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ARTICLE INFO ABSTRACT

Keywords: The exploration of hybrid composites holds great promise in the pursuit of synergistic energy-harvesting solu-
Nanocomposite tions, providing an efficient approach to tap into multiple energy sources. One striking example is the BTO
Energy h?rV?Sting (BaTiO3)-polymer hybrid where its high dielectric constant and the piezo-/ferroelectricity are leveraged to
ill;(;;t/)[exatatwn improve the triboelectricity of the polymer-based triboelectric nanogenerator (TENG). Beyond this, the BTO also

Contact AFM exhibits a photoactive nature, which, until now, has not been exploited to enhance triboelectricity. In this study,

EFM a facile method to exploit BTO’s photoresponses in a BTO-polymer hybrid is reported, where surface states
present in BTO nanoparticles enable visible spectrum absorption, and the interfaces are designed to facilitate
charge spatial separation. Upon visible light illumination, surface charges are generated on the BTO-polymer
hybrid, significantly enhancing the photo-induced charge electrification, which in turn boosts the TENG
output. These findings demonstrate the possibility of simultaneously harvesting solar and mechanical energies in
TENGs using ceramic-polymer hybrids. Additionally, the study employs multiple advanced Scanning Probe
Microscopy (SPM) techniques to elucidate the roles of each component and interface in energy harvesting,
shedding light on the functional material design. This work not only broadens the variety of energy sources for
TENGs but also addresses the growing demand for sustainable and adaptable methods of power generation.

1. Introduction determinant of TENG performance [3,8], which can be augmented by

elevating the dielectric constant of these materials. In the case of

The quest for clean and renewable energy resources to supplant
conventional fossil fuels stands as one of humanity’s most pressing im-
peratives. This urgency stems from the escalating severity of environ-
mental pollution, the intensifying specter of global warming, and the
deepening crises within our energy landscape [1]. Considerable en-
deavors are underway to advance technologies that harness energy from
natural sources, including solar, bioenergy, thermal energy, mechanical
vibration, and more [2]. Among these technologies, the triboelectric
nanogenerator (TENG) stands out for its resilience to external environ-
mental factors, such as weather fluctuations, temperature variations,
and geographical constraints. The operation of a TENG relies on the
synergistic coupling of triboelectricity and electrostatic induction,
enabling the conversion of mechanical vibration into electricity [3-7].
The surface charge density of triboelectric materials (¢”) is a crucial
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polymer-based materials, this enhancement is often achieved by incor-
porating functional nanomaterials with high dielectric constants, such
as metallic gold nanoparticles [9], carbon nanotubes [10], and ceramic
particles, into the polymer matrix [11-14]. These studies have demon-
strated that establishing a hybrid composite system is a straightforward
yet effective approach for enhancing the TENG performance.

Barium titanate (BaTiO3 or BTO) nanoparticles, a prevalent type of
ceramic particle, are frequently introduced into the polymer to create a
composite-based TENG, strategically leveraging BTO’s high dielectric
constant and its ferro-/piezo-electric properties [13,14]. Early in-
vestigations into the photorefraction effect [15,16] and photovoltaic
effect [17-20] of BTO crystals have highlighted its photoactive nature,
wherein charges are generated upon exposure to light. However,
research on the impact of light illumination on BTO-polymer-based
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hybrids remains limited, likely due to BTO’s large bandgap (3.2-3.4 eV
[21-24]), necessitating ultraviolet (UV) light for activation. Various
approaches have been explored to extend light absorption from the UV
into the visible region, such as narrowing the bandgap through element
doping or inducing oxygen deficiency [25-29]. Essentially, these stra-
tegies create surface states (or localized electronic states) near the
valence or the conduction band, or both bands, modulating the bandgap
[25]. Surface states can serve as shallow centers to generate or trap
charges under light illumination, contributing to the photorefraction
effect in bulk BTO [30,31] and the photoluminescence of crystalline
BTO nanoparticles [32]. Furthermore, engineering the interface be-
tween photoactive materials and electrodes can enhance
light-to-electricity conversion by optimizing the energy band alignment.
This interface engineering enables the photoactive materials/electrode
interfaces to act as sinks for photoexcited electrons or holes, facilitating
charge separation and reducing charge recombination [33,34]. These
advancements indicate that the BTO-polymer hybrid may be tailored to
absorb visible light and create a photo-responsive TENG, enabling the
simultaneous harvesting of light and mechanical energy.

The pursuit of TENG-based multi-photo-mechanical-energy har-
vesters traces back to 2013 when the integration of solar cells into a
TENG system marked the initial endeavor [35,36]. Recent efforts focus
on integrating photoactive narrow bandgap semiconductors into TENG
systems, such as organic-inorganic hybrid perovskites like MAPbI3 [37,
38], inorganic halide perovskites like CsPbBr3 [39] [40], graphitic car-
bon nitride (g-CsN4) [41,42], and bismuth oxyhalide (BiOI) [43]. Using
these narrow bandgap materials facilitates the absorption of visible light
and the injection of photo-generated charges or carriers into the TENG,
thereby achieving a photo-responsive or photo-enhanced TENG.
Nevertheless, the utilization of such materials encounters challenges
concerning structural stability, material toxicity, synthesis complexity,
and also commercial viability. From a practical perspective, it is para-
mount to develop a robust TENG in a simple, non-toxic, environmentally
and economically friendly manner. One such approach involves
exploring new functionalities and expanding the applications of con-
ventional materials.

In this study, we investigate the utilization of surface states and
interface engineering to enable visible light absorption and light-

BTO-PMMA hybrid-based TENG simultaneously
harvesting solar and mechanical energy
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induced surface charge generation in the BTO-polymer hybrid, a tradi-

tional triboelectric material. The light-induced surface charge injects

additional charge to increase the surface charge density of the tribo-

electric materials when illuminated, thus boosting triboelectricity. This

BTO-polymer-based TENG facilitates the concurrent harvesting of solar

and mechanical energies within a single device (Fig. 1). To illustrate this

concept, we fabricate a model of a BTO-polymer hybrid by incorporating

BTO nanoparticles into Poly(methyl)methacrylate (PMMA), a
commonly used polymer matrix for various oxide fillers [44]. This

BTO-PMMA hybrid is then deposited on a Pt-coated silicon wafer to
establish a favorable interfacial alignment, resulting in the final model
denoted as BTO-PMMA/Pt. To validate the correlation between the
surface charge and light illumination, we employ Kelvin Probe Force
Microscopy (KPFM), an advanced scanning probe microscopy (SPM)
technique integrated with a light source spanning 400-1100 nm wave-
length, for precise surface potential and charge measurements. Contact
AFM is complemented with the light source-equipped KPFM to
demonstrate the generations of triboelectric charges under light stimu-
lation. Furthermore, a vertical contact/separate TENG is constructed
using the BTO-polymer hybrid, and a significant enhancement in the
electric output (118 % and 31.7 % increase in voltage and current) is
observed upon light illumination. This work showcases the application
of the surface states and interface engineering strategies to adapt a
conventional ceramic-polymer hybrid, enabling the efficient simulta-
neous harvesting of the solar and mechanical energy abundant in the
environment. Moreover, it is noteworthy that this study utilizes a range
of advanced Scanning Probe Microscopy (SPM) techniques for in-situ
and interface-/particle-specific investigations. These analyses can
elucidate the roles of each component and interface of the hybrid
light-induced surface charge generation in energy harvesting and un-
cover the underlying mechanisms, offering insights into functional
material design.
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Fig. 1. Schematic of a BTO-PMMA/Pt hybrid-based TENG that can simultaneously harvest mechanical and solar energy.
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2. Materials and methods

2.1. Fabrication of the BTO-PMMA hybrid and the BTO-PMMA-based
TENG

Synthesizing BTO nanoparticles: 0.025 mol of Ti-butoxide (Ti[O
(CH3)3.CH]4, Acros Organics, USA) was diluted with 5 ml of ethanol and
5 ml of deionized water, followed by adding 4 ml of ammonium hy-
droxide. Furthermore, 0.037 mol of barium hydroxide octahydrate (Ba
(OH)2-8 Hy0, Sigma Aldrich, USA) was added to 10 ml of deionized
water. Both the mixtures were stirred at 80 'C and later transferred into a
100 ml Teflon-lined stainless steel autoclave with a fill factor of 60 %
and then heated to 200 "C for 24 h. Finally, the BTO product was washed
with ethanol and deionized water 5 times before being dried at 80 “C for
24 h.

Fabricating BTO-PMMA hybrid: 5 wt% of Poly(methyl)methacrylate
(PMMA) was dissolved into sorbitol. 5 or 15 wt% of as-prepared BTO
nanoparticles were then mixed into the PMMA solution and stirred at
room temperature for 4 h. Subsequently, the mixture was drop cast onto
a Pt-coated silicon wafer and dried on a hotplate at 50 ‘C to form BTO-
PMMA/Pt samples. In this work, three sets of control samples, namely
(1) PMMA/Pt, (2) BTO/Pt, and (3) BTO-PMMA/Glass were prepared to
study the roles of each component and interface in charge generation. To
prepare the PMMA/Pt and BTO/Pt samples, pure PMMA solution and
pure BTO nanoparticles dispersed in ethanol were deposited on the Pt-
coated silicon wafer. To obtain the BTO-PMMA/Glass, the BTO-PMMA
mixed solution was dripped on the glass.

Configuring BTO-PMMA-based TENG: A vertical TENG device with a
size of 2 x 2cm? was fabricated, where the top cell was poly-
dimethylsiloxane (PDMS) blade-coated on an indium tin oxide (ITO)-
coated glass, and the bottom cell was the BTO-PMMA hybrid blade-
coated onto another ITO glass.

2.2. Materials characterization

The surface morphology and the chemical components of the sam-
ples were analyzed by the scanning electron microscope (SEM) and
energy-dispersive X-ray spectroscopy (EDX) (JEOL FEG JSM 7001 F
with field-emission operating at 15 kV). The crystalline structure of the
prepared BTO nanoparticles was studied by X-ray diffraction (XRD,
5005 Bruker X-ray diffractometer). The chemical structures of the pre-
pared samples were determined by a Fourier transform infrared (FTIR)
spectrometer (IR Prestige-21, Shimadzu). The optical absorption spectra
(300-1000 nm) were acquired using a UV-Vis-NIR spectrophotometer
(UV-3600, Shimadzu). The infrared (IR) images were captured by a
thermal imaging infrared camera (E50, FLIR). The open-circuit voltages
were recorded by a nanovoltmeter (Keithley 6514).

Four different SPM techniques, including Kelvin Probe Force Mi-
croscopy (KPFM), Electrostatic Force Microscopy (EFM), contact Atomic
Force Microscopy (contact AFM), and Piezoresponse Force Microscopy
(PFM) were employed in this work to measure the surface charge (KPFM
& EFM), to create triboelectric charges by rubbing the sample surface
(contact AFM) and to determine the polarization state of the sample
(PFM). All these SPM measurements were conducted on a commercial
SPM system (MPF-3D, Asylum Research, Oxford Instruments, USA) with
the conductive Pt-coated silicon tips having a spring constant of 2 N/m
and a tip radius of ~15 nm (AC240, Olympus, Japan). For KPFM and
EFM measurements, a double-passing scheme with a lift height of 40 nm
was used to minimize the topographic crosstalk. Note that during the
first passing, the phase angle was deliberately kept higher than 90° to
ensure that the Van der Waal’s force between the tip and sample was in
the attractive region so that the contact electrification during the first
passing could be excluded [45]. For contact AFM, a set point of 1 V
corresponding to a force of 100 nN was chosen to ensure good tip-sample
contact and also to avoid damage to the sample surface. To examine the
effect of the light illumination on the surface charges of the BTO-PMMA
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hybrid, the SPM system was integrated with a halogen lamp that offers
the full visible spectrum with a wavelength of 400-1100 nm. The
wavelength range can be further confined using different optical filters.

3. Results and discussion
3.1. Structural and chemical analysis

Fig. 2a shows the surface morphology of the PMMA-BTO hybrid with
5 wt% BTO, where particle features can be easily observed, indicating
that the BTO nanoparticles are uniformly dispersed in the PMMA matrix.
This uniform distribution of BTO in PMMA, also confirmed by the
element distribution maps in Fig. 2b and observed in PMMA-BTO hybrid
with 15 wt% BTO (Figure S1), ensures that incident light can be effec-
tively transmitted and absorbed by the BTO nanoparticles. Fig. 2c shows
the FTIR spectra of the pure PMMA and PMMA-BTO hybrids, where
prominent features of pure PMMA spectra are observed, including the C-
H stretching (2995 and 2945 cm’l), the C=O0 stretching (1717 cm’l),
the C-H bending (1431 and 1386 cm_l), the ester group stretching
(1239 and 1144 cm’l), and the methylene rocking (844 em 1) [46,47].
Comparing the FTIR spectra of the PMMA-BTO hybrids with that of the
pure PMMA, three peaks are observed in the hybrid samples, which
belong to the Ti-O-Ti stretching vibrations at 557 cm™! and two feature
bands of BaTiOs at 1556 em ! and 1600 cm ™! [48]. When the BTO
loading is increased from 5 wt% to 15 wt%, these three feature peaks
become sharper. Fig. 2d presents the XRD pattern of the prepared BTO
nanoparticles, which matches the diffraction pattern of the tetragonal
phase of BaTiO3 (JCPDS No. 01-075-0583). Fig. 2e shows the UV-Vis
absorption spectra of BTO nanoparticles and the BTO-PMMA hybrid
samples with different mass fractions of BTO nanoparticles. All samples
exhibit a light absorption cutoff at around 400 nm, indicating the light
absorption range has redshifted to the visible light region. Furthermore,
the bandgaps of BTO nanoparticles and the hybrids with 5 wt% and
15 wt% BTO are estimated by Tauc Plot (indirect allowed transition,

(ahy)l/ 2) [49] to be 2.98 eV, 2.86 eV, and 2.88 eV, respectively (the
insert of Fig. 2e and Figure S2). These values are smaller than that of
bulk BTO (3.2-3.4 eV [21-24]), suggesting visible light absorption in
these samples. Given that when a direct allowed transition mode

((ahv)?) is adopted, the bandgaps are estimated to be around 3.2 eV
(Figure S2). In this case, the light absorption must blueshift to < 387 nm,
which contradicts our experimental observations in this work, where the
surface charge generation was found under visible light illumination
(details will be discussed in the next section). These results, therefore,
indicate the presence of localized surface states within the band gap that
act as shallow centers to trap/generate charges under light illumination
[30-32]. On the other hand, the BTO nanoparticles prepared by hy-
drothermal methods are also reported to possess a bandgap of less than
3.2 eV, possibly due to the existence of defects in the lattices of BTO
nanoparticles [50].

3.2. Surface charge generation on BTO-PMMA/Pt hybrid

To study the evolution of the surface charge with light illumination,
Kelvin Probe Force Microscopy (KPFM) was integrated with a well-
controlled light source with wavelengths ranging from 400 to
1100 nm (Fig. 3a). During the KPFM measurements, the surface poten-
tial, strongly associated with surface charge generation, is monitored
while varying the illumination conditions. Fig. 3b and c¢ are images of
the topography and surface potential of the 15 % BTO-PMMA /Pt hybrid,
obtained by KPFM with the light source switched between OFF and ON
states. No surface topographic changes are observed in Fig. 3b, indi-
cating that the light illumination does not lead to structural variations
on the hybrid surface. However, the surface potential is observed to
strongly depend on the light state: a significant increase in the surface
potential, around 130 mV, occurs when the light is toggled between ON
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Fig. 2. a) SEM image and b) EDX elemental mapping of the 5 % BTO-PMMA/Pt hybrid. ¢) FTIR spectra of the pure PMMA and the 5 % and 15 % BTO-PMMA hybrids.
d) The XRD pattern of the prepared BTO nanoparticles. ) The UV-Vis absorption spectra of BTO nanoparticles, 5 % and 15 % BTO-PMMA hybrid. The insert shows
the Tauc Plot of the UV-Vis absorption spectrum of BTO nanoparticles, from which the bandgap of BTO nanoparticles is determined as 2.98 eV.

and OFF (Fig. 3c and Figure S3). This demonstrates that the positive
surface charges are generated by the visible light illumination on the
BTO-PMMA hybrid.

As discussed in the preceding section, due to the existence of surface
states on the BTO nanoparticles (the insert of Fig. 3b and Figure S4
showing BTO nanoparticles with a diameter averaged at around
172 nm), the bandgaps of the BTO nanoparticles and BTO-PMMA hy-
brids are narrowed, facilitating visible light absorption (Fig. 3d). Thus,
BTO nanoparticles play a pivotal role in light absorption and hence
surface charge generation. To prove this, the measurements of surface
potential with the light ON/OFF, similar to that in Fig. 3b and ¢, were
also conducted on the PMMA/Pt hybrid control sample (Figure S3).
Notably, no significant surface potential changes were observed in the
PMMA/Pt hybrid, suggesting that the BTO nanoparticles are critical in
achieving light-induced surface charge generation. However, this light-
induced surface potential jump was also not observed in both BTO
nanoparticles dispersed on the Pt-coated substrate and BTO film grown
on a Pt-coated silicon wafer (Fig. 3f, g, h, S3, S5). This suggests that
besides the visible light absorption enabled by BTO nanoparticles,
another essential factor contributes to surface charge generation in the
BTO-PMMA/Pt hybrid: the energy band alignment at the interface.

The valence band maximum (VBM) and conduction band minimum
(CBM) for BTO are reported to be —7.05 and —3.82 eV (corresponding to
a bandgap of 3.23 eV), respectively [51]. For PMMA with a bandgap of
—5.6 eV, the lowest unoccupied molecular orbital (LUMO) level is about
—0.5 eV, while the highest occupied molecular orbital (HOMO) is
—6.1 eV [52]. The work function of the Pt substrate is —5.65 eV [53].
Thus, as depicted in Fig. 3e, this leads to a favorable alignment of the
energy bands between the VBM of BTO and the HOMO of PMMA, as well
as between the CBM of BTO and Pt. This energy band alignment allows
PMMA and Pt to serve as sinks for the photoexcited holes and electrons,
respectively. This interface alignment facilitates the spatial separation of
the photogenerated charges, effectively minimizing the recombination
of holes and electrons. Upon light illumination, BTO first absorbs the
light and generates electron-hole pairs. Subsequently, due to the

interface alignment, electrons tend to migrate toward Pt while holes
relocate to PMMA. As the KPFM tips scan across the hybrid surface and
make contact with the PMMA-BTO hybrid, a surface potential rise or
positive surface charge generation is detected when the light is ON.
When the light is OFF, the photoexcitation process is stalled, resulting in
a gradual decrease in surface potential. Note that the bandgap of
nanoparticle BTO used in this work (~2.98 eV) remains consistent with
the energy bands in Fig. 3e. To delve deeper into the role of interface
alignment in surface charge generation, the surface potential evolutions
with light switching were measured on two control samples, namely the
BTO/Pt and BTO-PMMA/Glass samples. In these two samples, only one
of two interfaces in the BTO-PMMA/Pt hybrid is present: the interface
between the hole sink (PMMA) and photoactive BTO nanoparticles is
absent in the BTO/Pt, while that between the electron sink and BTO is
non-existent in the BTO-PMMA/Glass. The results presented in Fig. 3f-i,
S5, and S6, clearly demonstrate that surface charge generation does not
occur in the two control samples, unlike the BTO-PMMA/Pt hybrid. This
implies that surface charge generation requires the coupling effect of
two interfaces between BTO/PMMA and BTO/Pt and the absence of
either interface results in the inability to generate charges under light
illumination. More specifically, when exposed to light illumination, BTO
nanoparticles absorb the incident photons and generate electron-hole
pairs. By virtue ofthe energy band alignment between Pt, BTO, and
PMMA, the electrons and holes preferentially transfer to the BTO/Pt (the
electron sink) and the BTO/PMMA interface (the hole sink), respec-
tively. This directional charge movement can spatially separate the
photogenerated charges and effectively eliminate charge recombina-
tion, resulting in the surface charges on the BTO/PMMA/Pt hybrid. In
two control samples, the absence of the BTO/Pt interface in the
BTO-PMMA/Glass means that photogenerated electrons cannot be
readily transferred to the electron sink, while the missing BTO/PMMA
interface in the BTO/Pt sample blocks the hole transfer. Hence, the
photo-excited electron-hole pairs could not be separated spatially. The
negative and positive charges will recombine, resulting in a surface that
tends to be charge-neutral.
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phase images of BTO-PMMA/Pt hybrids under dark and light.

Electrostatic Force Microscopy (EFM), another SPM technique to
measure the electrostatic force between the EFM tip and sample is
employed to further demonstrate the critical effects of the interfaces on
the light-induced surface charge generation. The light-induced surface
charge will alter the electrostatic force and this alteration will be re-
flected in the EMF phase shift [54-56]. Fig. 3j shows the EFM phase shift
of the BTO-PMMA hybrid with and without light, where the EFM phase
exhibits a positive shift under light illumination, compared with that in
the dark. This shift occurs because the attractive electrostatic force be-
tween the light-induced positively-charged hybrid surface and a
negatively-polarized (-5 V) EFM tip will result in an increase in the EFM
phase within the SPM system [54]. Moreover, the phase shifts observed
near the BTO/PMMA interface (e.g., featured by a particle morphology)
are more pronounced than those without particle-like features (Fig. 3j),
and more straightforwardly, the EFM phase shifts around the particles
(where the BTO/PMMA interface can be more precisely pinpointed) are
found to be more significant (Figure S7). These findings indicate that
under light illumination, there is an increased accumulation of positive
charges near/at the BTO/PMMA interface, and also underscore the role
of the BTO/PMMA interface as a hole sink, responsible for effective
electron and hole separation.

3.3. Other mechanisms behind the light-induced surface charge generation

Although the mechanisms of the surface states and the interface
engineering can well explain the observed surface charge generation
upon the visible light illumination (e.g., Fig. 3), other possible mecha-
nisms could contribute to the light-induced surface potential variations.
In this section, a series of characterizations were carried out to ascertain
the primary mechanisms contributing to the light-induced surface
charge generation. One potential factor to consider is that light illumi-
nation can cause molecular vibration and heat within the sample, which
in turn, can bring about volume change or pyroelectric effects that could
alter the surface potential of the BTO-PMMA/Pt hybrid (Fig. 4a).
However, the light-induced sample swelling can be excluded according
to the surface topography shown in Fig. 3b and S3. The surface topog-
raphy images and the potential maps were simultaneously acquired, and
no surface structural changes were observed with the light switching.
Therefore, it can be concluded that surface charge generation is not
caused by volume changes.

BTO is a typical pyroelectric material, implying that temperature
fluctuations can change the polarization and generate pyroelectric
charges, resulting in variations of surface charges (or surface potential)
[57]. To discuss the effect of the photo-heating-induced pyroelectricity
on the surface potential variations, three key factors need to be
considered. First, the temperature fluctuation, rather than temperature
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different optical conditions.

itself, is the prerequisite for the generation of pyroelectric charges. This
means that the pyroelectric charges will disappear when the tempera-
ture stabilizes [58]. Although the light switching between ON and OFF
can produce a short period of temperature fluctuation, the temperature
will stabilize when the light is held ON for an extended duration. In the
surface potential measurements involving light switching (e.g., Fig. 3c)
the light remains ON for 375 seconds and there is no sign of a drop in
surface potential. This light-induced surface potential stays consistent
and the surface charges persist even when the light exposure duration is
extended to around 130 min (Fig. 4b), during which temperature fluc-
tuation is expected to be negligible. In contrast, a remarkable reduction
of the pyroelectric charges has been observed in a tourmaline (a typic
pyroelectric gemstone) when it reached thermal equilibrium within
~512 seconds [59]. Second, the temperature changes of the BTO-PMMA
hybrid induced by the light illumination can be monitored by an
infrared camera. As shown in Fig. 4c and d, light illumination causes a
temperature increase, but only a 2.6 °C rise and the temperature tends to
be stable within 4 mins. When exposed to the light of 0.2 W-m ™2 (a light
intensity similar to those used for KPFM studies), the temperature
quickly increases by approximately 2 °C within the first 4 mins and then
stabilizes even as the light illumination period increases to 15 mins
(Figure S8). A heating/cooling stage was employed to create a temper-
ature fluctuation during KPFM measurements. However, the

temperature fluctuations (AT = 3°C) did not induce any observable
surface potential changes on the BTO-PMMA/Pt hybrid. In contrast,
surface potential immediately rises once it is illuminated (Figure S9).
The huge difference in the effects of temperature and light is further
evident in Fig. 4e and S10, where the light illumination leads to a surface
potential increase of more than three times, whereas a temperature rise
of up to 40 °C only shows a slight effect. Third, the pyroelectric charges
are associated with the polarization state of the sample and are negli-
gible when the polarization direction is not well defined [60]. Using
Piezoresponse Force Microscopy (PFM) [61], the polarization of the
fabricated BTO-PMMA hybrid is found to be random without any
preferred polarization state and is unresponsive to light illumination
(Fig. 4f-h). This random and light-insensitive polarization of the
BTO-PMMA hybrid, along with the independence of surface charges on
temperature fluctuation, and the negligible contribution of the tem-
perature to surface potential collectively suggest that the pyroelectric
effect is not responsible for surface charge generation observed in the
BTO-PMMA /Pt hybrid under light illumination.

The influence of the photo-heating effect on surface charge genera-
tion can also be revealed through the examination of surface charge
dependence on the intensity and wavelength of the incident light.
Higher light intensity and wavelengths extending into the infrared re-
gion often promise an enhanced heating effect. As mentioned, the light
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source used for SPM measurements in this work can be well controlled
with defined intensities and wavelengths by adding various combina-
tions of optical filters (IR and band-pass filters). As shown in Fig. 4i, the
light without using any filters covers a full spectrum ranging from 400 to
1100 nm (denoted as white light). Through the use of optical filters,
other light conditions were also produced, namely IR-filtered (400 nm to
750 nm), blue light (400 nm to 480 nm), and red light (600 nm to
750 nm). It should be noted that the blue light has an intensity much
lower than others. The surface potential variations induced by these
different light sources are presented in Fig. 4j, S11, and S12. Notably, the
light-induced surface potential variations are almost the same under
white, IR-filtered, and blue light, but are much lower under red light.
This suggests the negligible effect of the IR light and the light intensity
on the surface charge generation. Thus, the photo-heating effect can be
ruled out as the mechanism behind the observed light-induced surface
charge generation.

3.4. Impact of light illumination on triboelectricity

The above results have demonstrated that surface charges can be
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generated on the BTO-PMMA hybrid upon the irradiation of visible light.
Such a BTO-PMMA hybrid can then be employed in a triboelectric
generator (TENG) device. To explore the impact of the visible-light-
induced surface charges on the triboelectricity of the BTO-PMMA
hybrid, KPFM is combined with contact AFM for in-situ characteriza-
tion of the triboelectricity at the nanoscale, where the triboelectric
charges are created by contact AFM and the surface potential is imme-
diately measured by KPFM [45,62]. Specifically in this work, an area
over the BTO-PMMA surface is initially rubbed by the contact AFM tip.
Then a larger area encompassing the rubbed area is scanned in the KPFM
mode to map the surface potential. The variation in surface potential
between the rubbed and the unrubbed area is indicative of the presence
of triboelectric charges (Fig. 5a and S13). Fig. 5b and ¢ show the surface
potential obtained by this combined contact AFM and KPFM technique
with the light ON and OFF, where potentials of the rubbed area are
normalized relative to those in the pristine area. The surface potential of
the rubbed area is found to be higher when the light is ON, compared to
that when the light is OFF, suggesting an increase in the triboelectric
charge density under illumination. Note that under both dark and light
conditions, positively shifted surface potentials are observed, indicating
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Fig. 5. a) Schematic showing the combination of KPFM and contact AFM to study triboelectricity. b) Using the scheme in Fig. 5a, surface potential images were
obtained under dark and light. ¢) The surface potential profiles along the dashed line in Fig. 5b. d) Schematic showing the working mechanisms of a vertical contact/
separation TENG based on the BTO-PMMA hybrid in dark and light conditions. Under light illumination, the light-induced surface charges inject to the hybrid surface
to increase the total surface triboelectric charge density, thereby enhancing the TENG performance. e) The voltage output from the BTO-PMMA/ITO-based TENG in
dark and light conditions. f) Analysis of voltage and current output from the BTO-PMMA/ITO-based TENG in dark and light conditions. g) Frequency dependency of

the output voltage of the BTO-PMMA/ITO-based TENG.
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that the BTO-PMMA hybrid is the positive triboelectric material relative
to Pt. According to the KPFM studies (e.g., Figs. 3¢ and 4j), positive
charges generated by light illumination on the surface of the
BTO-PMMA /Pt hybrid, has the same charge polarity as the triboelectric
charge on the BTO-PMMA hybrid. Thus, the light-induced increase in
triboelectric charge density can be attributed to the additional charge
injection by light illumination.

As mentioned, such an increase in the surface charge density of
triboelectric materials (¢’) is a crucial booster for TENG performance |3,
8], thus promising enhanced light-induced performance in the
BTO-PMMA hybrid-based TENG. To further validate the augmentation
in triboelectric charge density attributed to light exposure at a device
level, we fabricated a vertical contact/separation TENG device consist-
ing of a PDMS-coated ITO glass as the moving part, and the BTO-PMMA
hybrid-coated ITO as the static part. The TENG device was placed under
a solar simulator with the static BTO-PMMA hybrid part facing the light
source (Figure S14). In this setup, the Pt-coated silicon wafer was
replaced by ITO glass to configure the BTO-PMMA hybrid-based TENG
to ensure light transmission through the electrode. ITO has good light
transmission in the visible spectrum and also a work function ranging
from 4.4 to 4.7 eV [63,64]. Thus, the use of ITO did not change the band
energy matching between the interfaces. The actuation of the moving
part was controlled by a linear motor to contact the BTO-PMMA hybrid
surface with various frequencies and the open-circuit voltage or the
short-circuit current of the TENG was measured. In such a vertical TENG
of ITO/BTO-PMMA:PDMS/ITO, the PDMS serves as the negative tribo-
electric layer, while the BTO-PMMA hybrid functions as the positive
triboelectric layer [65]. Additionally, the BTO-PMMA hybrid also works
as a light absorber as well as a surface charge injecter. When the TENG
operates in dark conditions, the triboelectric charges generated by the
contact/separation between the BTO-PMMA hybrid and PDMS are
mainly responsible for the output voltage. In light conditions, BTO ab-
sorbs light and generates the electrons and holes. Owing to the energy
band alignment between ITO, BTO, and PMMA, the generated electrons
and holes have preferred directions or paths to transfer. That is, the
negative electrons move to the ITO electrode, and the positive holes are
injected into the PMMA to increase the surface charge density, thereby
boosting the TENG performance (Fig. 5d).

Fig. 5e and Figure S15 illustrate the voltage and current oscillating
with the periodic contact/separation of the TENG under both light ON
and OFF conditions. In the absence of light illumination, a peak-to-peak
voltage of approximately 28 V and a current of 0.41 pA are recorded.
Upon switching on the light of 1.5 kW-m™2, the output rises to around
61 V and 0.54 pA, marking an increase of nearly 118 % in voltage and
31.7 % in current, respectively (Fig. 5f). Under a normal light condition
of 0.8kW-m~2, the output voltage can increase by 37 % to 37 V
(Figure S16). This enhancement is notably more significant compared to
that achieved in perovskites or bismuth oxyhalide-based TENGs [43,66].
The fabricated BTO-PMMA hybrid-based TENG also exhibits a positive
correlation between the output voltage and the oscillation frequency,
similar to conventional TENGs [67,68]. As shown in Fig. 5g, the output
increases as the oscillation frequency increases. Moreover, the voltage
and current of the BTO-PMMA hybrid-based TENG can be stably output
under light conditions over around 400 cycles (Figure S17), demon-
strating the stability of the fabricated TENG. The electric output is used
to charge capacitors and power a calculator for performing calculations
(Figure S18). These findings provide empirical evidence of the light
enhancement effect on the performance of TENG.

4. Conclusions

In this work, the BTO-PMMA hybrid is used as a model system to
study the photoresponsive behaviour of ceramic-polymer hybrids. UV-
Vis spectra of BTO-PMMA hybrids and individual BTO nanoparticles
confirm the existence of surface states on BTO nanoparticles, which
effectively narrowed the bandgap of BTO, enabling photoexcitation
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upon visible light illumination. When the BTO-PMMA hybrid is depos-
ited on the electrode that has a work function more negative than the
conduction band minimum (CBM) of the BTO, e.g., Pt-coated silicon
wafer, it forms a favorable energy band alignment. This alignment
designated PMMA and Pt as charge sinks for the photoexcited holes and
electrons, respectively. By using multiple Scanning Probe Microscopy
(SPM) techniques integrated with a light source, surface charges are
found to be generated on the BTO-PMMA-(Pt) hybrid when exposed to
visible light illumination, due to the presence of surface states and
interface engineering. Moreover, these light-induced surface charges are
found to enhance the triboelectric charges and the output voltages of a
triboelectric nanogenerator device. Our work highlights the potential of
harvesting solar and mechanical energies through the strategic surface
states and interface engineering. Note that the hybrid is not limited to
the combination of BTO and PMMA, other ceramics or polymers capable
of photoexcitation and energy band alignment at interfaces, can simi-
larly achieve the concurrent harvesting of solar and mechanical energies
within a single hybrid system.
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