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Abstract: Photo-assisted lithium—oxygen (Li—O;) batteries have been developed as a new system to
reduce a large overpotential in the Li—O, batteries. However, constructing an optimized photocatalyst
is still a challenge to achieve broad light absorption and a low recombined rate of photoexcited
electrons and holes. Herein, oxygen vacancy-rich molybdenum trioxide (MoO;-,) nanorods are
employed as photocatalysts to accelerate kinetics of cathode reactions in the photo-assisted Li—O,
batteries. Oxygen vacancies on the MoO;_, nanorods can not only increase light-harvesting capability
but also improve electrochemical activity for the cathode reactions. Under illumination, the photoexcited
electrons and holes are effectively separated on the MoOs-, nanorods. During discharging, activated
0O, is reduced to Li,O, by the photoexcited electrons from the MoOs-, nanorods. The photoexcited
holes can promote the decomposition of Li;O, during subsequent charging. Accordingly, the
photo-assisted Li—O, batteries with the MoOs-, nanorods deliver an ultralow overpotential of 0.22 V,
considerable rate capability, and good reversibility. We think that this work could give a reference for
the exploitation and application of the photocatalysts in the photo-assisted Li—O, batteries.

Keywords: molybdenum trioxide (MoQOj3) nanorods; oxygen vacancy; photocatalyst; photo-assistance;
lithium—oxygen (Li—O,) batteries

low round-trip efficiency, and limited cycle of the Li—O,
batteries [4—6]. It is reported that the sluggish kinetics
are associated with a passivated cathode surface by
Li,0,. The generated LiO, will obstruct a charge
transfer and hinder O, diffusion on the cathode because
it is a wide-band gap insulator and does not dissolve in
an electrolyte [7-9]. To improve the reaction kinetics,
some electrocatalysts (e.g., noble metal- and transition
metal-based materials) were introduced in the cathode
[9-12]. Unfortunately, rare and expensive noble metals
and the limited catalytic activity of transition metals
hinder their widely practical applications. Thus, it is
* Corresponding author. expected to seek cut-price and flexible means for
E-mail: mingfeng@jlnu.edu.cn accelerating the reaction kinetics of the Li—O, batteries.

1 Introduction

Lithium—oxygen (Li—-O;) batteries are a promising
energy storage system due to its high theoretical
energy density (~3500 Wh-kg "), which are operated
with Li,O,-redox reaction (2Li+ + O, + 2e < Li,0O,,
E°=2.96 V, where £’ is the standard electrode potential
of the Li—O; batteries) [1-3]. Unfortunately, the Li—O,
batteries face many tough problems, among which
sluggish kinetics of a cathode lead to large overpotential,
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Recently, the employment of light has been proven
that can promote the generation and oxidation of Li,O,,
especially reduce the overpotential in the photo-assisted
Li-O, batteries [13—16]. Under light irradiation, a
semiconductor-containing cathode contributes to separating
the electrons and holes in conduction bands (CBs) and
valence bands (VBs), respectively [15-18]. In an ideal
system, the photoelectrons are able to boost the formation
of Li;0O, during oxygen reduction reaction (ORR),
while the holes could facilitate the decomposition of
Li,O, during oxygen evolution reaction (OER) [19].
Thus, the semiconductor catalyst is regarded as the key
that affects the performance of the photo-assisted
Li—O, batteries [20]. Among the family of semiconductor
materials, orthorhombic molybdenum trioxide (a-MoOs)
as the photocatalyst plays a major role in the field of
photocatalysis because of its nontoxicity, low price,
and good chemical stability [21,22]. Various morphologies
and structures of MoO; were developed to improve
their photocatalytic activity, such as nanobelts [23],
nanorods [24], and nanotubes [25]. Unfortunately, these
MoO; species show low photocatalytic ability in practical
applications under visible light, which could result from
two reasons: (i) MoQOj; as an n-type semiconductor with
a wide band gap (£, = 3.2 eV) has a low utilization rate
for visible light [26]; (ii) the photoexcited electrons and
holes easily recombine [27]. Therefore, it is highly
desirable to broaden the range of light absorption and
improve separation efficiency of the electrons and holes
for enhancing the photocatalytic activity of MoO:s.

To address the mentioned challenges, the research
focused on the construction of defect engineering (usually
oxygen defects) to improve the photocatalytic performance
of the semiconductor materials by tuning their electronic
structures and surface properties [28]. Very recently,
we demonstrated that titanium dioxide (TiO,) as the
photocatalyst shows superior catalytic ability in the
photo-assistance Li—O, batteries by introducing oxygen
vacancies [14]. It is expected to obtain a similar effect
for MoO; with the oxygen vacancies (i.e., M0oOs-,).
More importantly, it has been proved that the oxygen
vacancies in MoOs interact strongly with active oxygen
from the battery environment (e.g., O,, LiO,, and
Li,0;), which plays a key role during the discharge and
charge processes of Li—O; batteries [29]. Although the
photocatalytic behavior of MoOs_, has been reported
by previous works [26,27], its catalytic mechanism in the
photo-assisted Li—O, batteries has rarely been mentioned.
Therefore, it is significant for the employment of
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MoOs-, as the photocatalyst and for understanding its
catalytic mechanism in the photo-assisted Li—O, batteries.

In this study, the MoOs;_, nanorods were fabricated by
combining solvothermal and hydrogen-thermal reduction
methods, which were used as the photocatalysts in the
photo-assisted Li—O, batteries. By introducing the
oxygen vacancies, the light response and photocatalytic
ability of the MoO;_, nanorods are significantly increased.
The photoexcited electrons and holes on the MoO;-,
nanorods were separated effectively with light irradiation.
The photoexcited electrons are beneficial to the O,
reduction to form Li,O, during discharge. The generated
Li,0; is decomposed to O, and Li' ions by the holes
during charging. The photo-assisted Li—O, batteries
with the MoO;_, nanorods showed an ultralow
overpotential of 0.22 V, good rate performance, and
superior reversibility. This work could offer an opportunity
for the design of highly active photocatalysts in the
photo-assisted Li—O, batteries.

2 Experimental

2.1 Chemicals and materials

All reagents and solvents, such as hydrogen peroxide
(H,0O,; analytical reagent (AR) (30%), Sinopharm
Chemical Reagent Co., Ltd.), nitric acid (HNO;; AR,
Sinopharm Chemical Reagent Co., Ltd.), MoO; (AR,
Aladdin Reagent), and Li foil (China Energy Lithium
Co., Ltd.), were commercially available. Tetraethylene
glycol dimethyl ether (TEGDME; AR (99.7%), Aladdin
Reagent) and N-methyl-pyrrolidone (NMP; AR (99%),
Aladdin Reagent) were dried with activated molecular
sieves (Type 4 A, Sinopharm Chemical Reagent Co.,
Ltd.) for 7 d. Carbon paper (CP; CeTech Co., Ltd.),
super P (SP; ~50 nm, Timcal), polyvinylidene fluoride
(PVDF; 99.9%, DuPont Company), lithium bis
(trifluoromethane sulfonimide) (LiTFSI; AR, Aladdin
Reagent), and glass fiber (GF) separator (GF/D,
Whatman) were dried under a vacuum oven (120 °C, 24 h).

2.2 Preparation of MoO;_, nanorods

MoO; (3.6 g) was added into H;O, (27 mL) to form
solution by vigorous stirring. HNO; (13.5 mL) and
distilled water (65 mL) were then mixed with the
above solution. After stirring for 30 min, the obtained
mixture was transferred to a Teflon-lined autoclave
(50 mL) and heated at 170 C for 24 h. The precipitate
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was separated by centrifugation, washing, and drying
(50 C for 24 h), which is the MoO; nanorods. The
MoOs;-, nanorods were synthesized by reducing the
MoO; nanorods in hydrogen-thermal environment at
350 ‘C for 2 h with H, and Ar mixture gas flow (8 : 92).

2.3 Characterizations

An X-ray diffractometer (D/MAX-2500/PC, Rigaku) was
employed to gather X-ray diffraction (XRD) patterns
of all samples. Raman spectra of the products were
acquired using a Micro Raman system (LabRAM HR
spectrometer, Horiba) with an Ar ion laser (514 nm)
and a microscope (BX, Olympus). An X-ray photoelectron
spectrometer (ESCALAB 250Xi, Thermo Fisher Scientific)
was used to examine valence states of elements.
Microstructures and morphologies of all samples were
identified by a scanning electron microscope (SEM;
S-5500, Hitachi) and a transmission electron microscope
(TEM; Talos F200X G2, Thermo Fisher Scientific)
with an energy dispersive X-ray spectrometer and a
high-angle annular dark field-scanning TEM (HAADF-
STEM). Photoluminescence (PL) spectra of the as-
prepared samples were recorded on a spectrofluorometer
(F-4600, Hitachi) at 25 °C in ambient air. An ultraviolet—
visible (UV-Vis) spectrophotometer (UV-3600, Shimadzu)
was performed to collect UV—Vis absorption spectra of
the as-prepared products. An electron spin resonance
(ESR) spectrometer (JES-FA200, JELO) was utilized
to monitor unpaired electrons in the as-prepared samples.

2.4 Assembly of Li—0O, cells

To obtain slurry, the SP, MoOs-, nanorods, and PVDF
were added to the NMP at a weight ratio of 6 : 3 : 1.
The cathodes were prepared by coating the slurry on
the CP with a diameter of 13 mm and a thickness of
~20 pm, which were then dried in vacuum at 70 ‘C
for 12 h for removing the excess solvent. Mass
loadings of the SP and MoOs_, nanorods in the cathode
are 0.2 and 0.1 mg, respectively. The 2025 coin-type
cells were assembled using a Li foil anode (China
Energy Lithium Co., Ltd.), a GF separator soaked in
an electrolyte (135 pL, 1 M LiTFSI/TEGDME), and a
cathode within an argon-filled glovebox (SG2400/750TS,
Vigor, H,O and O, <1 ppm). For the transmission of
light and O,, the cathode shells were punched to form a
hole with a diameter of 10 mm.

2.5 Electrochemical measurements

The obtained cells were tested in an O,-filled glovebox

(SG2400/750TS, Vigor, H,O and O, < 1 ppm) at various
current density of 100-500 mA-g ' under various fixed
capacity of 500-1000 rnAh-g{1 on system (CT-
ZWJ-4’S-010, NEWARE). Note that the current
density and specific capacity were calculated based on
the mass of the SP. For testing photo-assisted Li—O,
cells, a Xe lamp (gel-S500/350, Ceaulight) was employed
as light source. The light intensity for the cathode
surface was locked by fixing the power at 500 W. A
testing platform of the photo-assisted Li—O, cells is
shown in Fig. S1 in the Electronic Supplementary
Material (ESM). Cyclic voltammetry (CV) curves were
recorded at a scan rate of 0.1 mV-s ' within a voltage
ranging of 2.2-4.5 V vs. Li/Li". Linear sweep voltammetry
(LSV) curves were obtained at a scan rate of 0.5 mV-s .
Electrochemical impedance spectroscopy (EIS) was
gathered within a frequency range of 10 °~10° Hz and an
amplitude of 0.005 V. The CV curves, LSV curves, and
EIS were performed on an electrochemical workstation
(Solartron 1470E, AMETEK) at room temperature. A
customized Swagelok type of the Li—O, cell with a
quartz window and two polyetheretherketone (PEEK)
capillary tubes was designed for differential electrochemical
mass spectrometry (DEMS) on a commercial quadrupole
mass spectrometer (HPR-20, Hiden).

3 Results and discussion

Crystal structures of MoO3; and MoO;_, nanorods were
evaluated, as shown in Fig. 1(a). XRD peaks could be
assigned to the standard pattern of a-MoO; (JCPDS No.
05-0508) [26]. The main XRD peaks are consistent
with the crystal planes of (020), (040), and (060),
demonstrating highly preferred orientations. Compared
with that of the pristine MoO; nanorods, the peak
corresponding to the (040) crystal plane for the
MoOs;-, nanorods shifts to a higher angle (Fig. 1(b)),
which arises from the expansion of an interlamellar
spacing owing to the presence of the oxygen vacancies
[27]. In Fig. 1(c), a set of typical Raman peaks are
observed for MoO; and MoOs_, nanorods, which are
consistent with Ref. [28]. The peaks at 280, 373, and
990 c¢m ' are ascribed to wagging vibration, bending
vibration, and stretching vibration of terminal oxygen
(Mo=0), respectively [30,31]. The peaks at 334 and
660 cm ' represent the bending vibration and stretching
vibration of triple coordinated oxygen (Mos;—0),
respectively [32], and that at 818 cm ' could be caused
by the stretching vibration of double coordinated
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Fig. 1 (a) XRD patterns and (b) corresponding magnified patterns of MoO; and MoOs_, nanorods; (c) Raman spectra and
(d) corresponding magnified patterns of MoO; and MoOj;-, nanorods.

oxygen (Mo,—O) [33]. Note that a slight blue shift of
the peak at 818 cm’! for the MoOs-, nanorods compared
to that of the pristine MoO; nanorods was observed
(Fig. 1(d)), resulting from phonon confinement by point
defects [27,28].

Element compositions and states of MoO; and
MoOs-, nanorods were evaluated by X-ray photoelectron
spectroscopy (XPS). Survey spectra for both samples
are displayed in Fig. 2(a), which shows the presence of
Mo and O without any other elements. The atomic
ratios are 1 : 3.33 and 1 : 2.84 for Mo and O in MoO;
and MoOs;-,, respectively, confirming that the oxygen
vacancies are successfully generated in the MoOs;-,
nanorods. In Fig. 2(b), the Mo 3d spectrum is
deconvoluted into one pair of peaks at 232.9 and
236.0 eV for the MoO; nanorods, corresponding to
Mo 3dsp, and Mo 3d;» of M06+, respectively [34]. In
contrast, the Mo 3d spectra for the MoOj;-, nanorods
exhibit a new pair of peaks at 231.5 and 234.6 eV
(Fig. 2(c)) that represent Mo 3ds, and Mo 3d;, of
Mo™, respectively [35], implying the existence of the
oxygen vacancies in the MoOj;-, nanorods. The O 1s
spectra for MoO; and MoOs-, nanorods are shown in
Figs. 2(d) and 2(e), respectively, which can be
deconvoluted into two peaks. The peak O; at 530.7 eV
results from lattice oxygen. The peak O, at 532.3 eV is
ascribed to surface chemisorbed oxygen. The area ratio
of the peak O, to the peak O; for the MoO; nanorods is
0.59, which is lower than that for the MoOs_, nanorods
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(0.80), indicating that the oxygen vacancies contribute
to increasing the surface adsorption of the oxygen
species [36].

Morphologies and microstructures of MoO;_, were
identified by the SEM and TEM. In Fig. 3(a), MoO;
presents a uniform and rod-like nanostructure with a
smooth surface. As shown in Fig. 3(b), the morphology
of MoOs._, is the same as that of MoOs, which indicates
that the introduction of the oxygen vacancies does not
affect the morphology. The length and width of MoOs-,
nanorods were confirmed by the TEM images (Figs. 3(c)
and 3(d), respectively). It can be seen that the length is
~9 um (Fig. 3(c)), and the width is ~200 nm (Fig. 3(d)).
In Fig. 3(e), the well-defined lattice fringes are
observed for the MoOs-, nanorods. The interplanar
distances are 2.332 and 2.702 A, which are attributed
to the (131) and (101) crystal planes of a-MoO; (JCPDS
No. 05-0508), respectively [26]. Additionally, there are
some disorder and discontinuous lattice fringes, as
seen in the ellipse marks (Fig. 3(e)), which further
proves the introduction of the oxygen vacancies in the
MoOs;-, nanorods. In Fig. 3(f), single-crystal nature is
observed for the MoOs_, nanorods by a selected area
electron diffraction (SAED) pattern. Equally, the exposed
crystal planes of (200), (202), and (002) could be well
indexed to a-MoQs, which coincide well with the XRD
results [26,28]. The unique morphology and element
compositions of the MoOj;—, nanorods are further
revealed by the HAADF-STEM image (Fig. 3(g)) and
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energy-dispersive X-ray spectroscopy (EDS) elemental
mappings (Figs. 3(h) and 3(i)). It clearly demonstrates
that these elements of Mo and O are uniformly distributed
on the MoOs-, nanorods. Note that the atomic ratio of
Mo and O (1 : 2.97) is different from that of the XPS
results (1 : 2.84). This could result from that the XPS is
only surface sensitive.

To further verify the presence of the oxygen vacancies
in the MoO;_, nanorods, the ESR spectra of the as-
prepared MoOj3; and MoOs-, nanorods were recorded,
as shown in Fig. 4(a). It can be seen that there is no
visible ESR signal for the pristine MoO; nanorods. In
sharp contrast, an intense signal of the spectral splitting
factor g at 2.003 is observed for the MoO;_, nanorods.
The results suggest that the oxygen vacancies are
successfully introduced into the MoO;-, nanorods
[27,28]. The UV-Vis diffuse reflectance spectra of the
as-prepared MoOj3; and MoO;-, nanorods were
collected to evaluate optical absorption capacity of the
photocatalyst. In Fig. 4(b), an absorption edge of the
pristine MoOj; nanorods is about 400 nm. Besides, no
significant absorption is observed in the visible region.
In contrast, the MoO;-, nanorods display strong
absorption in the visible region, which results from the
existence of the oxygen vacancies [27]. The E, of the
MoOs;_, nanorods is 3.24 eV, which is lower than that
of the pristine MoO; nanorods (3.29 eV) (Fig. 4(c)),
indicating that the oxygen vacancies could improve the
photocatalytic activity [37]. The recombination feature of
the photogenerated carriers in MoO3; and MoOj_,
nanorods was studied by the PL spectra. As shown in

Fig. 4(d), there is a clear emission band at ~688 nm for
both samples [38,39]. Note that the peak of the MoO;
nanorods exhibits higher intensity than that of the
MoO;-, nanorods, revealing that a recombination rate
of the photoexcited electrons and holes is cut down
after the introduction of the oxygen vacancies.
Mott—Schottky plot of the MoOj;-, nanorods displays a
positive slope (Fig. 4(e)), suggesting that the MoOs_,
nanorods are an n-type semiconductor [40]. The flat
band potential (Vy) of the MoO;—, nanorods is
determined to be 2.75 V (vs. Li'/Li), close to the CB for
the n-type semiconductor [41]. According to the equation
of Evg = Ecg + E,, the potentials of CB (Ecg) and VB
(Eyg) for the MoO;-, nanorods are calculated to be
2.75 and 5.99 V (vs. Li'/Li), respectively, which span
an equilibrium potential of battery reaction (2.96 V vs.
Li+/Li) [42]. Additionally, the Ecg and Evyg of the
MoOs;-, nanorods can be calculated by the empirical
equation [43]: Evg = X — E. + 0.5E,, where X (= 6.40 eV)
is the absolute electronegativity of the MoQOj;-, nanorods
[44], and E. (= 4.5 ¢V) is the energy of free clectrons
of the hydrogen scale [45]. According to the above
equation, the Evyp and Ecp are calculated to be 6.00 and
2.76 V respectively, which are in accordance with the
results calculated by the Mott—Schottky plot. Thereby, the
MoO;-, nanorods will contribute to accelerating the
ORR and OER processes under illumination, which is
illustrated in Fig. 4(f). During discharge, the photoelectrons
excited in the CB will boost the formation of Li,O,.
Meantime, the holes are left in the VB and reduced via
the electrons in an external circuit. During charging,
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the holes in the VB can facilitate the decomposition of
Li;0,, and the photoelectrons can reduce Li" at the
anode by the external circuit. Thus, the MoOs;-, nanorods
are considered as promising photocatalysts for the
photo-assisted Li—O, batteries.

To identify the effect of the oxygen vacancies on an
electrochemical process of the photo-assisted Li—O,
batteries, the CV curves of the cells using MoO; and
MoOs-, nanorods as the catalysts with/without illumination
were recorded in an O, atmosphere. As shown in Fig. 5(a),
the cell with the MoOs-, nanorods under light shows a
higher onset potential and larger anodic current in the
ORR process as well as a lower onset potential and
larger cathodic current in the OER process than those
of the cell with the MoOs-, nanorods in dark and the
cell with the MoO3; nanorods under light, indicating the
high ORR and OER activity of the MoO;_, nanorods
under illumination [46,47]. Figure 5(b) shows the first
galvanostatic discharge profiles of the Li—-O, cells
based on the MoO; and MoO;_, catalysts with/without
illumination at 200 mA-g ' with a cutoff potential of
2.2 V. Discharge capacity of the cell with MoO;_,
under light (4035 mAh-g") is higher than those of the
cell with MoOj_, in dark (2390 mAh-g™") and the cell
with MoO; under light (3342 mAh-g ). Figure 5(c)
depicts the first discharge and recharge curves of the
cells with MoO; and MoOs;_, nanorods at 100 mA- gf1
with/without illumination. It can be seen that the
discharge and charge potentials are 2.71 and 3.63 V for

the cell with MoOs_, in dark, respectively, corresponding
to round-trip efficiency of 74.66%. For the cell with
MoOj; under light, the discharge and charge potentials
are 2.78 and 3.58 V, respectively, and the corresponding
round-trip efficiency is 77.65%. For the cell with
MoOs;-, under light, an increased discharge potential of
2.86 V and a reduced charge potential of 3.08 V are
obtained, which show ultrahigh round-trip efficiency
of 92.86%. The rate performance of the Li—O, cells
with MoOj3; and MoOs_, at various current density of
100, 200, and 500 mA-g"' is evaluated with/without
illumination (Figs. 5(d)-5(f)). In Fig. 5(d), the
overpotentials for the cell with MoOs_, under light are
0.22, 0.48, and 0.87 V at 100, 250, and 500 mA-g
respectively, corresponding to the round-trip efficiency
of 92.86%, 85.32%, and 75.69%, respectively. The slightly
increased overpotential and reduced round-trip efficiency
could be caused by the restricted photogenerated
electrons contributing to the compensative current [15].
Note that the overpotentials for the cells with MoOs-,
under light are still lower than those of the cells with
MoOs-, in dark (Fig. 5(e)) and the cells with MoOs
under light (Fig. 5(f)). Additionally, cyclability of the
Li—O; cells with MoO; and MoO;-, catalysts were
investigated at 250 mA-g ' under 500 mAh-g’
with/without illumination. Cycle life of the cell with
MoOs-, reaches 100 cycles under light (Figs. 6(a) and
6(d)). In contrast, the cell with MoO;-, keeps 30 cycles
in dark (Figs. 6(b) and 6(d)), and the cell with MoOs3
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cells with MoO; and MoOs_, at various current densitiy with/without illumination.
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Fig. 6 (a—c) Continuously discharge and charge curves of cells using MoO; and MoO;_, nanorods as catalysts with/without
illumination; (d) corresponding cycle number associated with terminal discharge/charge voltage and delivered discharge.

shows 80 cycles under light (Figs. 6(c) and 6(d)).
These results indicate that the MoO;-, nanorods as the
catalyst are beneficial to facilitating the ORR and OER
processes in the photo-assisted Li—O, batteries,
demonstrating the advancement of introducing the
oxygen vacancies into MoOs.

Figure 7(a) shows LSV curves for the Li-O; cells
using MoO3 and MoOs-, nanorods as the catalysts at a
scan rate of 0.5 mV-s ' within a potential range of
2.4-3.0 V with/without illumination. The cell with the
MoO;-, nanorods under light exhibits an improved
onset potential than those of the cell with the MoO;_,
nanorods in dark and the cell with the MoO3; nanorods
under light, which suggests a positive effect of both
oxygen vacancies and light assistance in the ORR
process. Based on the LSV curves, Tafel slopes were
obtained, as shown in Fig. 7(b). The cell with the
MoOs;-, nanorods under light shows a lower Tafel
slope value of 117 mV-dec ' than those of the cell with
the MoOs_, nanorods in dark of 194 mV-dec " and the cell
with the MoQOj3; nanorods under light of 129 mV-dec ',
proving a fast electron migration rate for the ORR
process for the cell with the MoOj;-, nanorods under
light. Additionally, to assess the reaction kinetics of the
MoO;-, nanorods under illumination during the OER
process, the preloaded Li,O; cells were prepared based
on commercial Li;O,. The LSV curves for the preloaded
Li;O, cells using MoO; and MoO;_, nanorods as the
catalysts at a scan rate of 0.5 mV-s ' within a potential
range of 3.0—4.5 V with/without illumination are

(8) 4% % wse | Sci@pen

displayed in Fig. 7(c). It can be seen that the cell with
the MoOs-, nanorods under light shows a lower onset
potential and larger cathodic current than those of the
cell with the MoOs_, nanorods in dark and the cell with
the MoOs nanorods under light, indicating a positive
effect of both oxygen vacancies and light assistance on
the OER process. Equally, the Tafel slope of the cell
with the MoOs_, nanorods under light was calculated
to be 472 mV'decfl, which is lower than those of the
cell with the MoO;_, nanorods in dark of 1469
mV-dec ' and the cell with the MoO; nanorods under
light of 686 mV-dec ', further demonstrating a rapid
electron migration rate of the OER process for the cell
with the MoOs;., nanorods under light (Fig. 7(d)).
Therefore, the cell with the MoO; nanorods under light
exhibit superior reaction kinetics during the ORR and
OER processes, which could be ascribed to the effect
of both oxygen vacancies and light assistance.

The reversibility of the cell with the MoO;-, nanorods
under illumination was investigated by the DEMS to
characterize the gas consumption and formation during
the galvanostatic cycle process. In Fig. 8(a), during the
discharge process, the molar ratio of e /O, is calculated,
which is 2.04, close to the theoretical value for the O,
reduction to LiO,. During the recharge process, the
CO; release cannot be detected (Fig. 8(a)). Equally, the
O, recovery efficiency is obtained to be 95.3% by
calculating the area ratio of O, evolution and consumption
curves (Figs. 8(a) and 8(b)). These results indicate that
the cell with the MoOs_, nanorods shows good reversibility
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Fig. 8 DEMS results of photo-assisted Li—O, batteries with MoO;_, nanorods for (a) discharge and (b) recharge processes;
in-situ XRD patterns of cathode at (c) discharge and (d) recharge processes in photo-assisted Li—O, cell with MoOj;_, nanorods
and (e) corresponding contour mapping; (f) Raman spectra of cathodes at different electrochemical states.

under illumination. To identify the discharge products,
the in-situ XRD is employed to track the cathode for
the Li—O; cell with MoOs-, under illumination. In Fig. 8(c),
during the discharge process, the diffraction peaks at
32.9° and 35.0° appear, and their intensity gradually
increase, which are matched well with those of the
Li,O, standard pattern (PDF No. 09-0355), implying
that the discharge product is Li,O, [48]. In Fig. 8(d),
the intensity of the Li,O, diffraction peaks gradually

reduce until the peaks disappear during the subsequent
recharge process. Figure 8(e) shows the in-situ XRD
contour mapping during cycling. Note that the typical
diffraction peaks of Li,O, appear during the discharge
process and disappear after the recharge process,
demonstrating that the generation and decomposition
of Li,0; are reversible during the discharge and charge
processes. Additionally, we employed the Raman spectra
to characterize the cathodes under different electrochemical
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states, as shown in Fig. 8(f). After discharge, a peak at
788 cm ' is observed, further indicating that the discharge
products are Li,O, [49]. After recharge, the Li,0, peak
disappears, suggesting the complete decomposition of
the formed Li,O,, which is consistent with the in-situ
XRD results.

Morphology changes of Li,O, are studied by the
SEM to characterize the cathode at 100 mA-g ' under
different electrochemical states. Compared with that of
the pristine cathode (Fig. S2(a) in the ESM), the SEM
image of the discharged cathode shows that Li,O, is
film-like (Fig. 9(a)). As seen in Fig. 9(b), the film-like
Li;O, was completely removed after recharge. The
film-like LiO, accumulates continuously after deep
discharge, and their morphologies remain unchanged
(Fig. S2(b) in the ESM). Note that the reversible formation
and decomposition of Li,O, could be maintained for
up to 50 cycles, as shown in Figs. 9(c) and 9(d).
Additionally, the morphologies of Li,O, studied at
high current density of 250 and 500 mA-g ' were also
studied, as shown in Fig. S3 in the ESM. It can be seen
that the granular-like discharge products form on the
film-like Li,0, with the increase in the current density
(Figs. S3(a) and S3(b) in the ESM). The granular-like
discharge products completely disappear after recharge
(Figs. S3(c) and S3(d) in the ESM). These results
further evidence that the Li—O, cells with MoO;_,
show superior reversibility under illumination.

250 nm

250 nm

Fig. 9 SEM images of cathode under different electrochemical
states of (a) 1st discharged, (b) 1st recharged, (c) 50th
discharged, and (d) 50th recharged for photo-assisted
Li-O; cell with MoOs_, nanorods.

To study the catalytic and photovoltaic advantages
of the MoOs_, nanorods, the EIS of the Li-O, cells
were collected after different cycles without and with
illumination, as shown in Figs. 10(a) and 10(b), respectively.
The Nyquist plots present a semicircle and a diffusive
part, which are the classical shape. The insets in Figs. 10(a)
and 10(b) show the corresponding equivalent circuit,
where R, represents the ohmic resistance, R corresponds
to the charge transfer resistance, and CPE is the
abbreviation of constant phase element [50]. The values
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Fig. 10 Nyquist plots of Li—O, cell with MoO;_, nanorods after different cycles (a) without and (b) with illumination where Z;,
is the imaginary part of the impedance, and Z. is the real part of the impedance; (c, d) corresponding fitting values of Ry and Ry.
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of Ry, R, and total resistance (Ryw = Ro + R.) are
fitted by the equivalent circuit, as recorded in Table S1
in the ESM and Figs. 10(c) and 10(d). The values of R
and Ry increase clearly from the 1st to 30th cycle for
the cell cycled with MoOs-, in dark. In contrast, the
values of R and Ry, increase slowly until 50 cycles
for the cell with MoOj;-, cycled in light. These results
further indicate that the MoOs;_, nanorods with high
photoelectro-catalytic  activity can improve the
electrochemical microenvironment of the photo-assisted
Li—O, cells and thus accelerate the reaction kinetics.

4 Conclusions

In summary, MoO;-, nanorods were successfully
synthesized by combining the solvothermal method
and hydrogen-thermal reduction method. In photo-assisted
Li—O, batteries, the MoOj3-, nanorods as photocatalysts
not only help to lower the overpotential, but also boost
the discharge capacity. The in-situ XRD, ex-situ
measurements, and electroanalytic techniques indicated
that the advanced performance of the photo-assisted
Li—O, batteries could be ascribed to the super
photocatalytic ability of the MoO;-, nanorods in affording
the reversible formation and decomposition of LiO,.
The photoexcited electrons and holes on the MoO;-,
nanorods are separated effectively under light illumination,
which can boost the ORR/OER process and improve
the electrochemical microenvironment. As a result, the
photo-assisted Li—O, batteries with the MoO;-,
nanorods show an ultralow overpotential of 0.22 V and
ultrahigh round-trip efficiency of 92.86%. We hope
that the work can make a contribution to the exploitation
of the efficient catalysts for photo-assisted Li—O, batteries.
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