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1. Introduction

Lithium metal batteries (LMBs) have been one of the promising
candidates to achieve high-energy-density rechargeable batteries
because of the lowest redox potential (�3.04 V vs standard
hydrogen electrode (SHE)) and the high theoretical capacity
(3860mAh g�1) of lithium metal.[1] The ideal LMB configuration
is lithium metal–free batteries (LMFBs, so-called anode-free bat-
teries), where all the lithium is located in the positive material
and lithium metal deposits on the negative current collector dur-
ing charging.[1b,2] As a result, LMFBs can theoretically achieve

the highest energy density because they
eliminate the need for excess material on
the negative electrode side, thereby reduc-
ing the overall weight and volume of the
cells.[1b,3] Additionally, LMFBs can reduce
manufacturing costs related to the negative
electrode and alleviate safety concerns
associated with excess lithium metal in typ-
ical LMBs.[2,3] However, achieving stable
cycling performance of LMFBs remains a
challenge due to the loss of Li inventory
during the initial charging and the limited
reversibility of Li deposition/dissolution
during cycling.[1b,3b] To tackle these issues,
many research groups have made modifica-
tions to current collectors and electro-
lytes.[4] In addition to such modifications,
lean LMBs (LLMBs) have been proposed
to simultaneously enhance both the cycl-
ing performance and energy density of
LMBs.[5] The results claim that a small
amount of lithium metal is employed on

the negative electrode, maintaining the energy density compara-
ble to that of LMFBs while improving the cycling performance
beyond that of LMFBs.

LiFePO4 is gaining renewed attention due to its resource
advantages, compared to layered oxide materials containing
cobalt and nickel, long-term cycle stability, and high thermal sta-
bility. Recently, its application has expanded to electric vehicles.[6]

Along with the increasing use of LiFePO4 batteries, research into
recycling LiFePO4 is also advancing.[7] In the hydrometallurgical
method, lithium is often extracted from LiFePO4 by oxidation in
an acidic solution and separated from the resulting FePO4.
Lithium is a highly valuable element for recycling, whereas iron
phosphate has limited applications for recycling. Therefore, the
separated FePO4 is often used as a raw material for reproducing
LiFePO4.

[8] However, due to the rigid structure and outstanding
cycle stability of olivine-groupmaterials,[9] the reuse of FePO4 is a
plausible and sustainable method.

This study proposes charged-state LMBs (CSLMBs) which are
composed of a charged-state positive electrode material and a
lithium metal negative electrode, achieving both the high energy
density comparable to LMFBs and the relatively high cycle stabil-
ity characteristic of LLMBs. Chemically delithiated FePO4 is used
as a charged-state positive electrode, and the cycling performance
and energy density of CSLMBs (Li/FePO4 configuration) are eval-
uated in comparison to Li-free/LiFePO4 cell configuration. This
process is intended to recover lithium from used LiFePO4
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A lithium metal–free battery (LMFB, so-called anode-free batteries) offers an ideal
configuration of lithiummetal batteries (LMB), theoretically achieving the highest
energy density by eliminating excess lithium metal on the negative electrode.
However, the limited reversibility of lithium metal deposition and dissolution
prevents the stable cycling of LMFBs. In contrast, the lean LMB (LLMB) concept
maintains a small amount of lithium metal on the negative electrode side,
offering energy density comparable to LMFB while improving cyclability. Another
advantage of LMFBs is that they do not require a lithium source in the positive
electrode. Building on this, the charged-state LMB (CSLMB), which combines a
charged-state positive electrode with a lean lithium metal, is introduced. Herein,
the charge-state positive electrode is formed by chemically delithiating LiFePO4

using O2 as an oxidizing agent, while the extracted lithium is recovered as lithium
acetate. This lithium can then be used to resynthesize LiFePO4, enabling a closed-
loop lithium recycling process. Finally, the CSLMB, with its charged-state lean
Li/FePO4 full cell, demonstrates stable cycling performance and a gravimetric
energy density comparable to conventional LMFBs.
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electrodes while simultaneously reusing the resulting FePO4

electrodes for CSLMBs.

2. Results and Discussion

A schematic illustration of the preparation route of FePO4 is
displayed in Figure 1. In this work, FePO4/C is obtained from
LiFePO4/C, which is supposed to be recovered from spent
batteries, through the chemical delithiation method using O2

gas in acetic acid aqueous solution by Equation (1), as previously
reported.[10]

LiFePO4 þ 1=4O2 þ CH3COOH

! FePO4 þ CH3COOLi þ 1=2H2O
(1)

Here, O2 acts as an oxidizing agent to oxidize (delithiate)
LiFePO4, and acetic acid is added to keep the solution weakly
acidic condition and to extract Li source as lithium acetate
(CH3COOLi). While the obtained FePO4/C is used as a positive
electrode for CSLMBs, the extracted lithium source during the
delithiation process is supplied again for the synthesis of
LiFePO4, enabling closed-loop lithium recycling and a more
sustainable FePO4 preparation.[10]

Successful delithiation of LiFePO4 using O2 and acetic acid
was verified by X-ray diffraction (XRD) and X-ray photoelectron
spectroscopy (XPS) as previously reported.[10] XRD patterns of
the pristine LiFePO4/C and obtained FePO4/C powder shown
in Figure 2a match that of triphylite LiFePO4 (Pnma) and
heterosite FePO4 (Pnma), respectively.[11] XPS spectra of the
pristine LiFePO4/C and obtained FePO4/C in Figure 2b suggests
that the oxidation state of FePO4/C shifts from Fe (II) to Fe (III),
confirming the oxidation of LiFePO4.

[12] The delithiation
process was successfully achieved not only for LiFePO4

powder but also for LiFePO4 electrode (Figure S1, Supporting
Information), demonstrating the potential applicability of this
method to spent LiFePO4 electrodes. The scanning electron
microscopy (SEM) observation of the pristine LiFePO4/C
and obtained FePO4/C powder in Figure S2, Supporting
Information, shows similar particle morphologies, indicating
the delithiation process using O2 does not damage the morphol-
ogy of the pristine particles.[10]

Figure 3a shows the schematic comparison between LMFB
using LiFePO4 and CSLMB using FePO4. In the initial configu-
ration of LMFB, LiFePO4 in a discharged state is employed for
the positive electrode without lithium metal (only a Cu current

collector is placed). In contrast, CSLMB consists of a charged-
state FePO4 on the positive electrode with lean lithium metal
on the negative electrode.

Figure 1. Schematic illustration of the production route of FePO4 for
CSLMBs and Li recovery using O2 gas as an oxidizing agent.

Figure 2. a) XRD patterns of the pristine LiFePO4/C and obtained FePO4/
C. The simulated patterns are calculated based on crystallographic data in
a previous report[11] using VESTA software. b) XPS spectra of the LiFePO4

and FePO4 electrodes.

Figure 3. a) Schematic comparison between LMFB and CSLMB.
b) Calculated GEDs of LMFB (N/P= 1) and CSLMB (N/P= 1, 2, 3,
and 4). Detailed calculation scheme is available in Supporting Information.
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One advantage of the CSLMBs is their excellent cycle perfor-
mance, which arises from the dependency of deposited lithium
states on the current collectors. In other words, the deposition of
lithium metal on copper and lithium metal exhibit differences in
nucleation, solid electrolyte interphase (SEI) formation, and effi-
ciency.[13] The Li deposition/dissolution properties on the Cu and
Li electrodes will be discussed later. Another advantage of
CSLMBs is the ability to load more metal, thus thicker metal,
on the negative electrode compared to LMBs, because extremely
thin lithium metal increases production complexities and mate-
rial processing requirements. This is particularly advantageous
in the cases with low N/P ratios (the ratio of negative to positive
electrode capacities as explained later). For instance, assuming
a positive electrode capacity of 2 mAh cm�2, assembling a
discharged-state LMB with N/P ratio of two would require
10 μm of lithium metal in thickness. In contrast, creating an
equivalent CSLMB to the LMB would require 20 μm of lithium
(Figure S3, Supporting Information), which has significantly dif-
ferent burdens for the commercial production of lithium metal
foil. Considering that 20 μm lithium metal is recently commer-
cially available,[5c] CSLMBs have the potential to facilitate the fab-
rication of cells with lower N/P ratios more readily compared to
conventional LMBs in a discharged state.

When discussing LMBs, the N/P ratio is an important factor.
For instance, cells with a high N/P ratio can essentially function
as half cells, leading to an exaggeration of the electrochemical
performance of LMBs.[14] Moreover, the definition of the N/P
ratio for LMBs varies across studies. In a typical LMB cell con-
figuration, the N/P ratio is often calculated using Equation (2).

rN=P ¼ QN=QP (2)

Here, rN/P, QN, and QP are the N/P ratio, the capacity of the
negative electrode, and the capacity of the positive active material.
The term “capacity” refers to the ability to store or release lith-
ium. For LMFBs, the N/P ratio is defined as one in this study,[1b]

although some studies define it as zero.[3b,4c] Similarly, the N/P
ratio of CSLMBs that is equivalent to LMFBs (N/P= 1) is one.
There is no difference in the theoretical N/P ratio between
LMBs and CSLMBs, since the only difference lies in whether
the lithium is initially located on the positive side or the negative
side.

The gravimetric energy densities (GEDs) of LMFB and
CSLMB after the nth cycle were estimated under the assumption
that the Coulombic efficiency of the cell after the nth cycle
(CEcell,n) is dominated by that of the positive electrode (CEpos)
when lithiummetal remains and by that of the negative electrode
(CEneg) after lithiummetal is depleted. Here, the CEpos and CEneg
values are assumed to be 99.98% and 99%, respectively. As
shown in Figure 3b, the GEDs of LMFB and CSLMB with
N/P= 1 (the state of both systems is without excess lithium) sig-
nificantly drop because of the irreversible lithium consumption
during cycling,[15] while the cycle life of CSLMB with N/P≥ 2
greatly improves because the additional lithium metal compen-
sates for the irreversible depletion of lithium (see Supporting
Information for detailed calculations).[16] After the lithium metal
is depleted, the cycling performance of CSLMB shows similar
behavior to that of LMFB. As the N/P ratio increases, the total
electrode weight also increases due to the additional lithium

Figure 4. Galvanostatic lithium deposition/dissolution curves of a) Cu/Li and b) Li/Li cells at 1 mA cm�2 (2 mAh cm�2). Corresponding cycle plots of
c) the Cu/Li and d) Li/Li cells.
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content, leading to a decrease in the maximum GED. However,
the surplus lithium enhances cycling performance, indicating a
trade-off between GED and cycle stability.

The aforementioned evaluation was experimentally verified.
Figure 4 shows the galvanostatic lithium deposition/dissolution
curves and cycling performances of the Cu/Li and Li/Li half cells
using 2mol dm�3 Li[FSA]-DME (FSA: bis(fluorosulfonyl)amide
and DME: 1,2-dimethoxyethane) electrolyte at 1 mA cm�2. The
dissolution capacity is lower than the deposition capacity in
the Cu/Li cell, particularly in the first cycle (Figure 4a). The initial
CE of the Cu/Li cell is 94.3% because of irreversible capacity dur-
ing the initial solid SEI formation[17] and the average CE over 100
cycles reaches 98.8%, showing a trend consistent with previous
reports (Figure 4c).[5d,15,17b] Conversely, the initial CE reaches
99.99%, and the average CE remains at 99.99% over 100 cycles
in the Li/Li cell (Figure 4b,d). This stability is attributed to the
additional lithium, which compensated for lithium consumption
during cycles and SEI formation.[16] Additionally, the intrinsic
deposition/dissolution performance, including efficiency, nucle-
ation process, and SEI formation, may differ between Cu/Li
(metal-free cell configuration) and Li/Li (metal cell configura-
tion); further investigation is required to draw clear factors on
this point. This demonstrates the benefit of surplus lithium in
maintaining high initial and cycle-averaged CEs, effectively miti-
gating efficiency loss due to SEI formation.

Moreover, to evaluate the electrochemical performances of
CSLMBs, full cells were assembled using the FePO4/C positive
electrode, lithium metal negative electrode, and 2mol dm�3

Li[FSA]-DME electrolyte. The FePO4/C positive electrode is used
here under the prospect of its reuse from spent LiFePO4 as men-
tioned earlier. Additionally, lithiummetal-free full cells were also
fabricated using LiFePO4/C as the positive electrode and Cu foil
as the negative current collector to compare the CSLMB with a
conventional LMFB. Here, three activation cycles at 0.1C
(1C= 170mA (g-LiFePO4)

�1 or 178mA (g-FePO4)
�1) were con-

ducted before cycling tests. In the CSLMB, predischarging at
0.1C was also performed prior to activation cycles. The gravimet-
ric values are calculated based on the total weight of positive
and negative active materials. Figure 5a and S4, Supporting
Information, show the cycle performances and charge–discharge
curves of the CSLMB (N/P= 2.50) and LMFB at 0.3C including
the initial three activation cycles at 0.1C. In the LMFB, while the
initial charge capacity was close to the theoretical value, the initial
discharge capacity was just 115mAh g�1. The discharge capacity
continued to decrease after the second cycle, and the average CE
over 100 cycles was 98.5%. This capacity decrease is related to
lithium consumption due to side reactions including the SEI for-
mation as mentioned in the lithium deposition/dissolution tests
(Figure 4). In contrast, the CSLMB shows highly stable cycling
performance, benefiting from the compensatory lithiummetal to
mitigate lithium loss during cycling.[16] The discharge capacity of
CSLMB (N/P= 2.50) at the 100th cycle is 140mAh g�1, while
that of LMFB at the 100th cycle is 42mAh g�1. The high
overpotential observed during preliminary discharge of the
CSLMB shown in Figure S4b, Supporting Information, could
be due to the formation of a surface layer such as LiFePO4(OH)
resulting from side reactions with water during delithiation
process or washing.[18] However, as cycling progresses, this layer
dissipates, eliminating the overvoltage.

The longer cycling performance was also evaluated. Figure 5b
and S5, Supporting Information, demonstrate the cycle perform-
ances and charge–discharge curves of the CSLMB (N/P= 4.16)
and LMFB at 1C including the initial three activation cycles at
0.1C. In the LMFB cell, the capacity drops to nearly zero after
300 cycles, whereas the CSLMB cell demonstrates stable cycling
performance up to around 300 cycles. Beyond 300 cycles, the
CSLMB cell experiences a rapid decline similar to that observed
in the LMFB cell. This sharp decrease is attributed to the deple-
tion of lithium at the negative electrode, resulting in irreversible
lithium consumption and the deterioration of capacity retention.

The GEDs corresponding to Figure 5 and the CSLMB
(N/P= 1) are shown in Figure S6, Supporting Information.
As suggested by the calculations (Figure 3b), the GEDs of
LMFB and CSLMB (N/P= 1) significantly decrease with each
cycle, while the CSLMB (N/P≥ 2) maintains a relatively high
GED. Even after the first cycle, the GEDs of LMFB and
CSLMB (N/P= 1) fall below 400Wh kg�1, which is smaller than
that of the CSLMB (N/P≥ 2). The CSLMB (N/P= 2.50) achieves
a stable GED of more than 450Wh kg�1 over 100 cycles at 0.3C
(Figure S6a, Supporting Information), whereas the GED of

Figure 5. Cycle performances of a) LMFB and CSLMB (N/P= 2.50) at
0.3C including initial three activation cycles at 0.1C and b) LMFB and
CSLMB (N/P= 4.16) at 1C including initial three activation cycles at
0.1C. Capacity is calculated based on the total weight of positive and
negative active materials.
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CSLMB with a higher N/P ratio of 4.16 operated at 1C is
below 400Wh kg�1 (Figure S6b, Supporting Information). The
decrease is explained by the increase in N/P ratio and current
density, resulting in the heavier total mass of active materials
and the lower specific capacity, respectively. The GED of
CSLMB (N/P= 4.16) demonstrates stable values over 300 cycles
and then drops significantly. This aligns well with the result from
the calculation (Figure 3b).

3. Conclusion

This study demonstrated the concept of CSLMB, where the initial
cell configuration consists of a charged-state positive electrode
(FePO4) with a lean lithium metal negative electrode.
Compared with LMFBs, CSLMBs showcased superior cycle sta-
bility and higher energy density owing to the additional lithium
metal compensating for the irreversible loss of Li inventory dur-
ing cycling. In addition, a Li source extracted during the delithia-
tion process of LiFePO4 can be recovered and then used to
resynthesize LiFePO4, realizing the closed-loop Li recycling.
This potential approach could involve the recycling of LiFePO4

electrodes to recover Li source while utilizing the remaining
FePO4 for CSLMB applications. Degradation in graphite/
LiFePO4 full cells is reported to primarily stem from the graphite
side, with minimal degradation in the LiFePO4 itself.

[9d,19] Thus,
FePO4 obtained from used LiFePO4 could exhibit sufficient per-
formance. The state of charge (SOC) of used LiFePO4 electrodes
is expected to be nonuniform, but this process allows all materi-
als to be recovered as FePO4 regardless of the SOC.

Although the production of thin lithium metal foil is still chal-
lenging, CSLMBs require thicker lithiummetal than LMBs in the
initial state under the condition of the same N/P ratio due to the
complete loading of lithium on the negative electrode, providing
an advantage in lithiummetal film production. CSLMBs could be
promising as a means of enhancing cycle stability and energy
density in LMBs. However, it is important to note that there
is a trade-off between cycle performance and the energy density
of CSLMB. The cell design, including the amount of lithium
metal, can be adjusted based on the desired balance between
energy density and cycle performance. Additionally, improving
the low deposition/dissolution efficiency of lithium metal, which
is a common challenge in LMBs, is crucial for enhancing the
cycle stability of CSLMB.

4. Experimental Section

Preparation of FePO4: To prepare FePO4, LiFePO4 was chemically
delithiated according to the previously reported method.[10] Commercial
carbon-coated LiFePO4 (LiFePO4/C, 4.00 g, 25.1 mmol) (Toshima
Manufacturing, purity 99.9%, carbon coating: 1.15%), acetic acid
(CH3COOH, 1.83 g, 30.5 mmol) (Fujifilm Wako Pure Chemicals, purity
99.7%), and distilled water (200 cm3) were added into an air-tight
glass reaction vessel (volume: 1.2 dm3). The vessel was evacuated and
1.5 atm of O2 gas was introduced. After the mixture was stirred for
72 h, the delithiated product (FePO4/C, 3.73 g, 24.4 mmol) was obtained
by centrifuging, washing with distilled water several times, and then drying
overnight at 80 °C under a vacuum.

Characterizations: XRD patterns of the LiFePO4/C and FePO4/C were
collected using a Rigaku SmartLab diffractometer (Ni filtered Cu-Kα,

40 kV, 30 mA, scan rate: 0.3° min�1). XPS of the LiFePO4 and FePO4 elec-
trodes were analyzed using a JEOL photoelectron spectrometer (JPS-9030,
Mg-Kα). Before the XPS measurement of the LiFePO4 electrode, the
Kaufman-type etching ion source (10 eV, 10 s) was used to eliminate
the surface layer on the LiFePO4. The surface morphology of the samples
was observed using SEM (SU-8020, Hitachi).

Preparation of Coin Cells: All the cells were assembled using 2032-type
coin cells under a dry Ar atmosphere (H2O< 1 ppm and O2< 1 ppm) in a
glove box. Li[FSA] (Kishida Chemical, purity 99%) and DME (Kishida
Chemical, purity 99.5%) were mixed to prepare 2mol dm�3 Li[FSA]-
DME electrolyte. The positive electrodes were prepared by mixing the
active materials (LiFePO4/C or FePO4/C) with Super C65 carbon black
(MTI) and the single-wall carbon nanotube (SWCNT) dispersed in
N-methylpyrrolidone (NMP) with polyvinylidene fluoride (PVDF)
(TUBALL) in the weight ratio of LiFePO4/C (or FePO4/C):carbon black:
SWCNT:PVDF= 91:3:2:4 using a planetary mixer (AR-100, Thinky). The
mixture was pasted onto an Al foil and dried overnight at room tempera-
ture. The electrode was punched into discs (diameter: 10 mm) and then
vacuum-dried overnight at 80 °C to completely remove NMP. The mass
loading of the active material was 11–13mg cm�2. For the negative elec-
trodes in the CSLMB configuration, lithium metal (Sigma-Aldrich, purity
99.9%) was thinly rolled out, punched (diameter: 10 mm), and crimped
onto a Cu current collector, whereas no lithium metal was crimped on
a Cu current collector in the LMFB configuration. Electrochemically depos-
ited lithium metal was used to make the CSLMB with the N/P ratio of one.
Lithium metal was also served to prepare Cu/Li and Li/Li half cells for the
lithium deposition/dissolution tests. A polypropylene separator was used
as a separator.

Electrochemical Measurements: The galvanostatic lithium deposition/
dissolution tests of the Cu/Li and Li/Li half cells and charge–discharge
tests of the CSLMB and LMFB full cells were conducted using a
charge–discharge test device (HJ1001SD8, Hokuto Denko) at 25 °C. In
the lithium deposition/dissolution tests, lithium deposition and dissolu-
tion were alternated every 2 h at 1mA cm�2 in the cutoff range of�1.0 and
1.0 V. In the CSLMB and LMFB full-cell tests, the capacity was calculated
based on the total weight of the FePO4 and Li on the positive and negative
electrodes. The cutoff voltage was set in the range of 2.0 and 4.0 V. The
C-rate was set to 1C= 170mA (g-LiFePO4)

�1 for Cu/LiFePO4 cells and
1C= 178mA (g-FePO4)

�1 for Li/FePO4 cells to ensure equivalent condi-
tions based on each material’s theoretical capacity.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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