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HIGHLIGHTS

• Developing a universal bulk heterojunction strategy to create oxygen vacancies by embedding laser-manufactured metal nanocrystals 
into the  TiO2 matrix.

• Proposing a new mechanism based on plasmonic-induced hot electron injection and enhanced conductivity from Schottky contact-
derived oxygen vacancies.

• Establishing several benchmark values for the performance of  TiO2-based photocathodes in photoassisted lithium-ion batteries.

ABSTRACT Efficient and stable photocathodes with versatility are of significance in photoas-
sisted lithium-ion batteries (PLIBs), while there is always a request on fast carrier transport in 
electrochemical active photocathodes. Present work proposes a general approach of creating bulk 
heterojunction to boost the carrier mobility of photocathodes by simply laser assisted embedding 
of plasmonic nanocrystals. When employed in PLIBs, it was found effective for synchronously 
enhanced photocharge separation and transport in light charging process. Additionally, experi-
mental photon spectroscopy, finite difference time domain method simulation and theoretical 
analyses demonstrate that the improved carrier dynamics are driven by the plasmonic-induced 
hot electron injection from metal to  TiO2, as well as the enhanced conductivity in  TiO2 matrix 
due to the formation of oxygen vacancies after Schottky contact. Benefiting from these merits, several benchmark values in performance 
of  TiO2-based photocathode applied in PLIBs are set, including the capacity of 276 mAh  g−1 at 0.2 A  g−1 under illumination, photocon-
version efficiency of 1.276% at 3 A  g−1, less capacity and Columbic efficiency loss even through 200 cycles. These results exemplify the 
potential of the bulk heterojunction strategy in developing highly efficient and stable photoassisted energy storage systems.
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1 Introduction

Developing solar energy supplies are essential in address-
ing the challenges posed by the energy crisis and combat-
ing energy poverty in future societies [1–3]. Traditionally, 
the common approach has been to integrate photovoltaic 
cells and lithium-ion batteries as off-grid energy storage 
devices, while these systems encounter difficulties such as 
ohmic losses, voltage mismatching, and packaging limita-
tions, thereby hindering the further development of this field 
[4–7]. Photoassisted battery that can combine photoelec-
tronic capabilities with energy storage in a single device, 
integrates the functions of capturing and utilizing light 
energy for both generating electrons and storing energy 
within the battery. Such unique design allows the battery to 
significantly enhance its discharge capacity when exposed to 
illumination. In addition, this integration also enables min-
iaturization, making the battery more compact and suitable 
for various applications [8–12]. Among the various types of 
photoassisted batteries, photossisted Li-ion batteries (PLIBs) 
have attracted considerable attention due to their high energy 
density [13–17]. In PLIBs, the photoactive cathode serves as 
a dual function by absorbing sunlight to generate additional 
electrons  (e−) and providing a suitable structure for the rapid 
(de)-insertion of  Li+ ions, thereby contributing significantly 
to the high capacity and ideal potential of the battery while 
playing a crucial role in both photoelectric conversion and 
energy storage [18–20].

Semiconductor materials that have the potential to meet 
the aforementioned requirements often suffer from rapid 
recombination of photogenerated carriers due to their inap-
propriate band structures [21–23]. To address this issue, 
a common approach is to construct a hybrid electrode by 
combining a photosensitizer and a conductive agent for 
enhanced electron transport. However, such physical mixing 
could introduce defects, inhomogeneity and multi-interface 
barriers, leading to electron loss and recombination that 
ultimately limit the efficiency of photoelectric conversion 
[24–26]. Creating a heterojunction through elaborately 
interfacial alignment of two different semiconductor mate-
rials offers an effective strategy to enhance charge separa-
tion and optimize electron transport path for efficient PLIBs 
[27, 28]. Furthermore, heterojunctions can be employed to 
merge materials with different photoelectric and energy 
storage properties, meeting the requirements in creation 

of dual-function electrodes [29–31]. A notable example is 
that the design of the  SnO2/TiO2 heterojunction in which 
photogenerated electrons could quickly transfer to  SnO2 due 
to its more positive conduction band potential compared to 
 TiO2 [32]. The presence of holes then promoted the insertion 
of hat additional  Li+ ions into  TiO2 to maintain charge bal-
ance, contributing thus to high energy density of the system. 
It is worth noting that while many studies have focused on 
such planar heterojunctions, this configuration often results 
in reduced battery capacity density due to the increased 
mass of the electrode material. In contrast, the bulk het-
erojunction configuration offers significant advantages by 
enabling sufficient photon harvesting and efficient charge 
extraction without the additional weight. More importantly, 
bulk heterojunctions in photocathodes not only accelerate 
electrochemical reaction kinetics by providing additional 
active sites, but also extend the operating potential window 
by enabling a broader range of accessible electrochemi-
cal reactions. This thus highlights the need to explore bulk 
heterojunctions.  TiO2, as a typical low-cost semiconductor 
material, can produce photogenerated charge carriers when 
exposed to light, making it suitable as a photoactive cath-
ode. However, the practical application of  TiO2 is limited 
by its wide band gap, which results in low photoelectronic 
conversion efficiency [33, 34]. Given that one-dimensional 
(1D) nanomaterials possess a large draw ratio and specific 
electronic transport channels,  TiO2 nanofibers are conducive 
to the fast electron transfer and considered as a promising 
candidate to construct bulk heterojunctions [35, 36]. Unfor-
tunately, it is yet a challenge currently to search for efficient 
objects embedded into the  TiO2 nanofibers that could simul-
taneously boost photoelectron conversion and energy storage 
for PLIBs [37–39].

Herein, a universal bulk heterojunction strategy is pro-
posed to synergistically improve the carrier dynamics of 
metal oxide-based photocathodes, exemplified by embed-
ding plasmonic nanocrystals into 1D  TiO2 nanofibers. A 
series of plasmonic metals (Au, Ag, and Pt) with well-
defined size were generated via pulsed laser irradiation of 
their bulk counterparts. Subsequently, a modified electro-
spinning method was employed to enable the plasmonic met-
als embedded into  TiO2 matrix to form a metal-TiO2 bulk 
heterojunction. Experimental and theoretical investigations 
suggest that the localized surface plasmon resonance (LSPR) 
effect of metal nanocrystals enhanced optical absorption 
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of the bulk heterojunction photocathode in visible light. 
More importantly, the embedding of the plasmonic metals 
induced the formation of oxygen vacancies  (Ovac) within 
 TiO2 matrix, resulting in the improved carrier dynamics 
due to the hot electron injection from metal to  TiO2 as well 
as the boosted intrinsic conductivity of  TiO2 after Schottky 
contact. These merits endowed  TiO2-based PLIBs with 
efficient photocharging separation and transportation in 
light charging process. Exemplified by the representative 
Au–TiO2 photocathode, we achieved an impressive capacity 
of 276 mAh  g−1 (at 0.2 A  g−1) under illumination, accompa-
nied by a substantial photoconversion efficiency of 1.276% 
at 3 A  g−1, as well as no capacity and Columbic efficiency 
loss even through 200 cycles, which sets a new benchmark 
among  TiO2-based LIBs reported thus far. Such a universal 
bulk heterojunction strategy of embedding plasmonic met-
als into  TiO2 matrix will pave a new way to advance highly 
efficient and stable photoassisted energy storage systems.

2  Experimental Section

2.1  Preparation of Au Nanocrystal Colloidal Solution

A bulk Au plate was placed in a customized reaction cell 
with 10 mL ethyl alcohol for laser irradiation. An Nd: YAG 
non-focusing pulsed laser (repetition rate: 10 Hz, pulse 
width: 8 ns, beam diameter: 8 mm) with 1064 nm was 
used to irradiate the Au in ethyl alcohol under continuous 
ultrasonication in  N2 environment. The laser fluence varied 
in 0.8 ~ 1.0 J/pulse  cm−2. After irradiation, the Burgundy 
Au–ethanol nano-colloidal solution was obtained.

2.2  Preparation of Au–TiO2 and  TiO2 Nanofiber

In a modified electrospun procedure, 1 g tetrabutyl titanate 
was mixed with 2 mL Au–ethanol solution, 2 mL acetic acid 
and 1 mL N, N-dimethylformamide (DMF), and then 0.4 g 
PVP was dissolved in the mixture and continuously stirred 
for 8 h. The electrospinning process was set at a feed rate of 
0.3 mL  h−1 with a voltage of 14 kV. The obtained fibers were 
protoxidized in a vacuum oven at 150 °C for 12 h and calci-
nated at 500 °C for 4 h with a heating rate of 2 °C  min−1 to 
obtain Au–TiO2 nanofibers. The compared  TiO2 nanofibers 
were obtain in the same process with pure ethanol instead 
of Au-ethanol solution.

2.3  Materials Characterization

The elemental content of synthesized materials was deter-
mined by ICP-OES (Agilent 725). The crystal structures 
were characterized by an X-ray diffractometer (Rigaku D/
Max-3c: Cu Kα, λ = 0.154 nm) and Raman spectra (Ren-
ishaw invia, 532 nm). The Rietveld refinement was per-
formed using the GSAS + EXPGUI suite. The morphology 
was observed by using scanning electron microscopy (TM-
3000) and transmission electron microscopy (FEI-Talos 
F200X). The EDX elemental mapping and 3D reconstruc-
tion were also obtained by the Talos F200X TEM with detec-
tors. The elements and chemical states were carried out on 
X-ray photoelectron spectroscopy and ultraviolet photoelec-
tron spectroscopy (AXISULTRA, Kratos Analytical Ltd.) 
The defect mode was investigated by ESR (Bruker Mag-
nettech ESR5000). The absorption of fibers was measured 
by UV–Vis spectrophotometer (Bruker AVANCE III 600). 
Carrier behavior was analyzed by photoluminescence (PL) 
and time-resolved photoluminescenc (TRPL) (DeltaFlex) 
with a Xenon lamp.

2.4  Design and Assembly of Photo‑LIBs

The photocathode was composed of 90  wt% Au–TiO2 
nanofiber and 10 wt% polyvinylidene fluoride (PVDF) in 
N-methyl l-2-pyrrolidione (NMP) and coated on carbon 
paper (the loading was 0.4–0.6 mg  cm−2). The CR2032-type 
coin cell was designed by making a ~ 8 mm hole on cath-
ode shell and sealed with a transparent PET window using 
EPOXY for light illumination. The designed coin cells were 
assembled in an Ar-filled glove box (< 1 ppm of  H2O and 
 O2) with the 1 M  LiPF6 (EC: DMC) electrolyte, the separator 
of a celgard 2400, Au–TiO2 photocathode and a high-purity 
lithium sheet as counter electrodes.

2.5  Electrochemical Characterization of Photo‑LIBs

A LAND battery tester was employed for investigating the 
galvanostatic charge/discharge performance, rate capa-
bilities, and cycle performances. A Solartron 1260–1460 E 
machine was used for testing CV (at a voltage of 1–3 V, scan 
rate is 0.5 mV  s−1) and EIS (at a voltage amplitude 10 mV, 
and the frequency ranges from  105 to  10−1 Hz). Conductivity 
was measured by double electric four-probe tester (RTS-9) 
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at different pressure. All the cell tests were achieved in the 
dark and illumination conditions by using Xe lamb incuba-
tor (BOLING BTC-400). For the illuminated condition, a 
Xenon lamp light source with wavelengths ranging from 400 
to 1100 nm and a light intensity of 1 sun (100 mW  cm−2) 
was employed.

2.6  Fabrication of PDs and Electrical Measurements

The photoelectric properties are measured by a three-
electrode system. The photoelectrode was constructed by 
an electrospun method with FTO substrate, the reference 
electrode was Ag/AgCl and the platinum wire served as a 
counter electrode. I-V and I-t curves were measured by using 
Solartron 1260–1460 E machine.

2.7  Li+ Diffusion Coefficient Calculation

Li+ diffusion coefficient was calculated using EIS curves:

where R is the gas constant, T is the room temperature in 
Kelvin, A is the surface area of the electrode, n is the num-
ber of electrons per molecule involved in the charge and 
discharge process, F is the Faraday constant, C is the con-
centration of Na + in the NMA and NMA@AlOx electrodes, 
and σ is the slope of the line Z′ ∼ ω−1/2.

2.8  Photoconversion Efficiency (%)

Photoconversion efficiency was calculated as the above pro-
cess at different current densities according to the Folume 
(2):

where E1 and E2 is the charging energy under dark and illu-
mination, respectively, S is the area of the optical window 
(0.50  cm2), and h is the illuminated time of the photo-LlBs.

2.9  Simulation Method

Plasmonic near-field maps were simulated with commer-
cial Ansys Lumerical software (FDTD). The diameter of Au 

(1)D =
R2T2

2A2n4F4C2
�
2

(2)Photo − conversion efficiency (%) =
E2 − E1

100
(

mW cm−2
)

× S × h
× 100%

nanocrystals was fixed at 10 nm. The scale of  TiO2 was set to 
be 60 nm × 60 nm × 15 nm. The refractive index of Au–TiO2 
was assumed to be 1.0, and the dielectric constant of Au 
was from the Johnson and Christy database. The excitation 
wavelength of a plane wave light source is 350–800 nm.

2.9.1  Density Functional Theoretical Calculation

All theoretical calculations were performed using the Vienna 
ab initio simulation package (VASP) in this work [40]. The 
projector-augmented wave (PAW) pseudopotentials were 
used to describe the interactions between valence electrons 
and ionic cores [41]. The Perdew-Burke-Ernzerhof (PBE) 
functional of the generalized gradient approximation (GGA) 
was employed to account for electronic exchange and cor-
relation [42]. A plane wave basis set with a cutoff of 400 eV 
was adapted to expand the wave functions. To simulate the 
 TiO2 and Au cluster interface, the (101) surface with  O4 
termination of  Ti24O48 slab with 12 layers and  Au4 cluster 
were used. The bottom six layers of the  Ti24O48 slab were 
fixed in their bulk positions. The remaining  TiO2 layers 
and  Au4 clusters were relaxed using the conjugate gradient 
algorithm until the maximum force on a single atom was 
less than 0.05 eV Å−1. The Г-centered k-point sampling of 
2 × 3 × 1 was done by the Monkhorst–Pack method [43]. For 
the  Ti24O48/Au4 slab, the vacuum region of 15 Å was set 
to avoid the interactions between neighboring layers. The 
formation energy of oxygen vacancy in the  Ti24O48 slab and 
the  Ti24O48/Au4 interface were calculated according to the 
equations:

where E(Ti24O47) and E(Ti24O47/Au4) are the total energy 
of  Ti24O48 slab and  Ti24O48/Au4 interface with one oxy-
gen vacancy, E(Ti24O48) and E(Ti24O48/Au4) are the total 
energy of perfect slab and interface. E(O) is taken from the 
half of total energy of free oxygen molecule, which is cor-
responding to O-rich condition. The charge density differ-
ence between the  TiO2 slab and  Au4 cluster were obtained 
using the VASPKIT code [44]. The yellow region represents 
charge accumulation and the blue region charge depletion. 
The crystal structure of model was drawn using the VESTA 
code [45].

(3)Eo - vacanvcy = E(Ti24O47)−E(Ti24O48) + E(O)

(4)Eo - vacanvcy = E(Ti24O47/Au4)−E(Ti24O48/Au4) + E(O)
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3  Results and Discussion

3.1  Photocharging Mechanism of Bulk Heterojunction 
Photocathodes

The proposed  TiO2-based bulk heterojunction was 
achieved through the embedding of plasmonic met-
als, illustrating in Fig. 1a. It can be seen that the laser-
generated metal nanocrystals are distributed within the 
 TiO2 matrix, forming a series of local Schottky contacts 
between the metal and  TiO2 (Fig. 1b). Accompanied by 
the formation of  Ovac, the intrinsic conductivity and the 
light absorption ability of the  TiO2 matrix will signifi-
cantly increase due to the barrier reduction induced hot 
electrons injection from metal to  TiO2. The photodis-
charging/charging process of the subsequently assem-
bled PLIBs is schematically depicted in Fig. 1c. Under 
illumination, photogenerated electrons are excited and 
transferred to the conduction band (CB) of the bulk het-
erojunction photocathode, and then transported to car-
bon paper (CP) with a small barrier. Meanwhile, the pho-
togenerated holes from valence band (VB) are hindered 
by CP due to a large interfacial extraction barrier. This 

combined behavior of electron transfer and hole blocking 
enables the photoassisted charging process in the PLIBs.

In order to elucidate the microstructure evolution in 
 TiO2-based bulk heterojunctions, the density functional 
theoretical (DFT) calculations were performed on the 
optimized models of  TiO2 and its bulk heterojunction 
(Fig. S1). Exemplified by the representative Au-TiO2 bulk 
heterojunction, the formation energy of  Ovac in Au–TiO2 
(3.32 eV) is lower than that of  TiO2 (4.31 eV), indicat-
ing that embedding Au nanocrystals into  TiO2 induces the 
generation of  Ovac (Fig. 1d). This is attributed that the 
outermost electrons of Au 4f are slightly transferred to Ti 
2p upon contact between Au and  TiO2, leading to the for-
mation of  Ovac in  TiO2 matrix to balance charge, thereby 
improved electron and ion conductivity. Density of states 
(DOS) calculations were performed to further investigate 
the effects of Au on electronic structure of  TiO2. As shown 
in Fig. 1e, the defective energy levels at around ~ 2 eV cor-
responding to Au-vacancy interactions are able to facili-
tate fast conductivity. The position of the valence edge 
in Au–TiO2 is shifted above the Fermi level compared to 
 TiO2, indicating a decreased band gap in Au–TiO2. This 
reduction in the band gap could enhance photoabsorption 

Fig. 1  TiO2-based photocathodes applied in PLIBs by constructing bulk heterojunctions with laser-embedded metal nanocrystals. a Schematic 
illustration of the synergistically improving of carriers dynamics in  TiO2 photocathode enabled by embedding plasmonic nanocrystals. b Sche-
matic diagram of band structure and electron transfer at the interface of metal and  TiO2. c Schematic illustration of the proposed photocharging/
discharging mechanism of metal-TiO2 PLIBs. d DFT-calculated formation energy of oxygen vacancy for  TiO2 and Au–TiO2, respectively. e 
DFT-calculated DOS for  TiO2 and Au–TiO2, respectively. f Charge density difference of Au–TiO2
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and excitation of electrons under illumination. Further-
more, the charge density difference (CDD, Fig. 1f) reveals 
that the electron density at the Au–TiO2 interface is sig-
nificantly higher than that in  TiO2 matrix, the Schottky 
contact and defect state can reduce the electronic affinity 
and be conducive to electron transport, suggesting that the 
embedding of Au nanocrystals in  TiO2 promotes electron 
transfer and  Li+ transport and insertion [46–48]. These 
DFT results demonstrate that constructing bulk hetero-
junctions by embedding metal nanocrystals in  TiO2 matrix 
is conducive to enhance the photoelectric properties of 
PLIBs.

3.2  Construction and Characterization of Au–TiO2−x 
Bulk Heterojunctions

Experimentally, the Au–TiO2 bulk heterojunction was con-
structed by a modified electrospinning method (Fig. S2). 
Briefly, the Au nanocrystals were first manufactured in 
ethanol through the pulsed laser irradiation of a gold tar-
get. This process resulted in the formation of a brownish-
red colloid solution with clear Tyndall scattering, yielding 
well-dispersed Au nanocrystals with an average diameter of 
9.51 nm (Fig. S3). The crystal structure of the as-prepared 
Au nanocrystals was determined by high-resolution trans-
mission electron microscopy (HRTEM), exhibiting a lattice 
spacing of 2.35 Å which corresponds to the typical plane 
(111) of Au (Fig. S3b). The as-prepared Au colloidal solu-
tion was subsequently employed to blend with the  TiO2 pre-
cursor and then subjected to electrospinning onto a silicone 
paper substrate under high voltage. Such spinning enabled 
the in situ embedding of laser-generated Au nanocrystals 
within the  TiO2 nanofibers, resulting in the formation of the 
Au–TiO2 bulk heterojunction.

To determine the crystal structure of obtained Au-
TiO2 nanofiber, the X-ray powder diffraction (XRD) and 
the XRD Rietveld refinement were conducted using the 
GSAS + EXPGUI method, and corresponding XRD pat-
terns and refinement results are shown in Figs. 2a, S4 and 
Table S1. The XRD pattern of Au–TiO2 corresponds to that 
of the pristine  TiO2 nanofiber, indicating that both belong to 
anatase phase in the I41/amd space group (a = b = 3.7779 Å, 
c = 9.4559 Å, Rwp = 7.23%, Rp = 5.52% and χ2 = 1.6680). 
The similar lattice parameters suggest that the crystal struc-
ture of  TiO2 remains unchanged when Au nanocrystals are 

embedded into  TiO2 fibers. However, no diffraction peaks 
for Au are observed in Au–TiO2, likely due to the low Au 
content of only 4.1%, as determined by inductively coupled 
plasma analysis (ICP, Table S2). It is worth noting that Au 
nanocrystals enable a prominent surface Raman enhance-
ment effect for oxides. Therefore, Raman spectroscopy was 
employed to investigate the presence of Au nanocrystals. As 
shown in Fig. 2b, the Au–TiO2 spectrum shows significantly 
enhanced peaks corresponding to the Ti–O bond vibrations 
in anatase  TiO2, located at 143, 400, 517, and 638  cm−1, 
respectively. The normalized bar graph in the inset of Fig. 2b 
provides a clear visual comparison between the two sam-
ples, clearly demonstrating the existence of Au nanocrystals 
in Au–TiO2. The X-ray photoelectron spectroscopy (XPS, 
Figs. 2c and S5) characterization was carried out to further 
analyze the element type and valence state. To investigate 
the presence of Au nanocrystals within Au–TiO2 nanofib-
ers, the Au 4f orbital was analyzed using the  Ar+ surface 
etching method. Interestingly, the signal of the Au (0) at 
84.2 and 87.8 eV can be detected in the Au–TiO2 nanofibers 
even after etching 10 min, demonstrating Au nanocrystals 
enter into the  TiO2 matrix. In the Ti 2p orbital (Fig. S5), 
both the Au-TiO2 and  TiO2 nanofibers exhibit two sharp 
peaks at 458.4 and 464.2 eV, which are consistent with the 
 Ti4+. Nevertheless, in comparison with the pure  TiO2, one 
additional peak at 462.0 eV corresponding to  Ti3+ appears 
in Au–TiO2. This is attributed to surface electron trans-
fer resulting from the embedding of Au nanocrystals and 
might balance the formed  Ovac. Notably, the XPS spectra of 
the O 1s in Au–TiO2 show a distinct  Ovac peak at 533.4 eV 
(Fig. 3d). These results suggest that Au nanocrystals suc-
cessfully enter the  TiO2 nanofiber matrix during the electro-
spinning process, along with the formation of  Ovac.

A series of morphology characterizations were further 
carried out to visualize the distribution of Au nanocrystals 
in  TiO2 nanofiber. The scanning electron microscopy (SEM) 
images show that both samples present fibrous shapes with 
a diameter of ~ 100 nm (Fig. S6), and the Au nanocrys-
tals did not affect the microstructure of  TiO2 nanofibers. 
It should be noted that the Au–TiO2 sample prepared by 
traditional wet chemical methods is subjected to a staccato 
state owing to the usually grafted ligands on Au nanocrys-
tals surface (Fig. S7). As shown in Figs. 2d and S8, it is 
clearly seen that the lattice fringes of Au nanocrystals with 
an inner-plane spacing at 2.35 Å (111) are surrounded by 
 TiO2 grains with the typical inner-plane spacing of 3.47 Å 
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in (101), elucidating the location and distribution in  TiO2 
nanofibers. Furthermore, the Au nanocrystals were found 
to be dispersed into the  TiO2 nanofiber, as evidenced by the 
EDX mappings of Ti, O, and Au elements shown in Figs. 2e 
and S9. In addition, 3D TEM reconstruction shows in Fig. 2f 
and was employed to further confirm that Au nanocrystals 
indeed enter the polycrystalline  TiO2 nanofiber by a multi-
angle observation. All the above structural and morphologi-
cal results clearly indicate that the Au–TiO2 nanofiber with 
local bulk heterojunctions has been successfully constructed 
without any damage to the  TiO2 matrix.

3.3  Photoelectric Properties of Au–TiO2 Photocathodes

The photosensitivity and photocarrier separation/transport 
for the  TiO2 and Au–TiO2 photoelectrodes were studied in a 

photodetector system, as depicted in Fig. S10. As expected, 
the Au–TiO2 photoanodes exhibited a stronger current 
response compared to  TiO2 when exposed to 520 nm illu-
mination owing to the increased photocarrier induced by Au 
nanocrystals, evidenced by the current–voltage (I–V) curves 
under illumination (Fig. S11). Furthermore, the current–time 
(I–t) measurements were conducted at a bias voltage of 1 V 
under periodic light and dark conditions, demonstrating 
that Au–TiO2 photoanodes are capable of generating a large 
photocurrent (Fig. S12). The improved photoelectric perfor-
mance can be attributed to the unique microstructure formed 
between Au and  TiO2, leading to the plasmonic-induced hot 
electron injection from metal to  TiO2, as well as the for-
mation of oxygen vacancies after Schottky contact [49, 50]. 
The SPR effect of Au nanocrystals is evident in the ultravio-
let–visible (UV–vis) spectra of Au–TiO2 shown in Fig. 3a, 
where a distinct absorption peak is observed at ~ 520 nm. 

Fig. 2  Structure and morphology characterization of the prepared  TiO2 and Au–TiO2 nanofibers. a XRD pattern and Rietveld plots of Au–TiO2. 
b Raman spectra of  TiO2 and Au–TiO2 (insert, normalization peak). c Au 4f XPS spectra of the prepared Au–TiO2 with different etching times 
of 0 and 10 min. d TEM and HRTEM images of Au–TiO2. e EDX mappings (Ti, O and Au elements) of Au–TiO2 and f HADDF and 3D TEM 
reconstruction images of Au–TiO2
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Also, the embedding of Au nanocrystals and the forma-
tion of oxygen vacancies in  TiO2 matrix can decrease CB 
and reduce the band gap of  TiO2 nanofibers from 3.53 to 
3.46 eV, demonstrating the enhanced light absorption ability 
in visible light range for the  TiO2 photoelectrodes [51–53]. 
In Fig. 3b, the simulated electric field intensity around  TiO2 
and Au–TiO2 of the finite difference time domain (FDTD) 
method reveals that the electric field intensity of Au–TiO2 is 
enhanced by approximately 6 times in the vicinity of the Au 
nanocrystals, creating spatially confined “hot spots”. Such 
enhancement indicates the presence of plasmon-excited hot 
electrons at the interface of  TiO2 and Au nanocrystals, con-
tributing to an increase in the amount of charge in the battery 
system and improving the performance of  TiO2-based PLIBs 
[54, 55]. More importantly, according to the ultraviolet pho-
toelectron spectroscopy (UPS) analysis shown in Fig. S13, 
the valence band (VB) and the conductive band (CB) of 
Au–TiO2 nanofibers are calculated to be 6.60 and 3.14 eV, 
respectively, indicating that the  Ovac changes the band struc-
ture of  TiO2 (6.36 and 2.83 eV), which improve the photoas-
sisted battery performance. The energy level arrangement is 
appropriate and favorable for the transfer of photogenerated 
electrons into the counter electrode while preventing the 
propagation of photogenerated holes outward.

The formation of oxygen vacancies was determined by the 
electron spin-resonance spectroscopy (ESR) shown in Fig. 3c. 
A stronger signal in Au–TiO2 at a  giso-factor of 2.00072 indi-
cates the presence of a higher amount of oxygen vacancies 
 (Ovac) in  TiO2 due to the Schottky contact induced charge 
transfer between  TiO2 matrix and Au nanocrystals. The  Ovac 
in Au–TiO2 was further confirmed by XPS spectra shown 
in Fig. 3d. In Au–TiO2, an additional broad peak of O 1s at 
533.2 eV is observed alongside the typical two sharp peaks of 
 TiO2 at 531.4 and 529.8 eV, indicating the presence of  Ovac 
with a content of approximately 13%. The formation of  Ovac 
is attributed to the equilibrium valence state of Ti caused by 
the embedding of Au nanocrystals and subsequent Schottky 
contact [56–58]. These  Ovac in Au–TiO2 can provide extra 
electron states near the  Ef and enhance the  Li+ transport and 
the corresponding charge transfer process, which effectively 
enhances the electrical conductivity [59–64] and accelerates 
charge transport of photogenerated electrons, which plays 
a crucial role in improving the overall photoelectric perfor-
mance and  Li+-(de) insertion processes of PLIBs [65, 66]. 
The steady-state and time-resolved photoluminescence (PL) 
spectra of  TiO2 nanofibers with or without Au nanocrystals 
were further conducted to investigate the charge transport. Fig-
ure 3e illustrates a significant quenching of the PL intensity 

Fig. 3  Photoelectric properties and enhancement mechanisms of Au–TiO2. a UV–vis absorption spectra of the Au nanocrystals,  TiO2 and Au–
TiO2 (insert, the corresponding Tauc plot of the three samples). b FDTD simulations of  TiO2 and Au–TiO2,  E0 and E represent the incident and 
localized electric field, respectively. c ESR spectra of  TiO2 and Au–TiO2. d XPS spectra of O 1s peaks of  TiO2 and Au–TiO2. e PL spectra and f 
TRPL spectra of  TiO2 and Au–TiO2
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in Au–TiO2 compared to pure  TiO2, indicating the excellent 
electron extraction ability of Au–TiO2 photocathodes. Addi-
tionally, the average carrier decay lifetime increased from 249 
to 1357 ps in Au–TiO2 (Fig. 3f). These results demonstrate 
that Au nanocrystals facilitate the separation of photogen-
erated electrons and holes, thereby enhancing the photoelectric 
properties of  TiO2 nanofibers. This enhancement is primarily 
attributed to the synergistic effect of SPR and  Ovac induced by 
the constructed Au–TiO2 bulk heterojunctions.

3.4  Photoassisted Li‑Storage Performance of Au–TiO2 
Photocathodes

To assess the photoassisted storage-Li performance of 
Au–TiO2 photocathodes, a CR2032-type coin cell was 
designed with a ~ 8 mm optical window (sealed with PET 
film and EXPOY, Fig. S14), and a series of electrochemical 
measurements were conducted under both light and dark 
conditions. The results indicate that Au-TiO2 photocathode 
exhibits a distinguishably superior electrochemical perfor-
mance than  TiO2 photocathode. The galvanostatic discharg-
ing and charging curves of  TiO2 and Au–TiO2 photocathodes 
were measured at the current density of 0.2 A  g−1 (Figs. 4a, 
S15 and Table S3). The capacity of Au–TiO2 increased sig-
nificantly from 203 to 276 mAh  g−1 when measurements 
were conducted under dark to light, representing a 35.4% 
increase. In contrast, the  TiO2 photocathode exhibits a mod-
est increase from 185 to 218 mAh  g−1, corresponding to 
a 17.8% increase. The intuitive discharge and charge volt-
age variation can be observed in the corresponding dQ/dV 
curves (Fig. 4b). In the case of Au–TiO2, the discharge volt-
ages show enhancement from 1.738 to 1.765 V, while the 
charge voltages decrease from 1.958 to 1.896 V, indicat-
ing the efficient transfer of photogenerative electrons, this 
behavior is superior to the nominal voltage change observed 
in the pure  TiO2 photocathode, as shown in Fig. S16 and 
detailed in Table S4. Furthermore, the rate and cycling per-
formance of two photocathodes were systematically investi-
gated at different current densities under both light and dark 
conditions. Figure 4c and Table S3 show that the Au–TiO2 
cathode exhibits superior rate capacity compared to the  TiO2 
cathode in the dark condition. Specifically, the Au–TiO2 
cathode maintains discharging capacities of 203, 182, 164, 
143, and 105 mAh  g−1 at different current densities of 0.2, 
0.5, 1.0, 2.0, and 3.0 mA  g−1, respectively. In contrast, the 

 TiO2 cathode shows capacities of 185, 165, 144, 125, and 
88 mAh  g−1 at the same current densities. The performance 
enhancement is primarily attributed to the improved conduc-
tivity resulting from the construction of bulk heterojunctions 
in the Au–TiO2 photocathodes. In addition, the discharging 
capacity of Au–TiO2 cathode can recover to 193 mAh  g−1 
when the current density is reduced to 0.2 A  g−1 again, dem-
onstrating its excellent reversibility. Interestingly, the rate 
performance of Au–TiO2 photocathode can be enhanced 
under further illustration. The discharging capacities at cur-
rent densities of 0.2, 0.5, 1.0, 2.0, and 3.0 A  g−1 for the 
Au–TiO2 cathode increase by 34%, 38%, 42%, 45%, and 
55%, respectively. In comparison, the corresponding dis-
charging capacities for the  TiO2 photocathode only increase 
by 18%, 21%, 27%, 30%, and 37% under the same condi-
tions. Additionally, the photoconversion efficiency of the 
Au–TiO2 cathode rises from 0.042% to 1.276%, while the 
 TiO2 photocathode shows an increase from 0.027% to 0.85% 
(Fig. S17, Tables S5 and S6).

The test results further demonstrate that the introduc-
tion of illumination can improve the electrochemical per-
formance of Au–TiO2 PLIBs, which can be attributed to 
the synergistic enhancement of photocharging separation 
and transport in photocharging process, accelerated by the 
plasmonic Au-induced  Ovac. Moreover, the cycling perfor-
mance measurements depicted in Fig. 4d demonstrate that 
the Au–TiO2 photocathode exhibits excellent capacity reten-
tion. The Au–TiO2 photocathode still retains 88.0% of its 
initial capacity (233 mAh  g−1) after 200 cycles at 1 A  g−1 in 
the light condition. Nevertheless, the pure  TiO2 photocath-
ode shows a lower capacity of 182 mAh  g−1 with a capacity 
retention of ~ 75% under the light condition. These results 
indicate excellent reversibility and long cycle stability for 
the Au-TiO2 photocathode. The kinetic diffusion process 
of  Li+ was studied by using electrochemical impedance 
spectroscopy (EIS) measurements under dark and illumina-
tion conditions (Fig. 4e and Table S7). In the dark condi-
tion, the Au–TiO2 photocathode delivers the lower charge 
transfer resistance  (Rct) and the higher  Li+ diffusion coef-
ficient  (DLi+, Fig. S18) of 5.84 × 10–8  cm2  s−1 compared 
to the  TiO2 photocathode (Table S7). Meanwhile, it can be 
seen that the Rct of both Au–TiO2 and  TiO2 significantly 
decreases under illumination, indicating that photo excites 
charges and accelerates charge transport, particularly in the 
case of Au–TiO2, where it can enhance charge transfer in 
the  TiO2 bulk phase. The improvements in capacity, rate 
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performance, and  Li+/e− transfer behavior evidentially dem-
onstrate that the strategy of constructing bulk heterojunction 
in  TiO2 helps enhance the intrinsic photoelectric proper-
ties, charge transport behavior, and overall performance of 
PLIBs.

3.5  Universality of Bulk Heterojunctions and Practical 
Application

The above results suggest the superiority of the bulk het-
erojunction strategy in improving the optical and elec-
tronic properties of the  TiO2 photocathodes, thereby sig-
nificantly enhancing photoelectron conversion and energy 
storage performance of PLIBs. Taking advantage of the 
universal feature of pulsed laser irradiation for generat-
ing metal nanocrystals in liquid, a series of ligand-free 
metal plasmonic, specifically Pt and Ag nanocrystals with 
average sizes of 9.50 and 9.20 nm (Fig. S19), respectively, 
were further prepared in an ethanol-based  TiO2 precur-
sor solvent. These metal nanocrystals were subsequently 
embedded in the  TiO2 fibers to construct bulk heterojunc-
tions, as evidenced by the results in the XRD patterns and 
UV–vis spectra (Figs. 5a and S20). TEM images further 
reveal that the Pt and Ag nanocrystals were embedded 

into the bulk  TiO2 nanofiber, with sizes remaining about 
10 nm, where the Ti and O elements were evenly distrib-
uted in the Pt–TiO2 and Ag–TiO2 nanofibers while Pt and 
Ag were enriched inside the fibers (Fig. S21). Similarly, 
such embedding did not change the fiber morphology 
and diameter (Fig. S22). To investigate the universality 
of bulk heterojunction strategy, the electrochemical per-
formances of the Pt–TiO2 and Ag–TiO2 photocathodes 
were evaluated, as shown in Fig. 5b, c. Compared to pure 
 TiO2 at 0.2 A  g−1 under illumination, the Pt–TiO2 and 
Ag–TiO2 exhibit higher specific capacities of 245 and 
253 mAh  g−1, respectively. This suggests that the con-
struction of bulk heterojunctions through the embedding 
of Pt and Ag nanocrystals has a similar effect on  TiO2 
nanofibers. However, it should be noted that among these 
bulk heterojunction constructed  TiO2 photocathodes, 
the Au–TiO2 photocathode exhibits the largest specific 
capacity, highest discharge voltage, lowest charge volt-
age, and the largest photoconversion efficiency of 1.276% 
(Fig. 5d–f).

Given these striking merits, the Au–TiO2 photocath-
odes were further assembled as a PLIB, which can be 
charged solely by solar energy without any external cur-
rent, whereas  Li+ are activated solely by photoelectrons. 

Fig. 4  Electrochemical performance of  TiO2 and Au–TiO2 photoassisted batteries. a Discharge–charge curves and b dQ/dV versus voltage of 
Au–TiO2 sample at 0.2 A  g−1 in the dark and light condition. c Rate performance of  TiO2 and Au–TiO2 at different current densities. d Cycling 
performance and Columbic efficiency of Au–TiO2 photocathode at 1 A  g−1. e EIS curves of  TiO2 and Au-TiO2 photoassisted batteries (insert, 
equivalent circuit diagram)
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As illustrated in Fig. 5g, the brightness of the LED arrays 
increases significantly under illumination, deriving by a 
series of photoassisted batteries with the Au–TiO2 pho-
tocathode. Figure 5h shows the photocharging and dis-
charging curve of Au–TiO2, featuring a charge voltage 
plateau at 1.79 V, which reaches the upper voltage limit of 
3.0 V after 2 h of illumination. This results in a discharge 
capacity of 128 mAh  g−1 at 0.2 A  g−1 in the dark with 
the photoconversion efficiency of 0.144%, demonstrat-
ing the potential for practical application. In comparison 
with the reported results (Fig. 5i and Table S8), which is 
ranked among the top capacity and rate performance of 
 TiO2-based electrodes in this work, indicating that these 
synergistically boosted carriers dynamics tactics can be 
used as the high-efficiency photocathodes in the photoas-
sisted LIBs.

4  Conclusions

In summary, a universal bulk heterojunction strategy was 
developed to regulate the electronic structure and light 
harvesting of  TiO2-based photocathodes for simultane-
ously enhancing the photocharge separation and transport 
in light charging process of PLIBs. A series of bulk heter-
ojunctions were obtained by the embedding of laser-man-
ufactured metal nanocrystals into the  TiO2 nanofibers. The 
plasmonic metals were determined to be embedded into 
the bulk  TiO2, significantly improving the carrier dynam-
ics of the photocathodes through plasmonic-induced hot 
electron injection from the metal to  TiO2 and increased 
conductivity due to Schottky contact-derived oxygen 
vacancies. As a result, the representative Au–TiO2 pho-
tocathodes applied in PLIBs proposed several benchmark 

Fig. 5  Photocathode expansion and practical application of photoassisted battery. a XRD patterns and Rietveld plots of Ag–TiO2 and Pt–TiO2. 
b, c Discharge–charge curves of Pt–TiO2 and Ag–TiO2 samples at 0.2 A  g−1 in the dark and light condition. d–f Discharge capacities, charge 
voltage and discharge voltage under illumination for Au–TiO2, Ag–TiO2 and Pt–TiO2. g LED arrays in the light and dark with Au–TiO2 photo-
cathode. h Charge and discharge curves of Au–TiO2 without current under illumination. i Comparison of specific capacity and rate capacity of 
different  TiO2–based materials, the related references are provided in Table S8
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performances, including the capacity of 276 mAh   g−1 
under illumination, photoconversion efficiency of 1.276% 
at 3 A  g−1, as well as less loss in capacity and columbic 
efficiency over 200 cycles. These findings highlight the 
potential of the bulk heterojunction strategy for develop-
ing highly efficient and stable photoassisted energy storage 
systems.

Acknowledgements This work was financially supported by 
the project of the National Natural Science Foundation of China 
(52202115 and 52172101), Guangdong Basic and Applied Basic 
Research Foundation (2024A1515012325), the Natural Science 
Foundation of Chongqing, China (CSTB2022NSCQ-MSX1085), 
the Shaanxi Science and Technology Innovation Team (2023-CX-
TD-44), the Fundamental Research Funds for the Central Universi-
ties (G2022KY0604). The authors would like to thank the Analyti-
cal & Testing Center of Northwestern Polytechnical University and 
Shaanxi Materials Analysis and Research Center for XPS, XRD, 
SEM and TEM characterizations.

Author Contributions Zelin Ma contributed to investigation, 
experiment, figure design, data curation, original draft writing, 
and conceptualization. Shiyao Wang and Junjie Wang contributed 
to calculatation, data analysis and review. Zhuangzhuang Ma con-
tributed to investigation and experiment. Juan Li and Luomeng 
Zhao contributed to experiment and data curation. Zhihuan Li con-
tributed to simulation and visualization. Shiyuan Wang, Yazhou 
Shuang, Jiulong Wang and Fang Wang contributed to experiment, 
data curation and conceptualization. Weiwei Xia contributed to 
experiment and visualization. Jie Jian contributed to data curation 
and conceptualization. Yibo He contributed to review and editing. 
Pengfei Guo and Hongqiang Wang contributed to funding acquisi-
tion, figure design, validation, review, editing, and supervision.

Declarations 

Conflict of interest The authors declare no interest conflict. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Com-
mons 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 
licence, and indicate if changes were made. The images or other 
third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit 
line to the material. If material is not included in the article’s 
Creative Commons licence and your intended use is not permit-
ted 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 licence, visit http:// creat iveco mmons. org/ 
licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 024- 01570-7.

References

 1. A. Gurung, Q. Qiao, Solar charging batteries: advances, chal-
lenges, and opportunities. Joule 2, 1217–1230 (2018). https:// 
doi. org/ 10. 1016/j. joule. 2018. 04. 006

 2. Q. Zeng, Y. Lai, L. Jiang, F. Liu, X. Hao et al., Integrated pho-
torechargeable energy storage system: next-generation power 
source driving the future. Adv. Energy Mater. 10, 1903930 
(2020). https:// doi. org/ 10. 1002/ aenm. 20190 3930

 3. L. Song, Y. Fan, H. Fan, X. Yang, K. Yan, X. Wang, L. Ma, 
Photo-assisted rechargeable metal batteries. Nano Energy 125, 
109538 (2024). https:// doi. org/ 10. 1016/j. nanoen. 2024. 109538

 4. J. Xu, Y. Chen, L. Dai, Efficiently photo-charging lithium-ion 
battery by perovskite solar cell. Nat. Commun. 6, 8103 (2015). 
https:// doi. org/ 10. 1038/ ncomm s9103

 5. A. Gurung, K. Chen, R. Khan, S.S. Abdulkarim, G. Varnekar 
et al., Highly efficient perovskite solar cell photocharging 
of lithium ion battery using DC–DC booster. Adv. Energy 
Mater. 7, 1602105 (2017). https:// doi. org/ 10. 1002/ aenm. 
20160 2105

 6. A. Gurung, K.M. Reza, S. Mabrouk, B. Bahrami, R. Pathak 
et al., Rear-illuminated perovskite photorechargeable lithium 
battery. Adv. Funct. Mater. 30, 2001865 (2020). https:// doi. 
org/ 10. 1002/ adfm. 20200 1865

 7. H. Wu, S. Luo, H. Wang, L. Li, Y. Fang et al., A review of 
anode materials for dual-ion batteries. Nano-Micro Lett. 16, 
252 (2024). https:// doi. org/ 10. 1007/ s40820- 024- 01470-w

 8. A. Lee, M. Vörös, W.M. Dose, J. Niklas, O. Poluektov et al., 
Photo-accelerated fast charging of lithium-ion batteries. 
Nat. Commun. 10, 4946 (2019). https:// doi. org/ 10. 1038/ 
s41467- 019- 12863-6

 9. J. Li, Y. Zhang, Y. Mao, Y. Zhao, D. Kan et al., Dual-func-
tional Z-scheme  TiO2@MoS2@NC multi-heterostructures for 
photo-driving ultrafast sodium ion storage. Angew. Chem. 
Int. Ed. 62, e202303056 (2023). https:// doi. org/ 10. 1002/ anie. 
20230 3056

 10. X. Yang, X. Wang, Y. Xiang, L. Ma, W. Huang, Asymmetric 
electrolytes design for aqueous multivalent metal ion batter-
ies. Nano-Micro Lett. 16, 51 (2023). https:// doi. org/ 10. 1007/ 
s40820- 023- 01256-6

 11. S. Wang, S. Chen, Y. Ying, G. Li, H. Wang et al., Fast reac-
tion kinetics and commendable low-temperature adaptability 
of zinc batteries enabled by aprotic water-acetamide symbi-
otic solvation sheath. Angew. Chem. Int. Ed. 63, e202316841 
(2024). https:// doi. org/ 10. 1002/ anie. 20231 6841

 12. Y. Zhao, T. He, J. Li, C. Zhu, Y. Tan et al., Carbon super-
structure-supported half-metallic  V2O3 nanospheres for high-
efficiency photorechargeable zinc ion batteries. Angew. Chem. 
Int. Ed. 63, e202408218 (2024). https:// doi. org/ 10. 1002/ anie. 
20240 8218

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-024-01570-7
https://doi.org/10.1007/s40820-024-01570-7
https://doi.org/10.1016/j.joule.2018.04.006
https://doi.org/10.1016/j.joule.2018.04.006
https://doi.org/10.1002/aenm.201903930
https://doi.org/10.1016/j.nanoen.2024.109538
https://doi.org/10.1038/ncomms9103
https://doi.org/10.1002/aenm.201602105
https://doi.org/10.1002/aenm.201602105
https://doi.org/10.1002/adfm.202001865
https://doi.org/10.1002/adfm.202001865
https://doi.org/10.1007/s40820-024-01470-w
https://doi.org/10.1038/s41467-019-12863-6
https://doi.org/10.1038/s41467-019-12863-6
https://doi.org/10.1002/anie.202303056
https://doi.org/10.1002/anie.202303056
https://doi.org/10.1007/s40820-023-01256-6
https://doi.org/10.1007/s40820-023-01256-6
https://doi.org/10.1002/anie.202316841
https://doi.org/10.1002/anie.202408218
https://doi.org/10.1002/anie.202408218


Nano-Micro Lett.           (2025) 17:74  Page 13 of 15    74 

 13. Q. Dong, M. Wei, Q. Zhang, L. Xiao, X. Cai et al., Photoas-
sisted Li-ion de-intercalation and  Niδ+ valence conversion 
win-win boost energy storage performance in Ni/CdS@
Ni3S2-based Li-ion battery. Chem. Eng. J. 459, 141542 (2023). 
https:// doi. org/ 10. 1016/j. cej. 2023. 141542

 14. N. Tewari, S.B. Shivarudraiah, J.E. Halpert, Photorecharge-
able lead-free perovskite lithium-ion batteries using hexago-
nal  Cs3Bi2I9 nanosheets. Nano Lett. 21, 5578–5585 (2021). 
https:// doi. org/ 10. 1021/ acs. nanol ett. 1c010 00

 15. K. Kato, A.B. Puthirath, A. Mojibpour, M. Miroshnikov, S. 
Satapathy et al., Light-assisted rechargeable lithium batter-
ies: organic molecules for simultaneous energy harvesting 
and storage. Nano Lett. 21, 907–913 (2021). https:// doi. org/ 
10. 1021/ acs. nanol ett. 0c033 11

 16. L. Song, Y. Fan, H. Fan, X. Yang, K. Yan et al., Photo-assisted 
rechargeable metal batteries. Nano Energy 125, 109538 
(2024). https:// doi. org/ 10. 1016/j. nanoen. 2024. 109538

 17. Y. Zhao, J. Li, Y. Tan, C. Zhu, Y. Chen, Recent progress in 
device designs and dual-functional photoactive materials for 
direct solar to electrochemical energy storage. Carbon Neu-
tralization 3, 32 (2024). https:// doi. org/ 10. 1002/ cnl2. 100

 18. J. Lv, Y.-X. Tan, J. Xie, R. Yang, M. Yu et al., Direct solar-to-
electrochemical energy storage in a functionalized covalent 
organic framework. Angew. Chem. Int. Ed. 57, 12716–12720 
(2018). https:// doi. org/ 10. 1002/ anie. 20180 6596

 19. B.D. Boruah, A. Mathieson, B. Wen, S. Feldmann, W.M. Dose 
et al., Photo-rechargeable zinc-ion batteries. Energy Environ. 
Sci. 13, 2414–2421 (2020). https:// doi. org/ 10. 1039/ d0ee0 
1392g

 20. B.D. Boruah, A. Mathieson, S.K. Park, X. Zhang, B. Wen, L. 
Tan, A. Boies, M. De Volder, Vanadium dioxide cathodes for 
high‐rate photo‐rechargeable zinc‐ion batteries. Adv. Energy 
Mater. (2021). https:// doi. org/ 10. 1002/ aenm. 20210 0115

 21. O. Nguyen, E. Courtin, F. Sauvage, N. Krins, C. Sanchez et al., 
Shedding light on the light-driven lithium ion de-insertion 
reaction: towards the design of a photo-rechargeable battery. 
J. Mater. Chem. A 5, 5927–5933 (2017). https:// doi. org/ 10. 
1039/ c7ta0 0493a

 22. Z. Zhu, X. Shi, G. Fan, F. Li, J. Chen, Photo-energy conversion 
and storage in an aprotic Li–O2 battery. Angew. Chem. Int. Ed. 
58, 19021–19026 (2019). https:// doi. org/ 10. 1002/ anie. 20191 
1228

 23. S. Weng, G. Yang, S. Zhang, X. Liu, X. Zhang et al., Kinetic 
limits of graphite anode for fast-charging lithium-ion batter-
ies. Nano-Micro Lett. 15, 215 (2023). https:// doi. org/ 10. 1007/ 
s40820- 023- 01183-6

 24. B.D. Boruah, B. Wen, M. De Volder, Light rechargeable lith-
ium-ion batteries using  V2O5 cathodes. Nano Lett. 21, 3527–
3532 (2021). https:// doi. org/ 10. 1021/ acs. nanol ett. 1c002 98

 25. B.D. Boruah, B. Wen, S. Nagane, X. Zhang, S.D. Stranks et al., 
Photo-rechargeable zinc-ion capacitors using  V2O5-activated 
carbon electrodes. ACS Energy Lett. 5, 3132–3139 (2020). 
https:// doi. org/ 10. 1021/ acsen ergyl ett. 0c015 28

 26. D. Du, Z. Zhu, K.-Y. Chan, F. Li, J. Chen, Photoelectrochemis-
try of oxygen in rechargeable Li–O2 batteries. Chem. Soc. Rev. 
51, 1846–1860 (2022). https:// doi. org/ 10. 1039/ d1cs0 0877c

 27. Y. Gao, Z. Pan, J. Sun, Z. Liu, J. Wang, High-energy batter-
ies: beyond lithium-ion and their long road to commercialisa-
tion. Nano-Micro Lett. 14, 94 (2022). https:// doi. org/ 10. 1007/ 
s40820- 022- 00844-2

 28. Y. Xiang, L. Xu, L. Yang, Y. Ye, Z. Ge et al., Natural stibnite 
for lithium-/sodium-ion batteries: carbon dots evoked high ini-
tial coulombic efficiency. Nano-Micro Lett. 14, 136 (2022). 
https:// doi. org/ 10. 1007/ s40820- 022- 00873-x

 29. B.D. Boruah, M. De Volder, Vanadium dioxide–zinc oxide 
stacked photocathodes for photo-rechargeable zinc-ion bat-
teries. J. Mater. Chem. A 9(40), 23199–23205 (2021). https:// 
doi. org/ 10. 1039/ D1TA0 7572A

 30. B.D. Boruah, B. Wen, M. De Volder, Molybdenum disulfide-
zinc oxide photocathodes for photo-rechargeable zinc-ion bat-
teries. ACS Nano 15, 16616–16624 (2021). https:// doi. org/ 10. 
1021/ acsna no. 1c063 72

 31. Y.-H. Liu, J. Qu, W. Chang, C.-Y. Yang, H.-J. Liu et al., A 
photo-assisted reversible lithium-sulfur battery. Energy Stor-
age Mater. 50, 334–343 (2022). https:// doi. org/ 10. 1016/j. 
ensm. 2022. 05. 030

 32. C. Hu, L. Chen, Y. Hu, A. Chen, L. Chen et al., Light-moti-
vated  SnO2/TiO2 heterojunctions enabling the breakthrough 
in energy density for lithium-ion batteries. Adv. Mater. 33, 
e2103558 (2021). https:// doi. org/ 10. 1002/ adma. 20210 3558

 33. W. Guo, X. Xue, S. Wang, C. Lin, Z.L. Wang, An inte-
grated power pack of dye-sensitized solar cell and Li battery 
based on double-sided  TiO2 nanotube arrays. Nano Lett. 12, 
2520–2523 (2012). https:// doi. org/ 10. 1021/ nl300 7159

 34. C. Xu, X. Zhang, L. Duan, X. Zhang, X. Li et al., A photo-
assisted rechargeable battery: synergy, compatibility, and 
stability of a  TiO2/dye/Cu2S bifunctional composite elec-
trode. Nanoscale 12, 530–537 (2020). https:// doi. org/ 10. 
1039/ C9NR0 9224B

 35. T.D. Deepa, S.V. Mohapatra, A.S. Nair, A.K. Nair, Rai, Sur-
factant-assisted synthesis of porous  TiO2 nanofibers as an 
anode material for secondary lithium ion batteries. Sustain. 
Energy Fuels 1, 138–144 (2017). https:// doi. org/ 10. 1039/ 
C6SE0 0030D

 36. Y. Liu, A.A. Elzatahry, W. Luo, K. Lan, P. Zhang et al., Sur-
factant-templating strategy for ultrathin mesoporous  TiO2 
coating on flexible graphitized carbon supports for high-
performance lithium-ion battery. Nano Energy 25, 80–90 
(2016). https:// doi. org/ 10. 1016/j. nanoen. 2016. 04. 028

 37. V. Veeramani, Y.-H. Chen, H.-C. Wang, T.-F. Hung, W.-S. 
Chang et al., CdSe/ZnS QD@CNT nanocomposite photo-
cathode for improvement on charge overpotential in photo-
electrochemical Li–O2 batteries. Chem. Eng. J. 349, 235–
240 (2018). https:// doi. org/ 10. 1016/j. cej. 2018. 05. 012

 38. M. Li, X. Wang, F. Li, L. Zheng, J. Xu et al., A bifunctional 
photo-assisted Li–O2 battery based on a hierarchical het-
erostructured cathode. Adv. Mater. 32, e1907098 (2020). 
https:// doi. org/ 10. 1002/ adma. 20190 7098

 39. L. Long, Y. Ding, N. Liang, J. Liu, F. Liu et al., A carbon-
free and free-standing cathode from mixed-phase  TiO2 for 
photo-assisted Li–CO2 battery. Small 19, e2300519 (2023). 
https:// doi. org/ 10. 1002/ smll. 20230 0519

https://doi.org/10.1016/j.cej.2023.141542
https://doi.org/10.1021/acs.nanolett.1c01000
https://doi.org/10.1021/acs.nanolett.0c03311
https://doi.org/10.1021/acs.nanolett.0c03311
https://doi.org/10.1016/j.nanoen.2024.109538
https://doi.org/10.1002/cnl2.100
https://doi.org/10.1002/anie.201806596
https://doi.org/10.1039/d0ee01392g
https://doi.org/10.1039/d0ee01392g
https://doi.org/10.1002/aenm.202100115
https://doi.org/10.1039/c7ta00493a
https://doi.org/10.1039/c7ta00493a
https://doi.org/10.1002/anie.201911228
https://doi.org/10.1002/anie.201911228
https://doi.org/10.1007/s40820-023-01183-6
https://doi.org/10.1007/s40820-023-01183-6
https://doi.org/10.1021/acs.nanolett.1c00298
https://doi.org/10.1021/acsenergylett.0c01528
https://doi.org/10.1039/d1cs00877c
https://doi.org/10.1007/s40820-022-00844-2
https://doi.org/10.1007/s40820-022-00844-2
https://doi.org/10.1007/s40820-022-00873-x
https://doi.org/10.1039/D1TA07572A
https://doi.org/10.1039/D1TA07572A
https://doi.org/10.1021/acsnano.1c06372
https://doi.org/10.1021/acsnano.1c06372
https://doi.org/10.1016/j.ensm.2022.05.030
https://doi.org/10.1016/j.ensm.2022.05.030
https://doi.org/10.1002/adma.202103558
https://doi.org/10.1021/nl3007159
https://doi.org/10.1039/C9NR09224B
https://doi.org/10.1039/C9NR09224B
https://doi.org/10.1039/C6SE00030D
https://doi.org/10.1039/C6SE00030D
https://doi.org/10.1016/j.nanoen.2016.04.028
https://doi.org/10.1016/j.cej.2018.05.012
https://doi.org/10.1002/adma.201907098
https://doi.org/10.1002/smll.202300519


 Nano-Micro Lett.           (2025) 17:74    74  Page 14 of 15

https://doi.org/10.1007/s40820-024-01570-7© The authors

 40. G. Kresse, J. Furthmüller, Efficient iterative schemes for 
ab initio total-energy calculations using a plane-wave basis 
set. Phys. Rev. B Condens. Matter 54, 11169–11186 (1996). 
https:// doi. org/ 10. 1103/ physr evb. 54. 11169

 41. G. Kresse, D. Joubert, From ultrasoft pseudopotentials to 
the projector augmented-wave method. Phys. Rev. B 59, 
1758–1775 (1999). https:// doi. org/ 10. 1103/ physr evb. 59. 
1758

 42. J.P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient 
approximation made simple. Phys. Rev. Lett. 77, 3865–3868 
(1996). https:// doi. org/ 10. 1103/ physr evlett. 77. 3865

 43. H.J. Monkhorst, J.D. Pack, Special points for Brillouin-zone 
integrations. Phys. Rev. B 13, 5188–5192 (1976). https:// doi. 
org/ 10. 1103/ physr evb. 13. 5188

 44. V. Wang, N. Xu, J.-C. Liu, G. Tang, W.-T. Geng, VASPKIT: a 
user-friendly interface facilitating high-throughput computing 
and analysis using VASP code. Comput. Phys. Commun. 267, 
108033 (2021). https:// doi. org/ 10. 1016/j. cpc. 2021. 108033

 45. K. Momma, F. Izumi, VESTA3 for three-dimensional visuali-
zation of crystal, volumetric and morphology data. J. Appl. 
Crystallogr. 44, 1272–1276 (2011). https:// doi. org/ 10. 1107/ 
s0021 88981 10389 70

 46. M.J. Paik, Y. Lee, H.-S. Yun, S.-U. Lee, S.-T. Hong et al., 
 TiO2 colloid-spray coated electron-transporting layers for 
efficient perovskite solar cells. Adv. Energy Mater. 10, 
2001799 (2020). https:// doi. org/ 10. 1002/ aenm. 20200 1799

 47. J.Y. Do, R.K. Chava, K.K. Mandari, N.-K. Park, H.-J. Ryu 
et  al., Selective methane production from visible-light-
driven photocatalytic carbon dioxide reduction using the 
surface plasmon resonance effect of superfine silver nano-
particles anchored on lithium titanium dioxide nanocubes 
(Ag@LixTiO2). Appl. Catal. B Environ. 237, 895–910 
(2018). https:// doi. org/ 10. 1016/j. apcatb. 2018. 06. 070

 48. J. Chen, J. Li, L. Sun, Z. Lin, Z. Hu et al., Tunable oxygen 
defect density and location for enhancement of energy stor-
age. J. Energy Chem. 59, 736–747 (2021). https:// doi. org/ 
10. 1016/j. jechem. 2020. 12. 016

 49. H. Zhong, C. Yang, L. Fan, Z. Fu, X. Yang et al., Dyadic 
promotion of photocatalytic aerobic oxidation via the Mott-
Schottky effect enabled by nitrogen-doped carbon from 
imidazolium-based ionic polymers. Energy Environ. Sci. 
12, 418–426 (2019). https:// doi. org/ 10. 1039/ C8EE0 2727G

 50. X. Chen, Z. Zhang, L. Chi, A.K. Nair, W. Shangguan et al., 
Recent advances in visible-light-driven photoelectrochemi-
cal water splitting: catalyst nanostructures and reaction sys-
tems. Nano-Micro Lett. 8, 1–12 (2016). https:// doi. org/ 10. 
1007/ s40820- 015- 0063-3

 51. Y. Tang, H. Zhou, K. Zhang, J. Ding, T. Fan et al., Visible-
light-active ZnO via oxygen vacancy manipulation for effi-
cient formaldehyde photodegradation. Chem. Eng. J. 262, 
260–267 (2015). https:// doi. org/ 10. 1016/j. cej. 2014. 09. 095

 52. J. Yang, D. Zheng, X. Xiao, X. Wu, X. Zuo et al., Iodine 
self-doping and oxygen vacancies doubly surface-modified 
 BiOIO3: facile in situ synthesis, band gap modulation, and 
excellent visible-light photocatalytic activity. Chem. Eng. J. 

373, 935–945 (2019). https:// doi. org/ 10. 1016/j. cej. 2019. 05. 
057

 53. M. Kim, B. Lee, H. Ju, J.Y. Kim, J. Kim et al., Oxygen-
vacancy-introduced  BaSnO3-δ photoanodes with tunable 
band structures for efficient solar-driven water splitting. 
Adv. Mater. 31, e1903316 (2019). https:// doi. org/ 10. 1002/ 
adma. 20190 3316

 54. D.-H. Guan, X.-X. Wang, F. Li, L.-J. Zheng, M.-L. Li et al., 
All-solid-state photo-assisted Li–CO2 battery working at an 
ultra-wide operation temperature. ACS Nano 16, 12364–
12376 (2022). https:// doi. org/ 10. 1021/ acsna no. 2c035 34

 55. F.P. García de Arquer, A. Mihi, D. Kufer, G. Konstantatos, 
Photoelectric energy conversion of plasmon-generated hot 
carriers in metal-insulator-semiconductor structures. ACS 
Nano 7, 3581–3588 (2013). https:// doi. org/ 10. 1021/ nn400 
517w

 56. L. Lin, X. Feng, D. Lan, Y. Chen, Q. Zhong et al., Coupling 
effect of Au nanoparticles with the oxygen vacancies of  TiO2–x 
for enhanced charge transfer. J. Phys. Chem. C 124, 23823–
23831 (2020). https:// doi. org/ 10. 1021/ acs. jpcc. 0c090 11

 57. Z. Zhu, Y. Ni, Q. Lv, J. Geng, W. Xie et al., Surface plasmon 
mediates the visible light-responsive lithium–oxygen battery 
with Au nanoparticles on defective carbon nitride. Proc. Natl. 
Acad. Sci. U.S.A. 118, e2024619118 (2021). https:// doi. org/ 
10. 1073/ pnas. 20246 19118

 58. J.-Y. Li, X.-Y. Du, X.-X. Wang, X.-Y. Yuan, D.-H. Guan 
et al., Photo-assisted Li–N2 batteries with enhanced nitro-
gen fixation and energy conversion. Angew. Chem. Int. Ed. 
63, e202319211 (2024). https:// doi. org/ 10. 1002/ anie. 20231 
9211

 59. B. Wang, M. Zhang, X. Cui, Z. Wang, M. Rager et al., Uncon-
ventional route to oxygen-vacancy-enabled highly efficient 
electron extraction and transport in perovskite solar cells. 
Angew. Chem. Int. Ed. 59, 1611–1618 (2020). https:// doi. org/ 
10. 1002/ anie. 20191 0471

 60. L. Goswami, N.S. Sarma, D. Chowdhury, Determining the 
ionic and electronic contribution in conductivity of polypyr-
role/Au nanocomposites. J. Phys. Chem. C 115, 19668–19675 
(2011). https:// doi. org/ 10. 1021/ jp207 5012

 61. H. Qiao, H. Liu, Z. Huang, Q. Ma, S. Luo et al., Black phos-
phorus nanosheets modified with Au nanoparticles as high 
conductivity and high activity electrocatalyst for oxygen 
evolution reaction. Adv. Energy Mater. 10, 2002424 (2020). 
https:// doi. org/ 10. 1002/ aenm. 20200 2424

 62. Y. Li, M. Wen, Y. Wang, G. Tian, C. Wang et al., Plasmonic 
hot electrons from oxygen vacancies for infrared light-driven 
catalytic  CO2 reduction on  Bi2O3–x. Angew. Chem. Int. Ed. 60, 
910–916 (2021). https:// doi. org/ 10. 1002/ anie. 20201 0156

 63. Q. Ji, L. Bi, J. Zhang, H. Cao, X.S. Zhao, The role of oxygen 
vacancies of  ABO3 perovskite oxides in the oxygen reduction 
reaction. Energy Environ. Sci. 13, 1408–1428 (2020). https:// 
doi. org/ 10. 1039/ D0EE0 0092B

 64. Y.-H. Zhang, S. Zhang, N. Hu, Y. Liu, J. Ma et al., Oxygen 
vacancy chemistry in oxide cathodes. Chem. Soc. Rev. 53, 
3302 (2024). https:// doi. org/ 10. 1039/ D3CS0 0872J

https://doi.org/10.1103/physrevb.54.11169
https://doi.org/10.1103/physrevb.59.1758
https://doi.org/10.1103/physrevb.59.1758
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1103/physrevb.13.5188
https://doi.org/10.1103/physrevb.13.5188
https://doi.org/10.1016/j.cpc.2021.108033
https://doi.org/10.1107/s0021889811038970
https://doi.org/10.1107/s0021889811038970
https://doi.org/10.1002/aenm.202001799
https://doi.org/10.1016/j.apcatb.2018.06.070
https://doi.org/10.1016/j.jechem.2020.12.016
https://doi.org/10.1016/j.jechem.2020.12.016
https://doi.org/10.1039/C8EE02727G
https://doi.org/10.1007/s40820-015-0063-3
https://doi.org/10.1007/s40820-015-0063-3
https://doi.org/10.1016/j.cej.2014.09.095
https://doi.org/10.1016/j.cej.2019.05.057
https://doi.org/10.1016/j.cej.2019.05.057
https://doi.org/10.1002/adma.201903316
https://doi.org/10.1002/adma.201903316
https://doi.org/10.1021/acsnano.2c03534
https://doi.org/10.1021/nn400517w
https://doi.org/10.1021/nn400517w
https://doi.org/10.1021/acs.jpcc.0c09011
https://doi.org/10.1073/pnas.2024619118
https://doi.org/10.1073/pnas.2024619118
https://doi.org/10.1002/anie.202319211
https://doi.org/10.1002/anie.202319211
https://doi.org/10.1002/anie.201910471
https://doi.org/10.1002/anie.201910471
https://doi.org/10.1021/jp2075012
https://doi.org/10.1002/aenm.202002424
https://doi.org/10.1002/anie.202010156
https://doi.org/10.1039/D0EE00092B
https://doi.org/10.1039/D0EE00092B
https://doi.org/10.1039/D3CS00872J


Nano-Micro Lett.           (2025) 17:74  Page 15 of 15    74 

 65. Y. Si, S. Cao, Z. Wu, Y. Ji, Y. Mi et al., What is the predomi-
nant electron transfer process for Au NRs/TiO2 nanodumb-
bell heterostructure under sunlight irradiation? Appl. Catal. 
B Environ. 220, 471–476 (2018). https:// doi. org/ 10. 1016/j. 
apcatb. 2017. 08. 024

 66. Q. Lang, Y. Chen, T. Huang, L. Yang, S. Zhong et al., Gra-
phene “bridge” in transferring hot electrons from plasmonic 
Ag nanocubes to  TiO2 nanosheets for enhanced visible light 
photocatalytic hydrogen evolution. Appl. Catal. B Environ. 

220, 182–190 (2018). https:// doi. org/ 10. 1016/j. apcatb. 2017. 
08. 045

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.apcatb.2017.08.024
https://doi.org/10.1016/j.apcatb.2017.08.024
https://doi.org/10.1016/j.apcatb.2017.08.045
https://doi.org/10.1016/j.apcatb.2017.08.045

	Efficient and Stable Photoassisted Lithium-Ion Battery Enabled by Photocathode with Synergistically Boosted Carriers Dynamics
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Preparation of Au Nanocrystal Colloidal Solution
	2.2 Preparation of Au–TiO2 and TiO2 Nanofiber
	2.3 Materials Characterization
	2.4 Design and Assembly of Photo-LIBs
	2.5 Electrochemical Characterization of Photo-LIBs
	2.6 Fabrication of PDs and Electrical Measurements
	2.7 Li+ Diffusion Coefficient Calculation
	2.8 Photoconversion Efficiency (%)
	2.9 Simulation Method
	2.9.1 Density Functional Theoretical Calculation


	3 Results and Discussion
	3.1 Photocharging Mechanism of Bulk Heterojunction Photocathodes
	3.2 Construction and Characterization of Au–TiO2−x Bulk Heterojunctions
	3.3 Photoelectric Properties of Au–TiO2 Photocathodes
	3.4 Photoassisted Li-Storage Performance of Au–TiO2 Photocathodes
	3.5 Universality of Bulk Heterojunctions and Practical Application

	4 Conclusions
	Acknowledgements 
	References


