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Spinel oxides are promising for high-potential cathode materials of
photo-rechargeable batteries. However, LiMn; sMos04 (M = Mn)
shows a rapid degradation during charge/discharge under the
ilumination of UV-visible light. Here, we investigate various
spinel-oxide materials by modifying the composition (M = Fe, Co,
Ni, Zn) to demonstrate photocharging in a water-in-salt aqueous
electrolyte. LiMn;sFeqsO, exhibited a substantially higher dis-
charge capacity compared to that of LiMn,O, after long-term
photocharging owing to enhanced stability under illumination. This
work provides fundamental design guidelines of spinel-oxide cath-
ode materials for the development of photo-rechargeable batteries.

Energy harvesting and storage from renewable sources is one of
the most important issues for achieving a sustainable society.
Solar cells can supply electricity from sunlight; however, they
must be connected to rechargeable batteries for storing energy.
Photo-rechargeable batteries (PRBs),"> which can generate and
store electricity in one device, are promising to address this
problem. Since the first report in 1976, the development of
PRBs has been limited by the lack of suitable electrode
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materials. Nevertheless, PRBs are now attracting much atten-
tion due to the growing demand for next-generation batteries.
In addition, PRBs are expected to be used for internet of things
(IoT) devices, where photocharging would significantly improve
the utility of such wireless devices. Various configurations of
PRBs have been proposed so far,"** and they roughly fall into
two types: three-""° and two-electrode® ®'%*? systems. The two-
electrode design is suitable for reducing the cost and size owing
to the absence of an additional photoelectrode."” Furthermore,
tailoring the electrode materials is important to improve the
performance and the feasibility of practical applications.”®™®

Our group recently reported the photocharging of LiMn,0y,,
in which we employed a half-cell with an electron acceptor to
demonstrate Li extraction from the spinel structure induced by
the holes generated in TiO, nanoparticles."” Spinel LiMn,0y, is
promising for a high-potential cathode; however, a problem is its
low stability during charge/discharge. For instance, it is well
known that Mn>" formed by the disproportionation of Mn** in
LiMn,0, easily dissolves into electrolytes,'® resulting in capacity
fading. The disproportionation is considered to be accelerated
under illumination due to the photoexcitation of electrons in Mn
d-orbitals.">*° Thus, the stability should be enhanced by materi-
als design to improve the battery performance.

To investigate the stability of LiMn,0, under illumination,
we performed cyclic voltammetry (CV) in a water-in-salt LiTFSA
(TFSA: bis(trifluoromethanesulfonyl)amide) solution, which is a
highly-concentrated aqueous electrolyte*® used in our previous
work." LiMn,0, showed high cyclability in the dark;'” however,
as shown in Fig. 1, a rapid capacity fading was observed under the
illumination of UV-visible light (300-600 nm; ~0.36 W cm™2) to the
electrode. This indicates that the degradation of LiMn,O, was
significantly accelerated under illumination. A conventional way to
improve the stability against disproportionation is substituting a
part of the Mn in LiMn,O, with other elements.**”>* Considering
that the disproportionation proceeds with multiple Mn** cations in
the structure, decreasing the density of Mn’>" is effective for
preventing it. The molar ratio of Mn**/Mn**, which is 1 for LiMn,0,,
can be tuned by partially substituting Mn with other elements.
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Fig.1 CV profiles of LiMn,O4 under the illumination of UV-visible light
(300-600 nm) in 21 M LiTFSA/H,0.

In the case of LiMn, sM, 50, it becomes as follows: (i) when M is
another trivalent cation (e.g:, Fe**, Co®*), the Mn®* density decreases
to half (Mn**/Mn** = 0.5), (ii) when M is a divalent cation (e.g;, Ni*",
Zn**"), Mn*" is ideally absent in the spinel structure (Mn**/Mn** = 0).
However, a drawback is a decrease in the capacity due to the
lowered number of Mn®" cations,® which can be oxidized in
charging. We, therefore, hypothesized that trivalent M is suitable
for the LiMn, sM, 50, cathode of PRBs in terms of the balance of
capacity and stability, as shown in Fig. 2(a).

We prepared four kinds of spinel-oxide cathode materials
using Fe, Co, Ni, and Zn (Fig. 2(b)), based on previous works.*>*
A solution combustion method was used for their synthesis.>®
The obtained materials were further calcined at 500 °C in an air
atmosphere to remove the impurity phases and improve the
crystallinity (Fig. S1-S5, ESIf). Their X-ray diffraction (XRD)
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Fig. 2 (a) Overview of the materials design strategy in this study. (b) XRD
profiles of the synthesized LiMn;sMgsO4 (M = Fe, Co, Ni, Zn) after
calcination at 500 °C for 4 h.
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profiles were analysed by the Rietveld method. The crystalline
size was estimated to be ~10 nm for all the compositions
(Fig. S6a, ESIY). LiMn, sFe, 0, exhibited the largest lattice con-
stant (Fig. S6b, ESIT), which is reasonable because Fe*" in the
high-spin state shows a large ionic radius in relation to the other
substituting elements in the spinel structure.>” Almost all Li ions
were found to be located at the tetrahedral 8a site in the Fd3m
space group (i.e., normal spinel), except for LiMn, 5Zn, 50, due to
the strong preference of Zn for the tetrahedral site (Fig. Séc,
ESI).>”*® This results in the enhanced intensity of the diffraction
peak at ~31° for LiMn, 5Zn,s0,. Distributions of particle size
were measured with a nanoparticle tracking analyser (NTA) as well
as a scanning electron microscope (SEM), where the average
values were approximately 200 nm (Fig. S7, ESIt). Furthermore,
the compositions of the synthesized materials were confirmed by
inductively coupled plasma optical emission spectroscopy (ICP-
OES). The obtained molar ratios of Mn/M were almost the same as
the nominal compositions (Table S1, ESIt).

Electrochemical activities of the synthesized materials were first
evaluated by CV measurements in the dark condition. The water-in-
salt electrolyte enables the charging/discharging of Mn-based spinel
oxides due to its high oxidative stability."”*" Note that Mn-based
spinel cathode materials exhibit multiple redox potentials,'®* ie.,
so-called 3, 4, and 5 V regions. Higher potential is better in terms of
energy density; however, in this work, we focused on the 4 V region
used for conventional Li-ion batteries considering the electroche-
mical stability window of the electrolyte.”® We employed beaker-
type and multichannel screen-printed electrode cells.” In both
cases, redox reactions were clearly observed for LiMn, sFe,sO,
and LiMn, 5Co, 50, (Fig. S8, ESIt). In contrast, only the capacitive
current was observed for LiMn, sZn, 50,4, which is consistent with
previous literature.*>*° LiMn, sNi, 50, slightly showed redox capa-
cities in the 4 V region, as also reported previously.”>*" The above
results indicate that the substituted Zn and Ni were almost divalent
and therefore Mn®* remained little in the spinel structure, which
results in an increase in stability while a decrease in capacity.

Then we examined CVs using the beaker-type cells under
illumination to the electrodes (Fig. S9, ESIT). As predicted in
Fig. 2(a), LiMn, 5Ni, 504 and LiMn, 5Zn, 50, were highly stable
even under the illumination of UV-visible light, while capacity
fading was observed for the other compositions (Fig. S10, ESIf).
A photoactive electrode can be prepared by mixing with TiO,
nanoparticles,"”” and it is expected that the degradation of spinel
materials is suppressed owing to the absorption of UV light by
TiO,. In fact, the cyclability under illumination was improved in
the presence of TiO, (Fig. S11, ESIt), enabling us to use the target
compositions such as LiMn, sFe, 50, and LiMn, 5C0, 50, in PRBs.
On the other hand, a rapid decrease in the redox capacity was
observed for LiMn,O, even with TiO, (Fig. S12, ESIf), further
supporting our concept. Although LiMn, sFe,s0, still showed
~1% decrease in capacity for every cycle (Fig. S13, ESIY), it was
also observed in the initial stage of conventional charge/discharge
in the dark (Fig. S14, ESIT). Note that the current density jumped
up when starting illumination, which can be attributed to a
decrease in the charge-transfer resistance under UV-visible light
illumination (Fig. S15, ESI), as also previously reported.'®*>*%2°

This journal is © The Royal Society of Chemistry 2023
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The photocharging performances of the cathode materials
were evaluated by using a half-cell system with K,S,05 as an
electron acceptor.'” In this system, photoexcited electrons in
TiO, (ca. —0.4 V vs. NHE) were consumed by the reduction of
S,05>7, and the holes (ca. +2.8 V vs. NHE) drive Li extraction
from the Mn-based spinel oxides (ca. +1 V vs. NHE)."” The three-
electrode beaker cell (Fig. S9, ESIf) used for the CV measure-
ments was also employed for the photocharge/discharge experi-
ments. LiMn, sFe,;0, and LiMn,; ;C0,50, were chosen as
promising materials to further investigate the photocharging
performance, together with LiMn, sZn,;0, for comparison.
LiMn;, 5Ni, 50, was not studied due to the little capacity in the
4 V region indicated in the aforementioned CV results. Note that
the weight ratio of spinel oxide/TiO, was fixed to 1, and TiO, was
homogeneously distributed in the electrodes (Fig. S16, ESIT). As
shown in Fig. 3(a) and (b) (upper), a continuous increase in the
open-circuit potential (OCP) under illumination was observed for
LiMn, sFe, 504 and LiMn, 5Co, 50,4. In addition, the OCP became
almost constant after turning the light off. However, it was not
the case for LiMn; 5Zn, 5s0,4; the potential increased by illumina-
tion, whereas it decreased after approximately 90 min and
increased again after finishing the illumination for 120 min.
Such unstable behaviour can be attributed to its little capacity.
Indeed, the capacities in the subsequent discharging process
were lower than 20 mA h g~ ' (Fig. 3(c), lower). In contrast,
LiMn, sFe;, 50, and LiMn,; ;C0,50, showed substantial dis-
charge capacities, which increased with increasing the photo-
charging time (Fig. 3(a) and (b), lower). The discharge capacities
from around 1.0 Vvs. Ag/AgCl clearly indicate the redox reactions
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of the Mn-based spinel-oxide cathode materials."” As demon-
strated here, spinel oxides modified from LiMn,0O, were success-
fully photocharged, for what we believe is the first time.

The obtained discharge capacities are displayed in Fig. 4 for
comparison with those of reported LiMn,0,."” In our previous
work, we estimated the rate of photocharging in this system with
TiO, and K,S,0g, as shown by the grey line, where the slope
(~23 mA g™ ") showed the photocharging rate based on ICP-
OES."” However, the discharge capacities after photocharging
LiMn,0, were much lower than the expected values, especially
for the long-term photocharging. This is probably due to the
relatively low stability of Li,Mn,O, under illumination (Fig. 1),
leading to some amount of irreversible capacity. In contrast, the
discharge capacities of LiMn, sFe, 50, were in excellent agreement
with those predicted by the grey line. In particular, they showed a
linear relationship with the illumination time even for 120 min
and were substantially higher than those for LiMn,O,. Since the
theoretical capacity of LiMn, sFe, 50, is supposed to be lower than
that of LiMn,O, (Fig. 2(a)), the improved discharge capacity is
surely evidence of enhanced stability under illumination.

On the contrary, LiMn; 5Co, 50,4 exhibited a lower discharge
capacity compared to that of LiMn,O, after photocharging for
120 min. Given the improved stability of LiMn, sCo, 50, under
illumination (Fig. S11f, ESIt), there should be another factor for
decreasing the efficiency of photocharging. Although this is still
under investigation, a possible reason is the catalytic reaction
of water oxidation; Co-based oxides are famous water oxidation
catalysts,®” and they tend to provide holes to water compared to
Fe-based oxides as demonstrated in combination with TiO,.>*

1.2 [} 21 MLTFSAVH0 + ;5,0 LiMn, sFe, 50, 1.2} 21 MLTFSAH,0 + K;8,0 LiMn, ;Co, s0, 1.2 [§21 MLITFSAH,0 + 8,0, LiMn, 5Zny s0,
S 111V i S ! 3 !
O 1R T T T T T T T T T T T T [ [
2 g <M
2 > =4 L
D G ety . s el < < i
s 105098V &% % 10F % 10F
N e i > > I
= 2 F 2
T 09 i T 09 : T 09 :
g ¥ Photocharge g Photocharge § Photocharge
& osf illumination for 120 min S 08 illumination for 120 min & 08 illumination for 120 min
illumination for 60 min illumination for 60 min —— illumination for 60 min
—— illumination for 30 min —— illumination for 30 min illumination for 30 min
071 ocpP ; . o7l ocp . v 0.7 H ] ;
i L H i , i i . i
0 30 60 90 120 0 30 60 20 120 0 30 60 90 120
Time (min) Time (min) Time (min)
12 - - 12 - 12 —
21 M LITFSA/H,0 ! b 21 M LITFSAH,0 : ¥ 21 M LiITFSAH ;
1 - LiMn, sFeq 50, 2 : LiMn, 5Coy 50, e LiMn, Zn, 50,
510 ! \ Discharge (dark) 510 i Discharge (dark) 310 : : Discharge (dark)
< 1 10 mAjg 2 i 10mAg 2 ; 10 mA/g
£os Los £os ‘o
g i ¢ i g 2
> ' '
< 06 i’ 0.6 : ? 0.6 :E
8 K] : 8 -
c o c =) c '
[] s [] 2 [] '
E 0.4 < E 0.4 < E 0.4 :
1 E E :
19 9 P\
02 v 0.2 = 02 e
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70

Capacity (mAh/g)
Fig. 3

Capacity (mAh/g)

Capacity (mAh/g)

(a)—(c) Open circuit potential (OCP) during the photocharging process under illumination in 21 M LITFSA/H,O with K,S,0g as an electron

acceptor (upper) and discharging profiles in the dark condition for the electrodes after photocharging (lower), where the electrolyte used in the

discharging process was 21 M LITFSA/H,O without K,S,0s.
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Fig. 4 Discharge capacities of LiMn;sMgsO4 (M = Fe, Co) after the
photocharging process together with our previous data for LiMn,04.Y
The grey line indicates the previously estimated photocharging rate in our
photoelectrochemical system with TiO, and K25208.17

The water-in-salt LiTFSA electrolyte has much higher stability
against oxidation compared to that of dilute aqueous solutions
owing to its unique solvation structure,”* and water oxidation
was not suggested for LiMn, sFe, 50,4. Thus, Co is responsible
for extra amounts of the oxidation reaction. As shown in
Fig. S17 (ESIY), ex situ X-ray absorption near-edge structure
(XANES) analysis also revealed little change in the valence state
of Mn after photocharging LiMn; 5Co, 50,. In contrast, an edge
shift toward higher energy indicating Mn oxidation was clearly
observed for LiMn, sFe, 50, (Fig. S18, ESIt).

In summary, we successfully demonstrated the feasibility of
photocharging LiMn,0,-based spinel-oxide materials, which
are compositionally modified to improve the stability. We
compared photoelectrochemical properties of LiMn; sM, 50,4
(M = Fe, Co, Ni, Zn) cathode materials and revealed that there
are trade-off relationships between stability under illumination
and capacity, depending on the amount of Mn*" in the spinel-
oxide materials. LiMn, sFe, 50, has a good balance of them
and, consequently, exhibited discharge capacities substantially
higher than those of LiMn,0,. One of the great advantages of
spinel materials is their high designability in the structure.****
We hope that this work will provide fundamental guidelines for
designing spinel-oxide cathode materials and promote the
development of advanced PRBs.
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