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n electrode reaction kinetics in
photo-assisted Li–O2 batteries through
heterostructure design and built-in electric field
construction†

Yinglei Tao,a Tao Wang, *a Xingyu Yu,a Ke Gong,b Hao Gong, d Haixia Chen,a

Xiaoli Fan,c Aidi Zhang,b Xianli Huang,a Kun Chang a and Jianping He a

Li–O2 batteries (LOBs) boast an exceptionally high theoretical energy density; however, the slow kinetics of

the oxygen electrode reaction have been a significant hurdle in their advancement and practical application.

In this study, a composite of bismuth oxyhalide heterojunction incorporated with metal–organic

frameworks (MOFs) was engineered on carbon cloth (Zr-MOF/BiOIBr/CC) as an efficient bifunctional

catalyst to enhance the oxygen electrode reaction in photo-assisted LOBs. Compared to Zr-MOF/CC,

Zr-MOF/BiOIBr/CC significantly expands the light absorption spectrum of the catalyst. Furthermore, the

built-in electric field in the heterojunction aids in the separation and directional movement of

photogenerated carriers, thereby expediting the reaction kinetics of LOBs. Consequently, the photo-

assisted LOBs with Zr-MOF/BiOIBr/CC as the cathodes display a discharge potential of 3.05 V, a low

charge potential of 3.20 V, and an energy efficiency of up to 95.3%, and can sustain an extended cycle

life of over 255 cycles. This study underscores the potential application of MOFs/semiconductor

heterostructural materials in photo-assisted LOBs and offers insights into the systematic design of

photo-assisted air batteries and other advanced semiconductors.
1. Introduction

In the modern era, grappling with pressing challenges
including energy, environmental protection, and economic
issues, aprotic Li–O2 batteries (LOBs) are identied as one of the
most promising energy storage systems owing to their aston-
ishing theoretical energy density.1–3 Unlike conventional
lithium-ion batteries, LOBs achieve an energy density of up to
3500 W h kg−1 through redox electrochemical reactions (2Li+ +
O2 + 2e− 4 Li2O2).4,5 However, the sluggish reaction kinetics of
the oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) in LOBs hinder their further development and
practical deployment.6 Consequently, devising efficient cathode
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catalysts to effectively promote the oxygen electrode reactions is
paramount for advancing the development and application of
LOBs. At present, the design and research on LOB cathode
catalysts mainly focus on precious metals and their
compounds,7,8 but are limited due to their scarcity and high
cost. Metal oxides,9–11 metal suldes,12,13 and carbon mate-
rials14,15 are also widely used in LOB cathode catalysts. However,
due to factors such as slow catalytic kinetics, it is difficult to
achieve effective charge transfer between Li2O2 and the cathode.
The high overpotential generated during charging, resulting in
low energy efficiency and poor cycle life, still cannot be effec-
tively solved.

To address the aforementioned issues, an intuitive and
effective approach is to use efficient optoelectronic semi-
conductor catalysts.16–21 Upon light excitation, a substantial
quantity of photogenerated electrons and holes will be gener-
ated to engage in the ORR/OER processes of LOBs, greatly
enhancing the kinetics of the reaction. For instance, Wu et al.22

synthesized a CVO@CNT catalyst that not only successfully
reduces the high overpotential generated during the charging
process, but also effectively reduces the occurrence of side
reactions. Lv et al.23 reported a Co-TABQ material serving as
a bifunctional catalyst for photo-assisted LOBs, achieving an
ultra-low charge/discharge overpotential of 0.20 V and an energy
efficiency of up to 94%. Yang et al.24 designed a bimetallic
Chem. Sci., 2024, 15, 17073–17083 | 17073
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View Article Online
organic framework (MOF) Fe-UiO-66, which achieved an
extension of visible light response and reduced the charge/
discharge overpotential to 0.14 V.

However, most photocatalysts currently employed in photo-
assisted LOBs exhibit a limited light absorption range, and
can only absorb ultraviolet light, making it difficult to effectively
utilize light energy.25 In addition, they also face issues such as
high recombination rates of photogenerated carriers and
mismatch between the band structure and the ORR and OER
kinetics of LOBs.26 By constructing efficient heterojunction
systems (such as type II, Z-type, and S-type heterojunctions), the
recombination of electrons and holes can be effectively sup-
pressed, and the light absorption range of photocatalysts can be
expanded.26–29 Therefore, it is important and challenging to
design a heterojunction structure that can match the redox
kinetics of photo-assisted LOBs, allowing more photogenerated
electrons and holes to participate in the ORR/OER processes,
effectively improving the reaction kinetics of LOBs, thereby
fundamentally reducing charge–discharge overpotential and
enhancing cycling stability.

MOFs have gained recognition as powerful candidates for
catalyzing LOB reactions beneting from their adjustable
structure and abundant active sites.30,31 Some MOFs exhibit
semiconductor properties in various photocatalytic applications
by absorption of visible light to generate photo-carriers,
participating in the ORR and OER, and promoting reaction
kinetics.32,33 In addition, the large surface area and abundant
pore structure of MOFs provide more exposed active sites and
transport channels.34,35 The aforementioned characteristics of
MOFs demonstrate their potential as photoelectrodes for photo-
assisted LOBs, facilitating the progress of the ORR and OER.

This article reports a MOF composite bismuth halide oxide
heterojunction (Zr-MOF/BiOIBr/CC) grown on carbon cloth as
an efficient bifunctional cathode catalyst for photo-assisted
LOBs. In comparison to Zr-MOF/CC, Zr-MOF/BiOIBr/CC not
only broadens the light absorption range of the catalyst but also
effectively promotes the separation and directional migration of
photogenerated carriers in the heterojunction, signicantly
enhancing the reaction kinetics of LOBs. This enables photo-
assisted LOBs with Zr-MOF/BiOIBr/CC as the cathode to ach-
ieve a discharge/charge potential of 3.05/3.20 V, with an energy
efficiency of up to 95.3%, and an ultra-long cycle life of over 250
cycles. This work will serve as inspiration for the development
of photo-assisted air batteries and other advanced semi-
conductor systems.

2. Experimental section
2.1 Chemicals

2-Aminoterephthalic acid (NH2-BDC), zirconium tetrachloride
(ZrCl4), acetic acid (AA), bismuth nitrate pentahydrate
(Bi(NO3)3$5H2O), sodium bromide (NaBr), potassium iodide
(KI), lithium bis-triuoromethane sulfonimide salt (LiTFSI,
$99%), and TEGDME were purchased from Aladdin Chemical
Co., Ltd. Nitric acid (HNO3), N,N-dimethylformamide (DMF),
ethanol (C2H5OH, $99%), and methanol (MeOH, $99%)
solvents were purchased from China National Pharmaceutical
17074 | Chem. Sci., 2024, 15, 17073–17083
Group Chemical Reagent Co., Ltd. Carbon ber cloth (CC) was
purchased from Taiwan Carbon Energy.

2.2 Materials preparation

2.2.1 Carbon cloth pre-treatment (CC). Place raw carbon in
an ethanol solution and sonicate for 1 hour to eliminate inter-
ference from impurities such as dust and oil. Then soak the
carbon cloth in a mixed solution (nitric acid : water; volume
ratio of 1 : 2) for 12 h to ensure sufficient carboxylation of the
carbon cloth. Aerwards, remove the carbon cloth and rinse
thoroughly with deionized water. Finally, dry the preprocessed
carbon cloth under vacuum for 12 h and mark it as CC.

2.2.2 Zr-MOF/CC. 81.2 mg of ZrCl4 and 47 mg of NH2-BDC
were ultrasonically dispersed in 30mL of DMF solvent, then add
3.5 mL of AA and ultrasound treatment was continued for 10
minutes. Subsequently, the obtained solution was transferred
together with CC into a 50 mL high-pressure reactor and kept at
120 °C for 24 h. Aer cooling, the obtained products are washed
with DMF and ethanol respectively, nally dried continuously
for 12 h under vacuum at 65 °C, and the product is labeled as Zr-
MOF/CC.

2.2.3 Zr-MOF/BiOIBr/CC. First, immerse Zr-MOF/CC in
a 50 mL DMF solution containing 2.5 mmol Bi(NO3)3$5H2O for
2 minutes. Step 2, rinse thoroughly with deionized water. Step 3,
soak in a 50 mLmixed aqueous solution of 1.25 mmol NaBr and
1.25 mmol KI for 2 minutes. Step 4, rinse thoroughly with
deionized water again. Repeat the entire process above three
times. Finally, dry continuously for 12 h under vacuum at 65 °C,
and the product is labeled as Zr-MOF/BiOIBr/CC.

2.3 Characterization

The surface morphology of Zr-MOF/CC and Zr-MOF/BiOIBr/CC
was observed by ionization dual beam scanning electron
microscopy (SEM, Hitachi SU8010). TEM and element
mappings were used to analyze the powder scraped from Zr-
MOF/BiOIBr/CC using a JEOL JEM 2100F. The crystal struc-
tures of Zr-MOF/CC and Zr-MOF/BiOIBr/CC were characterized
using an X-ray diffractometer (XRD) with a radiation range of 5–
60°. Fourier transform infrared (FT-IR) spectra were obtained
using a Thermo Scientic Nicolet iS10. The elemental compo-
sition and chemical valence states of Zr-MOF/CC and Zr-MOF/
BiOIBr/CC were studied using X-ray photoelectron spectros-
copy (XPS). The work functions of Zr-MOF and BiOIBr were
measured using UPS. UV-vis spectra were obtained using a Shi-
madzu UV-3600 spectrophotometer. A three-electrode system
was constructed, and the Mott–Schottky curve was obtained
using an electrochemical workstation (CHI) to determine the
conduction band (CB) of Zr-MOF/CC and BiOIBr/CC. The pho-
toluminescence (PL) spectrum was obtained using the Aminco
Bowman Series2 uorescence spectrometer. The generation of
discharge product Li2O2 was detected using a Raman spec-
trometer (HORIBA Scientic LabRAM HR Evolution).

2.4 Electrochemical measurements

The synthesized Zr-MOF/CC and Zr-MOF/BiOIBr/CC were used
as self-supporting electrodes, and the battery was assembled
© 2024 The Author(s). Published by the Royal Society of Chemistry
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using a self-made device. Assemble the battery in a glove box
containing Ar (O2 < 0.01 ppm, H2O < 0.01 ppm) using
a synthesized self-supporting electrode as the cathode, 1 M
LiTFSI/TEGDME as the electrolyte, glass ber (Whatman GF/D)
as the separator, and lithium metal foil as the anode. Fill the
assembled LOB with oxygen for testing, with an effective illu-
mination area of 0.2 cm2. Use a 300 W xenon lamp equipped
with an AM 1.5G lter as the light source. Perform ORR and
OER tests in the range of 2.5–3.2 V and 3.0–4.0 V, respectively, to
obtain linear sweep voltammetry (LSV) curves with a scan rate of
5 mV s−1. Within 0–5 hours, turn on and off the light every 1
hour and draw a voltage–time (V–t) curve. Perform electro-
chemical impedance spectroscopy (EIS) testing using a Zahner
electrochemical workstation in the frequency range of 0.1–
105 Hz. Use a CHI660E electrochemical workstation to obtain
the cyclic voltammetry (CV) curve. Obtain the electrochemical
performance of LOBs using a LAND battery testing system.
3. Results and discussion

The synthesis process of the Zr-MOF/BiOIBr/CC self-supporting
cathode is shown in Fig. 1. Zr-MOF octahedral particles and
BiOIBr nanosheets were successively grown on carbon cloth by
a solvothermal method and chemical bath deposition method.
In short, Zr-MOF particles were rst grown on acidied carbon
cloth by a solvothermal method. The covalent binding of Zr4+

ions in Zr-MOF with the –COOH group on the acidied carbon
cloth results in strong adhesion between the Zr-MOF and the
Fig. 1 Schematic diagram of the preparation of Zr-MOF/BiOIBr/CC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
surface of the carbon cloth.36 Then, BiOIBr nanosheets were
further grown on Zr-MOF/CC by a chemical bath deposition
method, denoted as Zr-MOF/BiOIBr/CC, and used as efficient
bifunctional cathode catalysts for photo-assisted LOBs. The
heterojunction formed between the two greatly enhances the
photocatalytic ability. The specic steps are provided in the
Experimental section.

The microstructural morphology of Zr-MOF/CC and Zr-MOF/
BiOIBr/CC was characterized using scanning electron micros-
copy (SEM). Fig. 2a illustrates the Zr-MOF octahedral particles
grown on the carbon cloth, demonstrating a relatively uniform
distribution across the fabric with no large-scale agglomeration
or stacking, and with particle sizes predominantly ranging from
100 to 300 nm. In the SEM images of Zr-MOF/BiOIBr/CC, as
shown in Fig. 2b and c, sheet-like products with a size of
approximately 300 nm were observed, corresponding to BiOIBr
nanosheets. Additionally, the observation of the combination of
nanosheets with octahedral particles conrms the successful
fabrication of Zr-MOF/BiOIBr/CC. Furthermore, TEM tests were
conducted to further verify the formation of heterostructures
between Zr-MOF and BiOIBr, as depicted in Fig. 2d–f. Fig. 2f
clearly shows the lattice stripe spacing of 0.281 nm, corre-
sponding to the (110) crystal planes of BiOI and BiOBr, and
forms a clear heterostructure with Zr-MOF, which preliminarily
proves the successful construction of the Zr-MOF/BiOIBr het-
erojunction. Furthermore, it is worth noting that the lattice
spacing of 0.281 nm is located between 0.278 nm of the BiOBr
(110) plane and 0.282 nm of the BiOI (110) plane, indicating the
Chem. Sci., 2024, 15, 17073–17083 | 17075
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Fig. 2 (a) SEM image of Zr-MOF/CC, (b and c) SEM images of Zr-MOF/BiOIBr/CC, (d–f) TEM images of Zr MOF/BiOIBr, and (g) elemental
mappings of Zr, Bi, I, and Br.
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existence of BiOIBr in the form of a solid solution.37 The
elemental mappings depicted in Fig. 2g illustrate a homoge-
neous distribution of Zr, Bi, I, and Br elements.

The crystal structures of the samples were analyzed by XRD,
as shown in Fig. 3a. The obtained Zr-MOF/CC and Zr-MOF/
BiOIBr/CC exhibit distinct diffraction peaks at 7.3° and 8.4°,
which is consistent with the simulated diffraction peaks of Zr-
MOF (Fig. S1†). A broad peak between 20° and 30° belongs to
the diffraction peak of CC. In addition, diffraction peaks
belonging to BiOI and BiOBr were observed in the Zr-MOF/
BiOIBr/CC samples, which highly matched the standard PDF
cards of BiOI (JCPDS: 10-0445) and BiOBr (JCPDS: 09-0393),
further proving the successful synthesis of Zr-MOF/BiOIBr/CC
materials. In addition, as shown in Fig. S2,† compared with
the standard diffraction peak of BiOI at 2q = 29.66°, the
diffraction peak of Zr-MOF/BiOIBr/CC is offset to the right by
a small angle, making the diffraction peak of Zr-MOF/BiOIBr/
CC reach 30.15°. At the same time, compared with the stan-
dard diffraction peak of BiOBr at 2q = 32.28°, the diffraction
peak of Zr-MOF/BiOIBr/CC is shied to the le by a small angle,
making the diffraction peak of Zr-MOF/BiOIBr/CC reach 30.03°.
The above results once again prove that BiOBr and BiOI are not
independent phases, but form a BiOIBr solid solution.38 In the
17076 | Chem. Sci., 2024, 15, 17073–17083
FTIR spectrum (Fig. 3b), the peaks at 1570 and 1256 cm−1 are
attributed to the tensile vibration of –COOH and the shear
vibration of C–N in Zr-MOF.39,40 The broad peak at 3429 cm−1

corresponds to the absorption peak of O–H of adsorbed water
molecules. In addition, a stretching vibration absorption peak
attributed to the Bi–O bond was observed at 510 cm−1 of BiOIBr/
CC (Fig. S3†), but it was not found in Zr-MOF/BiOIBr/CC, which
may be due to the weak absorption peak intensity of the Bi–O
bond.41

To further analyze the elemental composition and chemical
valence states of BiOIBr/CC, Zr-MOF/CC, and Zr-MOF/BiOIBr/
CC, XPS testing was conducted. The survey spectrum in
Fig. 3c shows that BiOIBr/CC contains Br, I, O, and Bi elements,
while Zr-MOF/CC contains signals of C, O, N, and Zr elements.
Zr-MOF/BiOIBr/CC showed the coexistence of many elements
mentioned above, indicating that aer loading Zr-MOF on the
carbon cloth, BiOIBr was further successfully introduced, which
is consistent with the conclusions obtained from XRD and SEM
images. In the C 1s spectrum of Zr-MOF/CC and Zr-MOF/
BiOIBr/CC (Fig. 3d), the peak at 284.8 eV belongs to the
carbon component on the benzene ring, while the peaks at
286.3 and 288.7 eV belong to C–N and O–C]O.42 In the Zr 3d
spectrum (Fig. 3e), Zr-MOF/BiOIBr/CC exhibits two distinct
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) XRD spectra of CC, Zr-MOF/CC, and Zr-MOF/BiOIBr/CC, (b) FT-IR spectroscopy, XPS of (c) survey, (d) C 1s, (e) Zr 3d, (f) Bi 4f, (g) UPS
spectra, and (h) schematic diagram of the formation of BIEF in Zr-MOF and BiOIBr.
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characteristic peaks at 182.7 and 185.1 eV, attributable to Zr 3d5/
2 and Zr 3d3/2. In addition, compared with the peak values of Zr-
MOF/CC at 182.9 and 185.3 eV, the binding energy of Zr-MOF/
BiOIBr/CC shows a slight negative shi (∼0.2 eV). In the Bi 4f
spectrum (Fig. 3f), the characteristic peaks of Zr-MOF/BiOIBr/
CC at 159.8 and 165.1 eV show a slight positive shi in
binding energy (∼0.1 eV) compared to the peaks of BiOIBr/CC at
159.7 and 165.0 eV. Shiing towards higher binding energy
signies a reduction in electron cloud density, whereas shiing
towards lower binding energy demonstrates an increase in
electron cloud density.43 Therefore, this conrms the strong
interaction between Zr-MOF and BiOIBr, where electrons
migrate from BiOIBr to Zr-MOF. The strong electron interaction
between them is conducive to the construction of heteroge-
neous structures and the formation of built-in electric elds
(BIEF).26,44

The magnitude of the material work function (EF) deter-
mines the direction of electron migration, which is actually
determined by the energy level difference between Fermi levels.
Therefore, a smaller EF makes it easier for electrons to escape
when two materials are combined.45 In order to elucidate the
© 2024 The Author(s). Published by the Royal Society of Chemistry
formation of BIEF and the driving mechanism of electron
migration, UPS characterization was performed (Fig. 3g). It can
be calculated that when the Fermi level (Ef) is 0 eV, the EF is
dened as the difference between the energy of photons (hn)
and the cutoff energy for secondary electron emission (Ecutoff),
that is, EF = hv − (Ecotoff − Ef). Therefore, the calculated EF
values of Zr-MOF and BiOIBr are 5.88 and 5.70 eV, respectively.46

And the formation mechanism of the BIEF is shown in Fig. 3h.
Due to the relatively high Ef of BiOIBr compared to Zr-MOF,
when the two come into contact, electrons will spontaneously
transfer from the Ef of BiOIBr to Zr-MOF until the Ef on both
sides reaches equilibrium. Therefore, the side close to Zr-MOF
is negatively charged due to electron enrichment, while the
side of BiOIBr is positively charged due to hole enrichment,
resulting in a potential difference, and forming BIEF.47 The
formation of the BIEF can effectively promote the separation
and directional migration of charge carriers, thereby acceler-
ating the reaction kinetics of Li–O2 batteries.

To understand the optical properties and band gaps of Zr-
MOF/CC and Zr-MOF/BiOIBr/CC, UV-vis spectrum tests were
conducted (Fig. 4a). The absorption edge of Zr-MOF/CC is
Chem. Sci., 2024, 15, 17073–17083 | 17077
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Fig. 4 (a) UV-vis spectrum. (b) Tauc plot. (c) Band structure diagram. (d) PL spectrum. (e) EIS spectra of Zr-MOF/CC and Zr-MOF/BiOIBr/CC
with/without illumination. (f) In situ XPS spectra under dark and irradiation conditions: Zr 3d. (g) Schematic diagram of directed transfer of
photogenerated carriers under the influence of BIEF.
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455 nm, exhibiting similar light absorption to the Zr-MOF
powder sample (Fig. S4†). Aer depositing BiOIBr on Zr-MOF/
CC, the absorbance edge showed a redshi, reaching 568 nm,
and the light absorption intensity was enhanced. The red shi
phenomenon clearly demonstrates that the introduction of
BiOIBr effectively expands the light absorption range of the
material. The energy band gap (Eg) of the sample can be ob-
tained from the Tauc plot derived from the UV-vis spectrum, as
shown in Fig. 4b. The band gaps of Zr-MOF/CC and BiOIBr/CC
are 2.88 and 2.12 eV, respectively. In addition, to estimate the
conduction band potential (CB) of the catalyst, a three electrode
system was assembled and its at band potential (FB) was
measured using the Mott–Schottky (MS) method (Fig. S5†). For
n-type semiconductors, FB can be approximated as CB. There-
fore, by combining the Tauc plot andMott–Schottky plot, the VB
and CB potentials of Zr-MOF and BiOIBr relative to Li+/Li can be
calculated using the formula EVB = ECB + Eg, and the band
structures of Zr-MOF and BiOIBr can be obtained.23 Fig. 4c
shows the oxidation–reduction potential of O2/Li2O2 (2.96 V),
which is between the CB and VB of Zr-MOF and BiOIBr, meeting
17078 | Chem. Sci., 2024, 15, 17073–17083
the thermodynamic conditions for the ORR/OER processes of
photocatalytic LOBs.

The separation efficiency of photogenerated carriers on Zr-
MOF/CC and Zr-MOF/BiOIBr/CC was evaluated using steady-
state photoluminescence (PL) spectroscopy. Fig. 4d shows that
the PL emission peak intensity of Zr-MOF/BiOIBr/CC is much
lower than that of Zr-MOF/CC, indicating that the recombina-
tion of photogenerated carriers is suppressed and the recom-
bination rate is signicantly reduced. In addition, EIS tests were
conducted to characterize the kinetics of oxygen electrode
reactions of LOBs. Fig. 4e shows that compared to the corre-
sponding dark state conditions, Zr-MOF/CC and Zr-MOF/
BiOIBr/CC exhibit accelerated charge transfer kinetics under
illumination. Meanwhile, compared to the Zr-MOF/CC cathode
(70 U), the Zr-MOF/BiOIBr/CC cathode (52 U) exhibits lower
charge transfer resistance under illumination, further proving
that the formed heterostructure effectively reduces the recom-
bination of electron and hole pairs, greatly promoting the
separation and migration efficiency of carriers.

The type of heterojunction determines the migration
pathway of photo-generated charge carriers, which in turn
© 2024 The Author(s). Published by the Royal Society of Chemistry
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affects the reaction mechanism of photo-assisted LOBs. Given
that Zr-MOF/BiOIBr/CC is composed of binary semiconductors
Zr-MOF and BiOIBr, the possibility of a Z-type heterojunction
can be ruled out, leaving behind the possibility of a type II or S-
type heterojunction.48 In order to determine whether the inter-
face charge between Zr MOF/BiOIBr heterojunctions follows the
S-scheme transfer mechanism, in situ irradiation XPS testing
was conducted. Under light excitation, in the Zr 3d spectrum
(Fig. 4f), the binding energy of Zr-MOF/BiOIBr exhibits
a signicant negative shi (∼0.07 eV) compared to the corre-
sponding dark state conditions. However, in the Bi 4f spectrum
(Fig. S6†), there is also a signicant negative shi (∼0.2 eV),
which does not conform to the interface charge transfer
pathway between S-type heterojunctions.26 Therefore, it can be
inferred that the prepared Zr-MOF/BiOIBr/CC is a type II het-
erojunction. In the photocatalytic process, the photogenerated
carrier directional migration pathway under the inuence of
BIEF is shown in Fig. 4g. As explained in detail above, the
difference in Ef between Zr-MOF and BiOIBr leads to electron
transfer and ultimately BIEF. Under light, the electrons on the
VB of Zr-MOF and BiOIBr are excited, migrate to the CB to
become photogenerated electrons, and leave photogenerated
holes on the VB. Under the inuence of BIEF, photogenerated
electrons migrate from the CB of Zr-MOF to the CB of BiOIBr,
while photogenerated holes move in the opposite direction.27,28

Therefore, BIEF formed at the contact interface of Zr-MOF and
BiOIBr can effectively inhibit the recombination of carriers,
promote the efficient separation of photogenerated electrons
and holes, and enable them to effectively participate in the
ORR/OER of LOBs.

The constant current discharge/charge curves of the Zr-MOF/
CC and Zr-MOF/BiOIBr/CC electrodes with and without illu-
mination are depicted in Fig. 5a. In the dark state, the charge/
discharge overpotential of the two cathodes is notably high,
reaching 1.15 V (Zr-MOF/BiOIBr/CC) and 1.20 V (Zr-MOF/CC),
respectively (Fig. S7†). Conversely, under illumination, the
charge/discharge overpotential of LOBs decreased signicantly
to 0.15 V (Zr-MOF/BiOIBr/CC) and 0.41 V (Zr-MOF/CC). It is
noteworthy that the Zr-MOF/BiOIBr/CC cathode, with
a discharge voltage under illumination as high as 3.05 V,
exceeds the thermodynamic limit of LOB (2.96 V), while the
charge voltage is signicantly reduced to 3.20 V, resulting in an
energy efficiency up to 95.3%. Furthermore, the LSV curves
(Fig. 5b and S8†) demonstrate that the Zr-MOF/BiOIBr/CC
cathode exhibits the highest ORR/OER photocurrent density
under illumination, reaching −6.7/1.2 mA cm−2, which is
signicantly higher than the −2.9/0.4 mA cm−2 of Zr-MOF/CC.
The constant current discharge/charge curves of the intermit-
tent 1 h on-off lamp LOBs (Fig. S9†) demonstrate that the
discharge voltage of Zr-MOF/CC and Zr-MOF/BiOIBr/CC cath-
odes rapidly increases from 2.61/2.86 V without illumination to
2.98/3.05 V with illumination, while the charge voltage simul-
taneously decreases rapidly from 4.43/4.27 V to 3.38/3.18 V at
0.05 mA cm−2. The above observed enhancement in the
performance of Zr-MOF/BiOIBr/CC is primarily attributed to the
formation of heterostructures, which effectively reduce the
recombination of photogenerated electrons and hole pairs,
© 2024 The Author(s). Published by the Royal Society of Chemistry
promote the separation andmigration efficiency of carriers, and
facilitate their effective participation in the ORR/OER of LOBs,
thereby showcasing a stronger photocatalytic capability. Addi-
tionally, CV scanning tests on Zr-MOF/BiOIBr/CC (Fig. 5c) reveal
a stronger redox peak in the CV curve of the cathode under
photo-assisted conditions compared to its dark state counter-
part, as well as a higher ORR onset potential and a lower OER
onset potential, suggesting accelerated redox reaction kinetics
and excellent bifunctional catalytic activity. In addition, the CV
curve under an Ar gas atmosphere shows almost no uctuation
throughout the entire working voltage range, indicating that the
active substance participating in electrode reactions in the LOB
system is oxygen, rather than other substances in the battery
system.

Fig. 5d and e show the rate performance tests of Zr-MOF/CC
and Zr-MOF/BiOIBr/CC cathodes under photo-assisted condi-
tions by changing the current density. As shown in Fig. 5e, at 0.1
mA cm−2, the discharge/charge potentials of Zr-MOF/BiOIBr/CC
cathode are 3.04 V and 3.29 V, respectively, exceeding the
thermodynamic limit of LOB (2.96 V), and the energy efficiency
reaches 92.4%. Even at a high current density of 0.50 mA cm−2,
the energy efficiency can remain at 73%. In addition, when
returned to 0.1 mA cm−2, the discharge/charge potential of the
Zr-MOF/BiOIBr/CC cathode can almost fully recover to its
previous state. Fig. 5f summarizes the overpotentials of the two
cathode materials in Fig. 5d and e at different current densities.
These ndings demonstrate that compared to Zr-MOF/CC, the
Zr-MOF/BiOIBr/CC cathode exhibits smaller charge–discharge
overpotentials at all current densities. The above results
demonstrate that LOBs equipped with Zr-MOF/BiOIBr/CC as
photocathodes exhibit excellent rate performance.

The cycling performance of Zr-MOF/CC and Zr-MOF/BiOIBr/
CC cathodes was tested at 0.05 mA cm−2, as depicted in Fig. 5g.
Under illumination, the initial charge/discharge overpotential
of the Zr-MOF/CC cathode reached a high of 0.41 V and could
sustain only 170 cycles. In stark contrast, the charge/discharge
overpotential of the Zr-MOF/BiOIBr/CC cathode under illumi-
nation signicantly decreased to 0.15 V and could sustain over
255 cycles, markedly surpassing the Zr-MOF/CC under the same
conditions. These results unequivocally demonstrate that the
heterostructure formed on Zr-MOF/BiOIBr/CC effectively
reduces electron/hole pair recombination under illumination,
enhancing carriers' participation in cathodic reactions,
reducing charge/discharge overpotential, and facilitating long-
term stable operation of photo-assisted LOBs. In addition,
compared with the representative and excellent photo-assisted
LOBs in Fig. 5h and Table S1,† it can be observed that the Zr-
MOF/BiOIBr/CC electrode exhibits lower charge/discharge
overpotential and excellent cycling stability. This work high-
lights the potential application of MOF/semiconductor hetero-
structure materials in photo-assisted LOBs, providing
inspiration for the rational design of photo-assisted air batteries
and other advanced semiconductors.

The discharge product Li2O2 of LOBs, as a typical insulating
and insoluble substance, is the main reason for the excessive
charging and discharging overpotential and unstable cycling
performance of LOBs. Therefore, exploring the deposition and
Chem. Sci., 2024, 15, 17073–17083 | 17079

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04923c


Fig. 5 (a) Constant current discharge/charge curves of Zr-MOF/CC and Zr-MOF/BiOIBr/CC cathodes with/without illumination. (b) LSV curves
during the ORR process. (c) CV curve of Zr-MOF/BiOIBr/CC cathode. The rate performance of (d) Zr-MOF/CC and (e) Zr-MOF/BiOIBr/CC
cathodes under illumination. (f) Overpotential. (g) The cycling performance of Zr-MOF/BiOIBr/CC cathode with/without illumination. (h) This
work compares the charging/discharging overpotential and cycling times of excellent photo-assisted LOB photocathodes reported.
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decomposition process of Li2O2 is crucial for further studying
the electrochemical mechanism of LOBs. To further conrm the
promoting effect of Zr-MOF/BiOIBr/CC on the deposition and
decomposition of Li2O2 in catalytic reactions, the microstruc-
ture of the cathodes in different states was characterized. The
SEM images of Zr-MOF/BiOIBr/CC in the pristine, discharge,
and recharge states are shown in Fig. 6d–f. As a self-supporting
electrode without added adhesive, many Zr-MOF octahedral
particles were observed to grow on CC in the pristine state and
combine with BiOIBr nanosheets. Aer discharge, signicant
lm-like products were observed and uniformly coated on the
surface of Zr-MOF/BiOIBr/CC, as shown in Fig. 6e. Aer
recharge, the lm-like discharge products completely dis-
appeared, and the surface morphology of the cathode was
exposed again, and it can almost return to its original state. This
indicates that under the catalytic action of Zr-MOF/BiOIBr/CC,
a highly reversible O2/Li2O2 conversion reaction occurred on
the cathode surface. In sharp contrast, the surface of the Zr-
MOF/CC cathode is also coated with lm products aer
discharge, but there are still undecomposed products aer
17080 | Chem. Sci., 2024, 15, 17073–17083
recharge (Fig. 6a–c). In addition, to illustrate the morphological
differences of Li2O2 with and without illumination, we supple-
mented the morphology of discharge products of Zr-MOF/CC
without illumination. As shown in Fig. S10,† the morphology
of Li2O2 without illumination presents a sheet-like structure
(Fig. S10a†), which is signicantly different from the lm-like
morphology of Li2O2 under illumination. According to the
report by Yu et al.,49 in the absence of illumination, slow ORR
kinetics lead to the enrichment of Li+, thus Li2O2 tends to grow
into sheet-like under the limitation of electrostatic repulsion.
Under illumination, photogenerated electrons accelerate the
conversion of O2 to O2

−, forming a large amount of O2
− on the

surface, thereby accelerating the ORR reaction kinetics. At this
point, the migration rate of Li+ cannot match the ORR, resulting
in the formation of lm-like Li2O2 through surface growth
pathways.

To further conrm the main component of the lm
discharge product as Li2O2, its composition was characterized
using XRD, Raman and XPS. However, the absence of a signi-
cant diffraction peak corresponding to Li2O2 in the XRD pattern
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 SEM images of Zr-MOF/CC (a–c) and Zr-MOF/BiOIBr/CC (d–f) cathodes in various states with illumination. (g) XRD patterns of the Zr-
MOF/BiOIBr/CC cathode in different states. (h) Raman spectra of the Zr-MOF/BiOIBr/CC cathode in different states. (i) XPS spectra of the Zr-
MOF/BiOIBr/CC cathode in different states.
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of Fig. 6d may be attributed to the low content of generated
Li2O2 or its formation as an amorphous lm product.24,50,51 In
the subsequent Raman spectrum (Fig. 6h), a characteristic peak
at 790 cm−1 belonging to Li2O2 was observed and disappeared
aer recharge. The XPS pattern in Fig. 6i shows that a peak
signal corresponding to Li2O2 is observed at 55.1 eV aer
discharge and completely disappears aer recharge, once again
conrming that the generated lm discharge product is indeed
Li2O2. The charge transfer impedance of LOBs in different
states was assessed using EIS. As depicted in Fig. S11,† the Rct

(695 U) of LOBs aer discharge signicantly increased
compared to the initial state (167 U) due to the formation of
a large amount of insulating and insoluble discharge product
Li2O2 on the cathode. However, the Rct (216 U) decreased
signicantly aer recharge and almost returned to its initial
value, once again demonstrating the highly reversible nature of
the Zr-MOF/BiOIBr/CC-catalyzed LOB reaction. Moreover, to
evaluate the structural stability of Zr-MOF/BiOBr/CC aer
© 2024 The Author(s). Published by the Royal Society of Chemistry
cycling, we conducted XRD testing on it. As shown in Fig. S12,†
aer 50 cycles, the intensity change of diffraction peaks in the
XRD pattern can be ignored, which conrms the excellent
structural stability of Zr-MOF/BiOBr/CC.

4. Conclusion

In summary, a Zr-MOF/BiOIBr heterojunction fabricated on
carbon cloth was successfully synthesized using simple sol-
vothermal and chemical bath depositionmethods, serving as an
efficient bifunctional cathode catalyst for photo-assisted LOBs.
The introduction of BiOIBr expands the light absorption range
of the catalyst to the visible light region, achieving effective
utilization of light energy. Moreover, the BIEF formed at the
interface of the heterojunctions effectively inhibits carrier
recombination and promotes the efficient separation of pho-
togenerated electrons and holes. Consequently, the highly
active photogenerated electrons and holes in Zr-MOF/BiOIBr/
Chem. Sci., 2024, 15, 17073–17083 | 17081
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CC actively engage in the ORR/OER in LOBs, boosting the
reaction kinetics and enhancing battery performance. This
enhancement results in an increased discharge voltage of
3.05 V, decreased charge voltage of 3.20 V, energy efficiency of
95.3%, and a prolonged cycle life exceeding 255 cycles. This
work highlights the potential application of MOFs/
semiconductor heterostructure materials in photo-assisted
LOBs, offering insights into the systematic design of photo-
assisted air batteries and other advanced semiconductor
systems.
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