with a thermostatic water bath or stirred in the dark (1000 rpm) at
298 K. For thermal catalysis, the suspension was treated in an oil bath
at various temperatures without stirring in the dark. For piezo-thermal
catalytic process, the suspension was treated at various temperatures
with magnetic stirring (1000 rpm) or sonication. During these reac-
tions, 2mL of reactant suspensions was extracted at certain time
intervals and analyzed using UV-vis absorption spectroscopy (UV-
5500 PC).

Photothermal and piezo-photothermal catalytic degradation of MB.
For the photothermal catalytic reaction, 30 mL of MB solution was
added into a 100 mL beaker. A 100 W NIR lamp was used as the light
source. The MXene film was submerged in the MB solution in the dark
without stirring for 30 min to establish adsorption-desorption equili-
brium. After that, the reaction system was irradiated by NIR light with a
filter (700-1200 nm) from the top without stirring. For the piezo-
photothermal catalytic degradation of MB, the reaction was carried
out using the same procedure with a constant stirring of 500 rpm.

Detection of active oxygen species. The amounts of <O, and *OH
generated under stimulation by different energy sources were deter-
mined by NBT transformation and terephthalic acid (TA) photo-
luminescence (TA-PL) experiments, respectively’>’. The reaction
conditions were the same as those for MB degradation, except that MB
was replaced by TA (5 x10™* mol/L) or NBT (2.5 x 10~ mol/L). NBT can
react with O, and displays maximum absorbance at 259 nm. Tracking
the reduction of NBT using a UV-5500 PC spectrophotometer can

ascertain the amount of generated *O, . TA can react with *OH radicals
and generate a product with a fluorescence emission maximum at
425 nm. The amount of «OH radicals was determined by measuring the
fluorescence intensity at 425 nm. The details for calculating the con-
centrations of «O,” and *OH radicals are shown in the Supporting
Information.

Hydrogen (H,) production. Typically, 5 mg of TizC,Tx was dispersed
in 10mL of a DI water/methanol mixture (10 vol% methanol). The
aqueous suspension was sealed in a 25mL borosilicate tube and
purged by N, for 15min to completely remove the air. Then, the
reaction system was initiated by sonication and then stirred. To detect
the amount of generated H,, 1 mL gas was intermittently extracted and
analyzed by a gas chromatograph (7890B, Fuli) equipped with a
thermal conductivity detector.

Data availability

The data that support the findings of this study are available from the
corresponding author on request. The relevant data generated in this
study are provided in the Supplementary Information. Source data are
provided with this paper.

References

1. Sayed, M., Yu, J,, Liu, G. & Jaroniec, M. Non-noble plasmonic metal-
based photocatalysts. Chem. Rev. 122, 10484-10537 (2022).

2.  Wang, Y. et al. Mimicking natural photosynthesis: solar to renew-
able H, fuel synthesis by Z-scheme water splitting systems. Chem.
Rev. 118, 5201-5241 (2018).

3. Wang, Q. & Domen, K. Particulate photocatalysts for light-driven
water splitting: mechanisms, challenges, and design strategies.
Chem. Rev. 120, 919-985 (2020).

4. Wang, J. et al. Energy and environmental catalysis driven by stress
and temperature-variation. J. Mater. Chem. A 9, 12400-12432 (2021).

5. Su, R. et al. Nano-ferroelectric for high efficiency overall water
splitting under ultrasonic vibration. Angew. Chem. Int. Ed. 58,
15076-15081 (2019).

6. Tu, S. et al. Piezocatalysis and Piezo-photocatalysis: catalysts clas-
sification and modification strategy, reaction mechanism, and
practical application. Adv. Funct. Mater. 30, 2005158 (2020).

7.  Wu, J. M., Chang, W. E., Chang, Y. T. & Chang, C.-K. Piezo-catalytic
effect on the enhancement of the ultra-high degradation activity in
the dark by single- and few-layers MoS, nanoflowers. Adv. Mater.
28, 3718-3725 (2016).

8. Masimukku, S. et al. High efficient degradation of dye molecules by
PDMS embedded abundant single-layer tungsten disulfide and
their antibacterial performance. Nano Energy 46, 338-346 (2018).

9. Hu, C. et al. Exceptional cocatalyst-free photo-enhanced piezo-
catalytic hydrogen evolution of carbon nitride nanosheets from
strong in-plane polarization. Adv. Mater. 33, 2101751 (2021).

10. Kole, A. K., Karmakar, S., Pramanik, A. & Kumbhakar, P. Transition
metal dichalcogenides nanomaterials based piezocatalytic activity:
recent progresses and outlook. Nanotechnology 34, 282001 (2023).

1. Wang, Y. et al. Piezo-catalysis for nondestructive tooth whitening.
Nat. Commun. 1, 1328 (2020).

12. Xiao, L. et al. Pyroelectric nanoplates for reduction of CO, to methanol
driven by temperature-variation. Nat. Commun. 12, 318 (2021).

13. You, H. et al. Room-temperature pyro-catalytic hydrogen genera-
tion of 2D few-layer black phosphorene under cold-hot alternation.
Nat. Commun. 9, 2889 (2018).

14. Lin, Y.-J. et al. Thermocatalytic hydrogen peroxide generation and
environmental disinfection by Bi,Te; nanoplates. Nat. Commun. 12,
180 (2021).

15. Singh, G., Sharma, M. & Vaish, R. Transparent ferroelectric
glass-ceramics for wastewater treatment by piezocatalysis. Com-
mun. Mater. 1, 100 (2020).

Nature Communications | (2023)14:4183



Article

https://doi.org/10.1038/s41467-023-39791-w

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Wang, Y. et al. Ultrasonic activation of inert poly(tetra-
fluoroethylene) enables piezocatalytic generation of reactive oxy-
gen species. Nat. Commun. 12, 3508 (2021).

Tong, H. et al. Nano-photocatalytic materials: possibilities and
challenges. Adv. Mater. 24, 229-251 (2012).

Lin, Y.-T., Lai, S.-N. & Wu, J. M. Simultaneous piezoelectrocatalytic
hydrogen-evolution and degradation of water pollutants by quartz
microrods@few-layered MoS, hierarchical heterostructures. Adv.
Mater. 32, 2002875 (2020).

Li, Z. et al. Direct methane activation by atomically thin platinum
nanolayers on two-dimensional metal carbides. Nat. Catal. 4,
882-891 (2021).

Ding, L. et al. Effective ion sieving with TisC,Tx MXene membranes
for production of drinking water from seawater. Nat. Sustain. 3,
296-302 (2020).

Zhou, H. et al. Engineering the Cu/Mo,CTy (MXene) interface to
drive CO, hydrogenation to methanol. Nat. Catal. 4, 860-871(2021).
Li, J. et al. Interfacial engineering of Bi,S3/TizC,Tx MXene based on
work function for rapid photo-excited bacteria-killing. Nat. Com-
mun. 12, 1224 (2021).

Zhang, Z. et al. Mechanically strong MXene/Kevlar nanofiber
composite membranes as high-performance nanofluidic osmotic
power generators. Nat. Commun. 10, 2920 (2019).

Zhang, J. et al. Single platinum atoms immobilized on an MXene as
an efficient catalyst for the hydrogen evolution reaction. Nat. Catal.
1, 985-992 (2018).

Ran, J. et al. TizC, MXene co-catalyst on metal sulfide photo-
absorbers for enhanced visible-light photocatalytic hydrogen pro-
duction. Nat. Commun. 8, 13907 (2017).

Ma, Y. et al. A highly flexible and sensitive piezoresistive sensor
based on MXene with greatly changed interlayer distances. Nat.
Commun. 8, 1207 (2017).

Tan, D., Sun, N., Chen, L., Bu, J. & Jiang, C. Piezoelectricity in
monolayer and multilayer Ti3C,Tx MXenes: implications for piezo-
electric devices. ACS Appl. Nano Mater 5, 1034-1046 (2022).

Tan, D. et al. Piezoelectricity in monolayer MXene for nanogenera-
tors and piezotronics. Nano Energy 90, 106528 (2021).

Lei, D. et al. Roles of MXene in pressure sensing: preparation,
composite structure design, and mechanism. Adv. Mater. 34,
2110608 (2022).

Zhang, Q. et al. Fluorine-free strategy for hydroxylated TizCs,/
TisAlC, catalysts with enhanced aerobic oxidative desulfurization
and mechanism. Chem. Eng. J. 430, 132950 (2022).

Hou, T. et al. Modulating oxygen coverage of TisC,Tx MXenes to
boost catalytic activity for HCOOH dehydrogenation. Nat. Com-
mun. M, 4251 (2020).

Diao, J. et al. TizC,Tx MXene catalyzed ethylbenzene dehydrogena-
tion: active sites and mechanism exploration from both experimental
and theoretical aspects. ACS Catal 8, 10051-10057 (2018).

Li, Z. & Wu, Y. 2D early transition metal carbides (MXenes) for cat-
alysis. Small 15, 1804736 (2019).

Li, R., Zhang, L., Shi, L. & Wang, P. MXene Ti3C,: an effective 2D light-
to-heat conversion material. ACS Nano 11, 3752-3759 (2017).
Meng, X. et al. Nanometals for solar-to-chemical energy conver-
sion: from semiconductor-based photocatalysis to plasmon-
mediated photocatalysis and photo-thermocatalysis. Adv. Mater.
28, 6781-6803 (2016).

Zou, J. et al. Plasmonic MXene nanoparticle-enabled high-perfor-
mance two-dimensional MoS, photodetectors. ACS Appl. Mater.
Interfaces 14, 8243-8250 (2022).

Liu, Z., El-Demellawi, J. K., Bakr, O. M., Ooi, B. S. & Alshareef, H. N.
Plasmonic Nb,CTx MXene-MAPbI; heterostructure for self-
powered visible-NIR photodiodes. ACS Nano 16, 7904-7914 (2022).

38. Tian, Y., An, Y. & Feng, J. Flexible and freestanding silicon/MXene
composite papers for high-performance lithium-ion batteries. ACS
Appl. Mater. Interfaces 11, 10004-10011 (2019).

39. Lee, G. S. et al. Mussel inspired highly aligned TizC,Tx MXene film

with synergistic enhancement of mechanical strength and ambient

stability. ACS Nano 14, 11722-11732 (2020).

Feng, W. et al. Piezopotential-driven simulated electrocatalytic

nanosystem of ultrasmall MoC quantum dots encapsulated in

ultrathin N-doped graphene vesicles for superhigh H, production

from pure water. Nano Energy 75, 104990 (2020).

41. Mauchamp, V. et al. Enhanced and tunable surface plasmons in
two-dimensional TizC, stacks: Electronic structure versus boundary
effects. Phys. Rev. B 89, 235428 (2014).

42. Pacheco-Pefa, V., Hallam, T. & Healy, N. MXene supported surface
plasmons on telecommunications optical fibers. Light Sci. Appl. 11,
22 (2022).

43. El-Demellawi, J. K., Lopatin, S., Yin, J., Mohammed, O. F. & Alshar-

eef, H. N. Tunable multipolar surface plasmons in 2D TizC,Tx MXene

flakes. ACS Nano 12, 8485-8493 (2018).

Zheng, Y. et al. Role of driven approach on the piezoelectric ozo-

nation processes: comparing ultrasound with hydro-energy as

driving forces. J. Hazard. Mater. 418, 126392 (2021).

45. Ghosh, S. et al. Conducting polymer nanostructures for photo-
catalysis under visible light. Nat. Mater. 14, 505-511 (2015).

46. Pan,Y.etal. Unveiling the nature of room-temperature O, activation
and O, enrichment on MgO-loaded porous carbons with efficient
H,S oxidation. ACS Catal. 11, 5974-5983 (2021).

47. You, H. et al. Harvesting the vibration energy of BiFeO5 nanosheets
for hydrogen evolution. Angew. Chem. Int. Ed. 58,

1779-11784 (2019).

48. Liang, S. et al. Monolayer HNb3Og for selective photocatalytic oxi-
dation of benzylic alcohols with visible light response. Angew.
Chem. Int. Ed. 53, 2951-2955 (2014).

49. Yin, H. & Tang, Z. Ultrathin two-dimensional layered metal hydro-

xides: an emerging platform for advanced catalysis, energy con-

version and storage. Chem. Soc. Rev. 45, 4873-4891 (2016).

Hu, C. et al. Coupling piezocatalysis and photocatalysis in

BisNbOgX (X = Cl, Br) polar single crystals. Adv. Funct. Mater. 30,

1908168 (2020).

51. Huang, H. et al. Macroscopic polarization enhancement pro-
moting photo- and piezoelectric-induced charge separation
and molecular oxygen activation. Angew. Chem. Int. Ed. 56,
11860-11864 (2017).

40.

44,

50.

Acknowledgements

This work was financially supported by the Natural Science Foundation
of China (Grants No. 21905049 and 21802085), Natural Science Foun-
dation of Fujian Province (2019J01735, 2019J01730, and 2020J01201),
Program for New Century Excellent Talents in Fujian Province University;
the Award Program for Tongjiang Scholar Professorship and the Doc-
toral Research Start-up Funds Project of Quanzhou Normal University,
the Research Foundation of the Academy of Carbon Neutrality of Fujian
Normal University (TZH2022-07), and the Award Program for Minjiang
Scholar Professorship.

Author contributions

X.P., M.-Q.Y, S.L., and Z.B. directed the project and wrote the manu-
script. X.Y. performed density functional theory calculations. M.Y., X.L.,
H.K., Q.Q., and X.Z. performed the experiments and analyzed the data.
All authors discussed the results and commented on the manuscript.

Competing interests
The authors declare no competing interests.

Nature Communications | (2023)14:4183

10



Article

https://doi.org/10.1038/s41467-023-39791-w

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39791-w.

Correspondence and requests for materials should be addressed to
Xiaoyang Pan, Min-Quan Yang, Shijing Liang or Zhenfeng Bian.

Peer review information Nature Communications thanks the anon-
ymous reviewers for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:4183


https://doi.org/10.1038/s41467-023-39791-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	2D MXenes polar catalysts for multi-renewable energy harvesting applications
	Results
	Theoretical and experimental study of MXene
	Piezo and thermal catalytic performance of MXene
	Photothermal and photothermal-piezocatalytic degradation of MB

	Discussion
	Methods
	Materials
	Synthesis
	Characterization
	Catalytic activities
	Piezo, thermal, and piezo-thermal catalytic degradation of MB
	Photothermal and piezo-photothermal catalytic degradation of MB
	Detection of active oxygen species
	Hydrogen (H2) production

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




