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Abstract: During the discharge of Na-O; batteries, O, is reduced and combines with Na* to form
an insulating solid sodium oxide on the cathode, which severely hinders the mass transfer path,
resulting in high polarization voltage, low energy efficiency, and short battery life. Hereby, we
proposed a novel illumination-assisted Na—-O, battery in which bismuth vanadate (BiVO,) with few
defects and high surface areas was used as the catalyst. It showed that the charge overpotential
under photo assistance reduced by 1.11 V compared with that of the dark state one. Additionally,
the insolating sodium oxide discharge products were completely decomposed, which was the key
to running Na-O; batteries over 200 cycles with a charge potential of no more than 3.65 V, while its
counterpart (under dark condition) at 200 cycles had the charge potential higher than 4.25 V. The
experiment combined with theoretical calculation shows that few defects, high surface areas, the
altered electron transfer kinetics, and the low energy gap and low oxygen absorption energy of the
(040) crystal face of monoclinic BiVOy play an important role in catalyzing oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER).

Keywords: Na-O; batteries; BiVO4 photocatalyst; photo-assistance; low overpotential; fast
electron transfer

1. Introduction

In recent years, the environmental pollution and climate warming caused by the con-
sumption of fossil energy cannot be ignored, so there is an urgent need to develop efficient
and clean energy conversion and storage devices [1-4]. Na—O; batteries have attracted
much attention because of their higher specific energy density and lower cost compared
to lithium-ion batteries [5]. However, the disadvantage is that high charging potential is
required to decompose the poorly soluble and well-insulating discharge products in Na-O,
batteries, which limits their practical application [6]. This leads not only to low energy
efficiency but also to the decomposition of electrolytes during cycling, thus reducing the
cycle life of Na—O, batteries. Therefore, it is urgent and necessary to reduce the charging
overpotential of Na—O, batteries [7-10].

In order to overcome the above problems of non-aqueous Na-O, batteries, great efforts
have been made, such as developing the high electrocatalytic activity of catalysts/cathodes,
using redox mediators. Carbon material is low cost, abundant, has high surface areas, and
easily regulates morphology, whereas its intrinsic low catalytic activity limit it to being
the matrix of the cathode [11,12]. Transition metal oxides are reported to have highly
electrocatalytic activity, but the low conductivity compels them to organically combine with
conductive agents, thus increasing preparation difficulty [13,14]. The noble metals such as
high electrocatalytic catalysts can significantly reduce the overpotential in the absence of
balance consideration between the high price and their large-scale use [15-17]. The soluble
redox medjiators as the most effective catalysts can largely reduce overpotential, but their
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use is also accompanied by new problems, such as the anode degradation from the shuttle
effect and the continuously declining catalytic activity as redox mediators decrease [12,18].
Therefore, developing a catalyst with the catalytic activity comparable to that of redox
mediators with no detriment to the anode is very important and essential.

Photocatalysts introduced into Li-O, batteries displayed a remarkable effect, similar
to redox mediators on reducing polarization [19,20]. Upon discharge, the photocatalyst
generates electron and hole by illumination, then the electron reduces oxygen and the hole
accepts the electron from the anode. The photocatalyst returns to its original state. On
charge, the produced hole from photocatalyst by illumination will extract the electron of
discharge products; the electron from the photocatalyst will run to anode to reduce metal
ion through external circuits. The function of photocatalyst can be illustrated as shown in
Supplementary Materials Figure S1. No matter the discharge or charge, the structure of
photocatalysts will be retained.

Now, many photocatalysts have been studied in Li-O, batteries, while they have
not been explored in Na—-O; batteries. Even though the battery reaction mechanism is
similar between Li—-O, and Na-O, batteries, there are some differences between them, such
as the discharge products. The elucidation of the relationship between catalytic activity
and the crystal structure and morphology of photocatalysts is meaningful to improve
the performance of Na—O, batteries, which can also simplify the solar energy storage in
Na-O, batteries.

Bismuth vanadate (BiVOy) is an attractive photocatalyst due to its low band gap,
non-toxicity, resistance to corrosion, and good stability [21]. There are three crystalline
phases reported for synthetic BiVO4. Only monoclinic BiVO, shows a greater photocatalytic
performance owing to the lone pair distortion of Bi 6s orbital [22,23]. Varying the synthesis
methods and conditions can modulate the particle size, crystallinity, and morphology of
BiVOy [24,25].

Herein, the smaller size of the optimized crystal face exposed BiVO, was synthesized
by a simple hydrothermal method through adjusting pH of the precursor. The small sized
and clean BiVO, showed a larger surface area. The exposed (040) crystal face is easily
radiated and delivers a fine oxygen adsorption-desorption capability. When combined
with carbon nanotubes (CNTs), the generated electron from BiVO, induced by light gained
a facilitated transfer, boosting the reaction kinetics of Na—O; batteries. These enable
Na-O, batteries with a huge overpotential drop by 1.11 V and more than 200 cycles life,
demonstrating the great use potential of BiVOy.

2. Materials and Methods
2.1. Bismuth Vanadate Preparation

First, 5 mmol Bi(NO3)3-5H,0 was dissolved in 20 mL 4 mol /L HNOj solution, and
5 mmol NH4VOs3 was dissolved in 20 mL 4 mol/L sodium hydroxide solution by vigorous
stirring for 2 h. Secondly, the above solutions were mixed and continuously stirred for
30 min to obtain a homogeneous orange yellow solution. NH3-H;O or CH3COOH was
used to adjust the pH of the solution. After that, the obtained mixture was transferred
into a Teflon-lined stainless-steel autoclave and then was heated at 160 °C for 12 h. After
heating, the autoclave was naturally cooled down to room temperature and the yellow
precipitate was formed. Finally, the precipitate was collected by filtration, then washed by
deionized water and ethanol three times, respectively, and finally dried at 80 °C in an oven
overnight to obtain BiVOy.

2.2. The Electrode Preparation

BiVOy, carbon nanotubes, and polyvinylidene fluoride were mixed in a mass ratio
of 75:15:10 and then ground in a grinding miller with 2 mL NMP for 30 min. Then, the
mixture was evenly coated on the carbon paper, and was dried at 80 °C. After that, the
dried carbon paper was transferred into vacuum oven to dry at 90 °C for 20 h. Finally, the
dried carbon paper was punched into 12 mm in diameter as the BiVO, cathode with the
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mass loading of 0.6 mg. For the CNTs cathode preparation, it was the same as that of BiVO,
one, except for the step that substituted BiVO, with CNTs.

2.3. The Assembly of Na—O, Batteries

Electrolyte solvent, tetraethylene glycol dimethyl ether (TEGDME), was dried by
activated molecular sieves (4 A type) until the water content below 10 ppm. NaCF3SOj3
as the salt of electrolyte was dried in a vacuum oven at 80 °C for 12 h. The electrolyte
was formulated by dissolving NaCF3503 into TEGDME (H;O < 10 ppm) to obtain 0.5 M
NaCF3;503/TEGDME electrolyte. All Na-O, cells were assembled with 2025-type coin
cells in a glove box under argon atmosphere (H;O < 1 ppm, O; < 1 ppm). A sodium
metal foil processed from the Na bulk as the anode (® = 12 mm), a glass fiber separator,
the above cathode, and 80 uL 0.5 M NaCF;503/TEGDME electrolyte were combined in
sequence (press pressure: 800 Pa). Next, the batteries were purified by pumping vacuum
and ventilating with high-purity O, alternatively for three times. After that, the pure
batteries were filled with O, under 1 atm and then sealed and stood for 3 h for subsequent
electrochemical tests.

2.4. Characterization

Powder X-ray diffraction (XRD) measurements of BiVO4 and cathode were conducted
on PANalytical X'Pert Powder with Cu Ko radiation (Spectris Pte. Ltd, The Netherlands).
The morphology of BiVO, and discharge products were analyzed by scanning electron
microscope (SEM, JEOL JSM-6700, Japan). The structure of BiVO; was gained on a FEI
Tecnai G2 F30 transmission electron microscope (TEM, Thermo Fisher Scientific CDLtd,
Czech Republic) with the sample deposited on a copper grid. Raman spectra were obtained
at a laser wavelength of 532 nm by the Horiba LabRAM HR evolution microscope(HORIBA
Jobin Yvon S.A.S. France). Approximately 5% of the maximum laser power (13 mW) was
used for preventing laser from damaging the CNTs. X-ray photoelectron spectroscopy (XPS)
of BiVO,4 was tested on an ESCALAB 250Xi (Thermo Fisher Scientific, USA). The UV-Vis
diffuse reflectance spectra were collected on a UV-2550PC spectrophotometer (Shimadzu,
Japan), using BaSOj as the reference with a wavelength range of 200-800 nm. Nitrogen
adsorption-desorption isotherms for measuring specific surface area were obtained on a
multistation surface and porosity analyzer max-II (MicrotracBEL, Japan).

2.5. Electrochemical and Photoelectrochemical Measurement of Na—O, Batteries

Electrochemical impedance spectroscopy (EIS) and linear sweep voltammetry (LSV)
measurements of Na-O; cells were performed on a Biologic SP-200 electrochemical work-
station with an EIS frequency range of 10° to 102 Hz. For the LSV tests, a two-electrode
setup (the 2025-type coin Na-O, battery) was used wherein the sodium anode was not only
used as the counter but also the reference electrode, and BiVO,/CNTs cathode was the
working electrode. Galvanostatic discharge—charge measurements of Na-O; batteries were
performed at the voltage ranging from 1.8 to 4.5 V on a LAND CT3001A multi-channel bat-
tery testing instrument. The Na-O; cells were discharged to 1.8 V to obtain the maximum
discharge capacity under pure oxygen atmosphere. The cycling tests were controlled with
the confined capacity and current density. A 300 W Xe-lamp light source with the power of
300 mW cm~2 and wavelength range from 220~1200 nm was used to provide irradiation
for the electrochemical performance test of Na—O; cells as schemed in Supplementary
Materials Figure S2 (the distance between the light source and the Na-O; cell is 20 cm).

2.6. Computational Methods

Density functional theory (DFT) calculations were carried out by the Vienna Ab-initio
Simulation Package (VASP) [26]. The projected augmented wave method was used to
describe the valence electron—ion interaction. A generalized gradient approximation by the
GGA-PBE functional was used to calculate the electron exchange and correlation energies.
In consideration of photoelectrons’ delocalization in the GGA-PBE calculation, the DFT + U
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method was adopted in this work using a Hubbard-type correction by setting 3 eV Ugg ,, for
V 3d orbital [27]. The force tolerance lower than 0.01 eV /A and the energy difference lower
than 107> eV were set for the structure optimization. The cutoff energy was set to be 400 eV.
The bulk structure optimization was done in a 6 x 3 x 9 Monkhorst-Pack (MP) k-point
mesh with lattice parameters of a = 7.33790 A, b = 11.74769 A, and c = 3.66882 A [28]. The
non-polar (110), (121), and (040) surface slabs with three layers in stoichiometry of BiVO,
were generated from the optimized bulk lattice. Monkhorst-Pack (MP) k-point mesh is
5 x 4 x 1for (110),2 x 2 x 1 for (121), and 5 x 5 x 1 for (040), respectively. The vacuum
space along the ¢ direction was set to be 15 A and the thickness of these slab were 22-28 A.
For slab calculations, dipole correction was taken into account. The adsorption model
was composed of a 2 x 2 for (040) slab, and 2 x 1 supercell for (110) slab to avoid the
interactions of adsorbed O;.

3. Results

The BiVO, prepared in different pH value of the precursor solution was referred to
as BV-n, wherein BV and n meant BiVO, and pH, respectively. X-ray diffraction (XRD)
was conducted to determine the crystalline phase. Figure 1a shows that all diffraction
peaks are indexed to monoclinic BiVO, (JCPDS No. 14-0688) and no other impurity phase
appears. Notably, the BV-6 exhibits more intense diffraction peaks than the BV-4 and BV-8§,
indicating its highest crystallinity, which is beneficial for its stability. The SEM image shows
the BV—4 with a distinct polyhedral shape, smooth surface, and dispersive size distribution,
while the BV-6 displayed a focused size distribution, which meant more crystal faces
exposure for the increased diffraction peaks intensity, as shown in Figure 1b,c. When
the pH was 8 (Figure 1d), the polyhedral shape BiVO, disappeared, but it became rough,
slender, and needle-like, along with branching accompanied by many aggregated particles.
The high-resolution TEM image (Figure 1e) showed an obvious lattice fringe of 0.292 nm,
indexed to 040 crystal face, which also implied (040) a stable crystal face. Compared with
the BV—4 and BV-8, the BV-6 showed a smaller size of about 355 nm, which implied a higher
surface area (Supplementary Materials Figure S3). The BET measurement (Supplementary
Materials Figure S4) shows that the BV-6 (4.52 m? g~!) has a higher surface area than
the BV—4 (3.63 m? g~ !) and BV-8 (2.15 m? g~ !). This is also consistent with the SEM
image shown.

The valence states and composition of BiVO, were investigated by XPS. The survey
XPS spectrum showed Bi, V, and O elements in BiVO, (Supplementary Materials Figure
S5). The deconvolution O 1s XPS showed binding energies centered at 529.0 and 531.7 eV,
which are associated with lattice oxygen and chemical adsorption oxygen, respectively
(Figure 1f). It is well known that chemical adsorption O results from the positive charged
oxygen vacancies [29]. In the three samples, the BV-6 has the largest chemical adsorption
O content, possibly implying a number of oxygen vacancies. The binding energies for V
2p XPS lie at 516.5 and 524.1 eV, which was attributed to V°* (Figure 1g). For the Bi 4f
XPS spectra (Figure 1h) of the three samples, the binding energies concentrated at around
164.5 and 159.2 eV attributed to the signals of Bi 4f7/2 and Bi 4f5/2, respectively, which
was the feature of Bi3* species.

Raman spectra in Figure 1i presents nearly no band shift at 366 and 326 cm ! related
to the symmetric and asymmetric bending modes of V-O in VO, tetrahedra, respectively.
The band at 819 cm ™! corresponding to symmetric V-O stretching mode appears with a
slight blue shift for BiVO, prepared at high pH conditions, revealing less defect formation
as pH increases [30].
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Figure 1. (a) XRD patterns of BiVO,; SEM images the of (b) BV—4, (c) BV-6, and (d) BV-8, (e) HRTEM
image of the BV-6; (f) O 1s XPS, (g) V 2p XPS, (h) Bi 4f XPS spectra, and (i) Raman spectra of BiVOj,.

The optical absorption properties of the photocatalysts are the key factors affecting
their photocatalytic performance. To get optical absorption capability of BiVO,, the UV-vis
measurement was conducted as shown in Figure 2a. Compared with the BV—4 and BV-S§,
BV-6 obtained the largest absorption. The energy band gap (Eg) can be obtained from the
Tauc plot, which can be derived from UV-vis spectrum (Supplementary Materials Figure S6).
Eg can be determined by the equation, hva = (hv — Eg)", wherein h is the Planck constant,
v is the photon frequency, « is the constant of proportionality, and n defines the nature of the
electron leap (n = 0.5 for the direct; n = 2 for the indirect). For our case, BiVOy is an indirect
semiconductor, so the 7 should be 2 [31,32]. Therefore, the fitted Eg for the BV-6 was 2.46 eV,
almost close to the theoretical value of monoclinic phase BiVO;, [33,34]. The linear sweep
voltammetry (LSV) curves presented in Figure 2b show that the BV-6 electrode obtains the
higher reduction current density, indicating more reduction reactions on the BV-6 cathode
under illumination. Additionally, the onset ORR potential of the BV-6 was higher than the
others. Tafel slope, reflecting the ORR reaction kinetics, was determined according to the
LSV curves of ORR. It displays the BV-6 with a smaller Tafel slope value (60.3 mV dec™!)
than the BV—4 (103 mV dec™!) and BV-8 (161 mV dec™ 1), indicating that BV-6 has superior
ORR reaction kinetics (Figure 2c). The transient photocurrent electrochemical impedance
spectroscopy (EIS) measurement was conducted in 0.1 M potassium phosphate (K-Pi)
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buffered electrolyte (pH 7.0) by taking BiVO4/CNTs as the working electrode, Pt foil as the
counter electrode, and the saturated calomel electrode as the reference electrode shown in
Figure 2d and Table S1. The semi-circle in EIS plot at high frequency represents the interface
charge transfer resistance. The smaller the semi-circle, the lower the interfacial impedance
for the faster charge transfer. Obviously, the BV—6 obtained the lowest impedance, showing
its fast charge transfer [35,36]. Additionally, the LSV of the OER process in Figure 2e
also exhibited a higher OER current density for the BV-6 under the potential range from
2.4~3.4 V under illumination, showing a more favorable OER reactions on the BV-6 cathode.
Moreover, the according Tafel slopes deduced from LSV of OER showed that the BV-6
had a smaller value than the BV—4 and BV-8, indicating that the BV-6 had faster OER
kinetics (Figure 2f).
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Figure 2. UV-visible absorption spectra (a), LSV curves for ORR at a scan rate of 0.1 mV s~1 (b), the
corresponding Tafel slope for ORR (c), EIS (d), LSV curves for OER at a scan rate of 0.1 mV s~ 1 (e),
and the corresponding Tafel slope for OER (f) of the BiVO4/CNTs electrode under illumination.

To elucidate the relationship between the photocurrent response of BiVO, and its
performance of Na—O, batteries, the three BiVO4 samples mixed with conductive CNTs
were used as the cathodes to test in Na—O, batteries. Figure 3a shows the free discharge
curves. It showed that the BV-6 delivered the largest discharge capacity as well as the
discharge potential, while the BV—4 obtained the second-high discharge potential and
the lowest discharge capacity due to its low specific surface area. As for the BV-8, it
had the third highest discharge capacity, and its discharge potential is close to that of the
BV—4. This result showed a positive correlation between the photocurrent response and
performance of Na—O, batteries when using BiVO,. Based on the above results, we chose
the BV-6 as the optimized photocatalyst to further study its performance and catalytic
mechanism. The rate capability of Na-O; batteries in Figure 3b showed that as the discharge
current density increased, the polarization also increased because of mass transportation
constraints. Interestingly, the discharge potential for the BV-6 electrode under illumination
still maintained above 1.9 V at the current density of 1800 mA g~!, far exceeding that of the
cell without illumination (1.13 V). The possible reason for this trend is the more facilitated
electron transfer of the BV-6 under illumination.



Batteries 2022, 8, 227

7 of 12

2.4 25 35
a b C 100 mA/g
S“J <20 _
T P S
(] © =
=201 > 1.5 S
——BV-4 —— Without illumination
- BV-B With illumination
——BV-8 Unit: mA g
18 T T 10 T T T T T T 20 T T T T T T T T T T
0 2000 4000 6000 0 1 2 3 4 5 6 7 0 10 20 30 40 50 60
Capacity (mAh g Time (hour Time (min
d4s - p_ ty.( .g) 1000 ———— - _( ) f 1000 — - - (, )
—— without illumination e With illumination Without illumination
with illumination 800 = Pristine 8004 " ngtiq% I
® After 10 cycles b F't'?r cycles
— Ftt — Fitting curve
£ 600 Fitting curve -
£
5
400 0.93 Hz " -~
[} cl 3
TMHz g e N
200 Re
0.01 Hz CPE
0 2177 Hz 0
1200 0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time (h) Z' (ohm) Z' (ohm)

Figure 3. (a) The free-discharge curves, (b) the rate capability, (c) the discharge/charge curves at
different current densities, (d) the cycling performance, and the EIS of the Na—-O; batteries using
BV-6/CNTs cathode under (e) illumination, (f) no illumination.

Figure 3c is the discharge and charge curves of Na-O, batteries at different current
densities using the BV-6 as the catalyst. Specifically, the discharge potential was 2.29 V at
the discharge current density of 100 mA g~!. As the current density increased to 150 mA
g’l, the discharge potential remained at 2.27 V, and when the current density continued to
increase to 200 mA g1, the discharge potential was still kept at 2.32 V. The small discharge
potential drop indicates the BV-6 a high catalytic activity. Similarly, the charging potential
increased from 3.08 V to 3.2 V as the current density increased from 100 to 150 mA g~ !,
much lower than the ever-reported solid catalysts (Supplementary Materials Table S2).

Figure 3d and Figure S7 show the cycling performance of Na-O; cells with the BV-6 as
the catalyst evaluated by a galvanostatic method. It can be observed that under illumination
at the current density of 200 mA g1, the discharge potential displayed a constant value
(2.26 V) regardless of the cycles increasing, while without illumination, it was obviously
lower under the same cycle and reduced from 2.25 V at the initial to 2.08 V at the final. This
demonstrated that the fast production of electron from photocatalysts facilitated battery
reactions, thus reducing the polarization during discharge. In charge, the potential of
Na-O; batteries under illumination underwent an ignorable increase as cycling proceeded.
Moreover, it remained at around 3.65 V, far lower than 4.25 V. Compared with illumination
assistance, the charge potential under dark conditions experienced remarkable increase
from 3.5 at the initial to 4.25 V at the final. The high charge potential would threaten the
stability and reduce the energy efficiency of battery [6]. It is easy to find that introduced
BiVOy4 not only improves the discharge potential, but also reduces the charge polarization,
demonstrating its high photocatalytic activity towards the reactions of Na-O; batteries.

The discharge—charge curves of Na-O, batteries at light-on-light-off was also measured
(Supplementary Materials Figure S8). During 0-26 h, the battery was operated at light-on
and its potential rose slowly. Subsequently, the light was off and the battery showed a rapid
discharge and charge potential increase, which was probably due to the inhibiting catalytic
activity of the BV—6 in the absence of light. When the light was on again the discharge
and charge potential appeared increased, but it was still lower than that of no light-on
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cell. The slowly increased overpotential possibly resulted from the accumulated products
covering the photocatalysts, thus inhibiting the catalytic activity. This can be verified by
the varied EIS of 2025-type coin Na—O, cells with a two-electrode setup during different
electrochemical process (Figure 3e,f and Table S1). The semi-circle in EIS is attributed
to the interfacial resistance and charge transfer resistance. Before being discharged, the
illuminated batteries showed a smaller semi-circle than that of the dark one, indicating
the lower interfacial resistance and charge transfer resistance of BiVO, electrode assisted
by light. When the batteries ran 10 cycles under light on and light off, respectively, the
EIS results showed that, compared with the pristine one, the resistance of the cell after
10 cycles under illumination delivered an ignorable rise, while that of the light-off one
had an apparent increase. This difference possibly resulted from the increased interfacial
resistance caused by the undecomposed products coated the conductive cathode.

To figure out the reaction of Na—-O; batteries using BiVO,, the evolution of discharge
products was recorded. Figure 4a showed the discharged BiVOy electrode. Compared with
the pristine BiVOy electrode with very few particles (Supplementary Materials Figure S9),
the discharged one was covered by ball-liked discharge products constructed by accu-
mulated particles. After charging, these ball-liked products disappeared, indicating their
decomposition. Compared with that of Na—O, cells without light assistance (Figure 4b),
the size of the discharge products became significantly smaller with light assistance, thus
making them easier to decompose. The XRD patterns of the discharged electrode showed
that the diffraction peaks corresponding to NayO, appeared after being discharged under
both illumination and non-illumination conditions, indicating that the BiVO, photocata-
lysts did not change the reactions of the Na—-O, cell. The peaks of Na,O, were no longer
present after being charged under illumination, showing the decomposition of sodium
peroxide (Figure 4c). Raman testing is an efficient way to characterize a material, no matter
whether it is crystalline or amorphous. It was employed to further analyze the composition
of the discharge products (Figure 4d). It showed the mixed products of NaO; and Na,O,,
consistent with the ever-reported battery reactions, namely first generation of NaO, by
electrochemical reaction companied with the subsequent Na;O, formation by chemical
conversion [36,37]. It should also be noted that the signals of NaO, were stronger under
illumination than non-illumination. The stronger signal of NaO; on the illuminated BiVO,
electrode possibly resulted from fast electron transfer facilitated to the kinetics of battery
reactions, thus promoting the production of NaO; just as previously reported [37,38]. As
for the absent signal of NaO, in XRD patterns of the discharged BiVOj electrode, it was
possibly due to the poor crystalline NaO;. In fact, the most reported signal was the strong
XRD signal of NaO,, which always appeared at the size of NaO, approximated to several
micron. In our case, according to SEM image, the size of NaO; was less than 1 pm and its
morphology was not cubic. Therefore, it is rational for the absent signal of NaO, in XRD.

The stability of BiVO, in Na-O, batteries is key to functioning the long-term cat-
alytic activity, so we tracked the variation of catalysts and cathodes. XRD patterns of the
BiVO,4/CNTs electrode after 10 cycles were in line with that of the initial one (Figure 4c).
The element mapping images of the cycled BiVO, electrode showed the distinct shape
constituted by Bi, V, and O elements (Supplementary Materials Figure S10). The focused
O element is different from the C element with evident dispersion, further showing no
oxidation of the CNTs. The HRTEM image of the cycled BiVO,4 showed a 0.292 nm lattice
fringe (Supplementary Materials Figure S11), consistent with the initial BiVOy, indicating
the stability of BiVOy.
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Figure 4. SEM images for the discharged BV-6 cathode under (a) illumination, (b) no illumination;
(c) XRD patterns; (d) Raman spectra for the BV-6/CNTs cathode operated in Na—O, batteries.

To gain insights into the photocatalytic mechanism of BiVOy, density functional theory
calculations were carried out. Catalytic reaction always occurs on the surface of a material,
so finding the exposed surface is useful to study the catalytic mechanism. The lower
the surface energy, the easier the crystal face is exposed. The common surface energy
calculation is based on the following equation:

Y = (Etotal — NBpui)/2A )

where v is the surface energy of the facet, Ei, is the total energy of the relaxed BiVOy
surface slab, Ep, is the total energy of BiVO, bulk unit cell, n is the number of the bulk
BiVOj, unit in the slab, and A is the surface area of the slab. According to experimental
results, the observed facet by HRTEM and the high intense facets from XRD were selected
to be calculated. As shown in Supplementary Materials Table S3, it shows that the (040)
surface has the lowest surface energy of 0.76 J/m? and is therefore the most stable facet
of BiVOy, in line with the HRTEM result. The electronic structures of photocatalyst are
related to photocatalysis performance. Therefore, the density of state for all facets are
calculated by using the DFT + U method. The Eg can be obtained by the conduction band
minimum subtracting the valence band maximum. The Eg of the bulk BiVOy is 2.4 eV
verified by many reports [39,40]. In our work, it can be found that only the stable (040)
surface demonstrated an Eg (2.03 eV) closed to the bulk one (Figure 5a—c). O absorption on
BiVOy is a key step for its subsequent catalyzing of ORR. The experimental results showed
a few oxygen defect existences in the prepared BiVOy. The (110), (121), and (040) facets
with defects were selected to study their absorption for O,. The adsorption configurations
were shown in Figure 5d-i, and the order of adsorption energy is (110) < (040) < (121). The
smaller the adsorption energy, the stronger the adsorption [41]. However, it is a fact that
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the stronger the adsorption, the harder the desorption. O, desorption is also key to the
charge of Na—O; battery. Therefore, the stable (040) facet with a moderate O, adsorption,
as well as the Eg close to the experimental result, possibly plays an important role for the
improved performance of Na-O; batteries.
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Figure 5. The density of states for the (a) (040), (b) (121), (c) (110) slab; the side view of a O, molecule
adsorbed on (d) (040), (f) (110), (h) (121) slab, and the top view of a O, molecule adsorbed on (e) (040),
(g) (110), and (i) (121) slab.

4. Conclusions

In summary, a well-crystalline, uniform-sized BiVO,4 with high specific surface areas
was prepared as a photocatalyst to use in Na—O, battery. It is found that the photoelectric
performance of BiVOy is positively related to the battery performance. The Na—O; batteries
assembled with BiVO, under photo-assistance can be continuously cycled for more than
200 times with its charge potential lower than 3.65 V, much lower than that of the dark
one (4.25 V). Moreover, the discharge potential is still maintained at 1.9 V even though
the discharge currents density is up to 1800 mA g~!. Additionally, the high active specific
surface areas are good for improving capacity. The experiment associated with theory
calculation demonstrates that the high crystallinity, specific surface, and the low Eg, namely
facilitating the separation of the electron and hole, are beneficial for photoelectric responses
and electron transfers in batteries, which improves the battery reaction kinetics. On an
atomic scale, the exposed (040) facet with low surface energy presents a low energy gap
and fine oxygen absorption capability, functioning as a positive impact on catalyzing ORR
and OER.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/batteries8110227/s1; Figure S1: The scheme for the function of photocatalyst in
Na-O battery; Figure S2: The scheme for (a) the construction of Na-O, battery testing on (b) illumination
and (c) no illumination; Figure S3: SEM image, and the corresponding particle size distribution plot
for the (a,d) BV—4, (b,e) BV-6, (c,f) BV-8; Figure S4: Nitrogen adsorption-desorption isotherm of the
BiVOy; Figure S5: The survey XPS spectra of the BiVOy; Figure S6. Tauc plot for the three BiVO,
samples; Figure S7: The cycling performance of the Na—O, batteries using the BV-6/CNTs cathode
under illumination at current density of 500 mA g*1 ; Figure S8: Discharge—charge curves of Na-O;
cells with BV-6/CNTs cathode at a current density of 150 mA g~! under intermittent illumination
and no illumination conditions; Figure S9: SEM image of the (a) pristine, and (b) charged BV-6/CNTs
cathode in Na-O; cell under illumination; Figure S10: TEM element mapping of the (a) Bi, (c) O,
(d) V, and (d) C for the cycled BV-6/CNTs cathode; Figure S11: TEM image of the BV-6 after cycling
(insert: the enlarged view of lattice stripes); Table S1: The fitted value from Nyquist plot from
Figures 2d and 3e,f; Table 52: Electrochemical performance comparisons between this work and the
reported catalysts/cathode in Na—O, batteries; Table S3: Area of the surface unit cell A in A2, surface
energy o in ] m~2, surface relaxation energy E,. and surface cleavage energy E in eV, energy gap Eg
and and O, molecule adsorption energy E,qso1p On different surfaces in eV. o= (Ej¢ + Ee)/ A*16.02.
References [42—46] are cited in the supplementary materials.
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