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ABSTRACT 

Transition-metal-doped Li2O cathodes using redox reaction of solid-state oxygen are kinds of 

candidate as high capacity cathode materials for lithium-ion batteries. In our previously 

reported study, copper-doped Li2O (CuDL) exhibited a high charge–discharge capacity of 

300 mAh g−1. However, the developed cathode not only exhibited poor cyclability but also 

decomposed during charge–discharge cycles. In this study, fluorine and copper were codoped 

into the Li2O structure by stepwise mechanochemical reaction to create a high performance 

cathode with high cyclability. Fluorine-, copper-doped Li2O (F–CuDL) was prepared by the 

mechanochemical reaction of Li2O with LiF, followed by a reaction with CuO. The F–CuDL 

cathode exhibited a good cycle performance (300 mAh g−1, 30 cycles at a constant current of 

50 mA g−1). X-ray diffraction (XRD) and Cu K-edge X-ray absorption near edge structure 

(XANES) analyses revealed that F–CuDL does not undergo decomposition even after charge–

discharge cycles, revealing that doping with fluorine leads to the stabilization of the CuDL 

crystal structure.  
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1. INTRODUCTION 

With the increase in the usage demands of lithium-ion batteries (LIBs) as power sources 

in electric vehicles and the like, it is imperative to further improve the LIB performance. In 

particular, cathode materials in LIBs must exhibit a high energy density, long lifetime, and 

safety. Goodenough et al. reported the practical use of LiCoO2,1 and layered-rock-salt cathode 

materials such as LiNi1/3Mn1/3Co1/3O2 (NMC)2 and LiNi0.85Co0.10Al0.05O2 (NCA)3 have been 

developed. In cathode materials referred to as “Li-excess oxides” in which a part of the 

transition metal of layered-rock-salt materials is substituted by lithium, an additional high 

capacity has been reported via the utilization of charge compensation by oxygen in addition to 

the transition-metal redox4,5. Recently, cation-disordered rock-salt-type lithium-excess 

cathodes are also attracting attention as high-capacity materials.6,7 

Since 2014, our group has developed a series of transition-metal-doped Li2O (TMDL) 

cathodes, which mainly operate the redox reaction of solid-state oxygen.8 In 2016, Li et al. 

have also reported the use of oxygen redox,9 and the utility of Li2O is expected to increase. 

Assuming that the redox reaction of the oxygen species in Li2O proceeds, the reaction is 

expressed as shown below in formula (1). In this ideal case, the theoretical capacity and 

theoretical energy density are 897 mAh g−1 and 2870 Wh kg−1, respectively.  

2Li2O ⇄ Li2O2 + 2Li+ + 2e− (2.87 V vs Li/Li+) (1) 

Although Li2O is electrochemically inactive, in the materials obtained by replacing the lithium 

site of Li2O by 5%–10% of a transition metal (viz. Fe, Co, and Cu),10–12 the redox of the oxygen 

species (1) proceeds in a reversible manner, in addition to the redox of the transition-metal 

dopant. Even when considering the doped transition metal, assuming that the transition metal 

and all oxygen are involved in the redox reaction, the theoretical capacity of TMDL with the 
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doping level of 5~10% is 800~880 mAh g−1. Hence, TMDL demonstrates promise as a high-

capacity cathode material.  

Among TMDL, copper-doped Li2O ((Li0.8Cu0.08)2O, CuDL) cathode exhibits a high 

capacity of 300 mAh g−1.12 In addition, CuDL exhibits advantages in that copper is cost-

effective compared to cobalt and nickel, which are widely used as cathode materials, and that 

its usage demand is expected to increase. However, the cycle performance of CuDL is poor 

due to the irreversible decomposition to Li2CuO2. The coordination environment of copper in 

CuDL is distorted from tetrahedral to square-planar because of the Jahn–Teller effect of Cu2+ 

ions, and thus the coordination easily changes to the more stable square-planar coordination to 

form Li2CuO2 during cycles. It is crucial to improve cyclability via the stabilization of the 

coordination environment of copper and/or the crystal structure of CuDL. 

LIB cathode materials have been mainly developed by the manipulation of cations in 

lithium oxides. Recently, the use of different anions has attracted attention. The electronic and 

crystal structures of compounds with multi-anions are different from those of compounds 

comprising a single anion because of the differences in charge, ionic radii, and electronegativity 

of anions.13 These compounds often exhibit excellent properties. For example, the doping of 

different anions such as F, Cl, or Br into LIB cathode materials leads to the improvement in 

the diffusion of Li+ in solids as well as thermal stability.14, 15 In recent years, a cation-disordered 

rock-salt oxyfluoride cathode has been examined.16, 17 

The performance of TMDL can be improved by the tuning of the electronic state or 

crystal structure comprising multi-anions. In this study, the cyclability of CuDL was improved 

by the application of a multi-anions structure. The doping of a different anion into the CuDL 

framework possibly led to the stabilization of its crystal structure. Using fluorine as the dopant 
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anion, F-, Cu-doped Li2O (F–CuDL) was successfully synthesized, and its higher cyclability 

was demonstrated. 
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2. EXPERIMENTAL SECTION 

The raw materials and as-obtained samples were handled in an Ar-filled glove box. 

Synthesis: F-, Cu-doped Li2O was synthesized via a mechanochemical route using a planetary 

ball mill (Premium Line 7, Fritsch). The raw materials and zirconia ceramic balls (3 mmf, 

70 g) were added into a zirconia pot (45 mL), and the pot was subjected to rotation at 600 rpm. 

When Li2O (>99%, Kojundo Chemical Laboratory Co., Ltd.), CuO (>99.9%, Kanto Chemical 

Co., Inc.), and LiF (>99.9%, FUJIFILM Wako Pure Chemical Corp.) were treated 

simultaneously, copper was not doped into Li2O (see the Supporting Information, Figure S1) 

but reacted with Li2O to form Li2CuO2. Hence, doping fluorine and copper into Li2O is carried 

out by the following stepwise route. First, F-doped Li2O was obtained by the reaction of Li2O 

and LiF (600 rpm, 10 h). Second, F-doped Li2O was treated with CuO for doping copper into 

the Li2O structure (600 rpm, 20 h). For comparison, CuDL was synthesized according to a 

synthetic route reported previously.12 

Electrochemical measurements: The obtained samples were mixed with Ketjen black (KB, 

Lion Specialty Chemicals) and polytetrafluoroethylene (Dupont-Mitsui Fluorochemicals) in a 

weight ratio of 75/20/5 and pressed on an Al or Pt mesh to prepare the cathode. For charge–

discharge tests, 2032-type coin cells were assembled with a Li metal foil as the anode, a glass 

filter (GA-55, ADVANTEC) as the separator, and 1 M LiPF6/ethylene carbonate-dimethyl 

carbonate (EC–DMC, EC = ethylene carbonate, DMC = dimethyl carbonate, 1:1 by volume, 

Kishida Chemical) as the electrolyte. Charge–discharge tests were carried out using a charge–

discharge system HJ1001SD8 (Hokuto Denko Corp.) at a constant current of 50 mA g−1 at 

25 °C. The pressure change in the cell during charging was measured in the same manner as 

reported previously11 using a cell connected to a pressure gauge and converted into the amount 

of gas evolution. 
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Characterization: Cu K-edge X-ray absorption spectra were recorded at the Aichi Synchrotron 

Radiation Center BL5S2. The samples were sealed in an Al laminate pack under Ar and 

measured in the transmission mode. The Cu K-edge X-ray absorption spectra were analyzed 

using the Athena program.18 Powder X-ray diffraction (XRD) patterns were recorded on a 

RIGAKU SmartLab system. The sample was mounted on a gas-tight holder with a Be window 

under Ar. The VESTA program19 and Rietan-FP20 were employed for the XRD pattern 

simulation and Rietveld analysis, respectively. For Raman spectroscopy, an NSR-5100 

(JASCO) spectrometer was used. The measurement condition included an irradiation laser 

wavelength of 532 nm, laser power of 0.1 mW, and a measurement time of 10 min, and the 

data were recorded twice at different points on the sample to avoid sample decomposition. 19F 

magic-angle spinning (MAS)-NMR spectra were recorded on an AVANCE 600 system 

(Bruker). The sample was packed into a zirconia tube (2.5 mmf, 10 mm), and NMR spectra 

were recorded at 25 kHz MAS. 
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3. RESULTS & DISCUSSION 

3.1. Synthesis and Characterization of F-Doped Li2O and F-, Cu-Doped Li2O 

Li2O and LiF were treated in a molar ratio of x = 0–0.40 according to (1 − x)Li2O − 

xLiF for doping fluorine into the Li2O structure. In the XRD patterns of the as-obtained samples 

(Figure 1a), only peaks corresponding to a Li2O phase were observed in the range of 0 ≤ x ≤ 

0.20. In the case of x ≥ 0.30, peaks corresponding to residual LiF were observed. With the 

increase in the LiF ratio, the lattice constant of the Li2O phase decreased, indicative of the 

dissolution of fluorine into Li2O (Figure 1b). In the 19F MAS-NMR spectra of the samples with 

x = 0.10 and 0.20, peaks were observed on the higher magnetic field side compared to LiF 

(Figure S2). The 19F MAS-NMR spectra revealed a different chemical environment for fluorine 

compared with that for LiF, confirming the doping of fluorine into the Li2O structure. To 

investigate the doping sites of fluorine into the Li2O phase, XRD pattern simulation was carried 

out. The possibility of the following two fluorine sites was considered: A) fluorine substituted 

the O site of Li2O (4a site), and vacancies were formed on the Li site (8c site) for charge 

compensation, and B) fluorine was doped into the interstitial site of Li2O (4b site), and 

vacancies were formed at the O site. For each case, XRD simulation was carried out at x = 0.20 

(Figure S3). The simulated pattern of Case A almost corresponded to the experimental pattern, 

whereas in Case B, the intensity of the 220 peak corresponding to the Li2O phase at 56° was 

greater than that of the 111 peak at 33°, which was not consistent with the experimental result. 

Furthermore, in the simulated patterns of Case A and in the experiment, the ratio of the 220 

peak area to the 111 peak area decreased with the increase in x for x = 0 to 0.20 (Figure S4a). 

On the other hand, in Case B, the relative area of the 220 peak increased with x, which was not 

consistent with the experimental result (Figure S4b). In Case A, the decrease in the lattice 

constant by doping with fluorine was reasonable as the ionic radius of F− is less than that of 

O2−.21 In addition, the Rietveld refinement of the pattern with x = 0.10 also supported Case A 
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(Figure S5). From the above results, fluorine substituted the O site of Li2O, and Li site 

vacancies are formed.  

 
Figure 1. (a) XRD patterns of the samples prepared with various ratio of Li2O and LiF, (b) 

Lattice constant of Li2O phases in the samples 

 
For copper doping, F-doped Li2O (x = 0.05, 0.10, and 0.15) and CuO were treated with 

the proportion of copper in the cation (Cu / (Li + Cu)) is 9%, and the obtained samples were 

denoted as F5-Cu9, F10-Cu9, and F15-Cu9, respectively. The ratio of copper was aligned with 

the previously reported CuDL.12 Among the samples, F10-Cu9 exhibited the most desirable 

electrochemical property (see the Supporting Information, Figure S6-S8, it was characterized 

in detail), hereafter F10-Cu9 was denoted as F–CuDL. Figure 2 shows the XRD patterns of as-

prepared F–CuDL and CuDL. In both patterns, only peaks corresponding to the Li2O phase 

and impurity Li2CuO2 were observed. In the XRD pattern of F–CuDL, the intensity of the 

Li2CuO2 peak was as weak as that of the CuDL peak, indicating that a majority of copper is 

doped into the Li2O structure. To investigate the local structure around copper, Cu K-edge X-

ray absorption spectroscopy was carried out. Figure 3a shows the XANES spectra of F–CuDL 

and CuDL; similar XANES spectra were recorded, indicative of the same electronic states of 

copper in the two samples. Figure 3b shows the XANES pre-edge peak. Copper in the 
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tetrahedral coordination, e.g., CuCr2O4, exhibited a large peak corresponding to the dipole 

transition, whereas copper in the square-planar coordination exhibited a weak peak 

corresponding to the quadrupole transition. Peaks corresponding to the sample and CuDL 

exhibited intermediate intensities. Previously,12 the intermediate intensity observed for the pre-

edge peak of CuDL has been thought to be caused by the distorted tetrahedral coordination 

around copper. As the peak intensities for F–CuDL and CuDL were similar, copper exhibited 

a distorted tetrahedral coordination in F–CuDL, which was similar to that in CuDL. In addition, 

the 19F MAS-NMR spectra of F–CuDL exhibited peaks with the same chemical shift as that 

observed for F-doped Li2O (x = 0.10), indicating that fluorine remains in the Li2O structure 

even after the reaction with CuO (Figure S2).  

Hence, fluorine and copper are thought to be doped into the Li2O structure. This F–

CuDL exhibited the following structure in which fluorine and copper replaced the oxygen and 

lithium sites of Li2O, respectively, and the arrangement of copper was distorted from 

tetrahedral to square-planer (Figure 4).  
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Figure 2. XRD patterns of the sample obtained from the reaction of F-doped Li2O (x = 0.10) 

and CuO and of CuDL. 

 

 

Figure 3. Cu K-edge XANES spectra. (a) The spectra of CuDL, F–CuDL, and reference 

materials. (b) The pre-edge peaks of the samples.   
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Figure 4. The crystal structure of F–CuDL and the coordination environment of Cu in F–CuDL.  
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3.2. Charge–Discharge Property of F–CuDL. 

Figure 5 shows the voltage curves of CuDL and F–CuDL and the amount of gas evolved 

during the first charge. We previously confirmed an evolved gas as oxygen by in-situ gas 

analysis using quadrupole mass spectrometer in the case with Co-doped Li2O cathode and a 

superconcentrated electrolyte,8 and with the cathode and a carbonate ester-based electrolyte 

(not shown here). Since structural/electrochemical properties are quite similar among CuDL, 

F–CuDL, and Co-doped Li2O, the evolved gas in Figure 5 is probably oxygen. The O2 gas 

evolution occurred from the cathodes irreversibly during overcharge because of the oxidation 

of the oxygen species (formula 2) shown below. 

2O2− → O2 + 4e− and/or O22− → O2 + 2e−. (2) 

Then, the pressure in the cell was monitored to detect the O2 evolved during the first charge at 

a constant current of 50 mA g−1. The voltage plateau of F–CuDL was observed at around 3.3 V 

which was higher than that of CuDL. This is likely due to the higher electronegativity of 

fluorine. The same effect was also observed for a rock-salt-type oxyfluoride cathode.16 For 

CuDL and F–CuDL, gas evolution was not confirmed until a charging capacity of 300 mAh g−1. 

The capacity for the redox of Cu2+/Cu3+ in F–CuDL was 113 mAh g−1; this value is 

significantly less than the capacity observed before the gas evolution (300 mAh g−1). Hence, 

in addition to the oxidation of copper, the oxidation of the solid-state oxygen species may have 

proceeded during the charging of F–CuDL, which was similar to that observed for CuDL. This 

oxidation of the oxygen species will be described later.  

Reversible charge–discharge can proceed with the charging capacity where gas 

evolution does not occur. Charge–discharge cycle tests for F–CuDL and CuDL with a constant 

current of 50 mAh g−1 were carried out. The charging capacity was maintained constant at 

300 mAh g−1 and discharge was cut off at 1.5 V. Figures 6a and 6b show the voltage curves of 
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F–CuDL and CuDL, respectively. Figure 7 show change in the discharge capacity of both F–

CuDL and CuDL. In the case of CuDL, although charge–discharge with a capacity of 

300 mAh g−1 proceeded for the first cycle, the discharge capacity decreased with repetitive 

charge–discharge cycles. On the other hand, the charge–discharge cycles of F–CuDL were 

repeated at least 30 times without the decrease in the discharge capacity, indicative of the 

drastic enhancement of the cyclability of CuDL by doping with fluorine. 

 

Figure 5. Voltage curves and amount of gas evolved for cells with F–CuDL and CuDL as 

cathodes. 
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Figure 6. Voltage curves of (a) F–CuDL and (b) CuDL during charge–discharge cycles at a 

constant current of 50 mA g−1. The charge capacity was maintained constant at 300 mAh g−1, 

and discharge was cut off at 1.5 V. 

 

 

Figure 7. Discharge capacity retention of F–CuDL and CuDL by cycling at 50 mA g−1.  
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3.3. Detail Investigation of Charge-Discharge Reaction and Structural Change of F–

CuDL 

The cathode reaction of F–CuDL was analyzed at the first charge–discharge cycle and 

at the 10th cycle, in which the difference from CuDL became more obvious. The Cu K-edge 

XANES spectra of F–CuDL was recorded at a charge or discharge of every 100 mAh g−1 to 

investigate the redox of copper. Figure 8 shows the Cu K-edge XANES spectra. The Cu K-

edge absorption energy of F–CuDL before charge was similar to those of CuO and Li2CuO2, 

indicating that divalent copper is present in F–CuDL similar to that in the raw material. After 

the first charge, the absorption edge was the same as that of LiCuO2. The absorption edge 

shifted to the higher-energy side at the initial stage of charging (~100 mAh g−1), and 

subsequently, the spectra did not change, indicative of the formation of O 2p holes at the initial 

stage of charging.22 In the subsequent discharge process, after a discharge of 100 mAh g−1, the 

absorption edge shifted to the lower-energy side and returned to the original position after 

discharging to 1.5 V. Hence, copper is reduced in the latter stage of discharge to a divalent state 

on average. The redox reaction of Cu in F–CuDL during the first charge and discharge was the 

same as that of CuDL.12 The same measurements were conducted at the 10th charge–discharge 

cycle. The Cu K-edge absorption energy shifted to the higher-energy side at the start of the 

10th charge cycle, which shifted to the lower-energy side during discharge after 100 mAh g−1. 

These results revealed that, even after 10 cycles, the redox of copper proceeds in the same 

manner as that in the first cycle. 

To investigate the redox reaction of oxygen, Raman spectra were recorded. Figure 9a 

shows the Raman spectra of F–CuDL before and after the first charge–discharge cycle. A new 

peak, corresponding to the symmetric stretching vibration of a peroxide ion,23, 24 was observed 

at 820 cm−1 after charge, but it disappeared after discharge. This result confirmed the formation 

and decomposition of peroxide during charge and discharge, respectively. Figure 9b shows the 
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Raman spectra before and after 10th charge–discharge cycles. The peak at 820 cm−1 was still 

observed during the 10th charge cycle, which disappeared after the discharge. Hence, even 

during the 10th charge–discharge cycles, the redox of oxygen species proceeds in a manner 

similar to that of the first charge–discharge cycle. 

The structural change in F–CuDL and CuDL during cycles was examined. By the 

comparison of the XRD patterns of CuDL before charge and after the 10th cycle (Figure 10), 

the intensity of the peaks corresponding to the Li2O phase, which exhibited a high intensity 

before charge, decreased after the 10th discharge cycle, and the intensities of the peaks 

corresponding to Li2CuO2, comprising square-planar CuO4, increased. These results revealed 

that CuDL undergoes decomposition during charge–discharge cycles. On the other hand, the 

peak intensity of the Li2O phase in the XRD patterns of F–CuDL was not significantly changed 

even after the 10th cycle, and the increase of the Li2CuO2 peak intensity was much suppressed 

in comparison to CuDL. Furthermore, similar Cu K-edge XANES spectra before the first 

charge cycle and after the 10th discharge cycle (Figure 8b) were observed, suggesting that the 

coordination environment of copper was almost unchanged, that is, copper was still in the Li2O 

structure even after charge–discharge cycles. Thus, F–CuDL does not decompose within at 

least 10 charge–discharge cycles, indicating that the doping of fluorine leads to the stabilization 

of the CuDL structure against repetitive charge and discharge.  

The change in the crystal structure during the first charge–discharge was investigated. 

Figure 11a shows the XRD patterns of F–CuDL and CuDL before and after charge–discharge. 

For both cathode materials, the intensity of peaks corresponding to the Li2O phase decreased 

during a charge cycle, but it was recovered after a discharge cycle. According to a previous 

study,12 this behavior was considered to be related to the fact that peroxide is formed and 

decomposed during charge and discharge, respectively, and Li2O domains decrease and 

increase accordingly. Figure 11b shows the change in the lattice constant of the Li2O phase for 
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both cathodes. Typically, the lattice constant of cathode materials decreases and increases 

according to the change in the ionic radius of the metal, in addition to the redox of the metal 

species. In CuDL, the same phenomenon was observed, corresponding to the redox of 

Cu2+/Cu3+. Since the coordination of copper in CuDL is distorted from tetrahedral to square-

planar because of Jahn–Teller effect of Cu2+ ions, the coordination may change to more stable 

square-planar coordination to form Li2CuO2. The lattice parameter change occurred repeatedly 

should vary the coordination distance/environment around copper, leading to exceed an 

activation barrier of the transformation reaction from distorted tetrahedral to more stable 

square-planar Li2CuO2. On the other hand, the lattice constant of F–CuDL barely changed 

through charge and discharge. The reduction of the lattice volume change during charge–

discharge was considered to suppress coordination distance/environment change around 

copper and keep the F–CuDL phase stable, leading to suppress irreversible decomposition into 

Li2CuO2, and to improve cyclability. 
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Figure 8. Cu K-edge XANES spectra of F–CuDL measured at every 100 mAh g−1 of charge 

and discharge during (a) the first cycle and (b) the 10th cycle. 
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Figure 9. Raman spectra of F–CuDL measured (a) during the first cycle and (b) during the 

10th cycle. 

 
Figure 10. XRD patterns of F–CuDL and CuDL before charge and after 10 cycles.   
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Figure 11. (a) XRD patterns of F–CuDL and CuDL during the first cycle. (b) The change in 

the lattice constant of the Li2O phases in the cathodes during the first cycle.  
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4. CONCLUSIONS 

In this study, F-, Cu-doped Li2O (F–CuDL) was synthesized by the mechanochemical 

reaction of Li2O, LiF, and CuO. In F–CuDL, F and Cu substituted the O site and the Li site of 

Li2O, respectively, and the local structure around Cu exhibited a distorted tetrahedral 

coordination similar to CuDL. F–CuDL exhibited a good cycle performance. Charge–discharge 

cycles with 300 mAh g−1 and a constant current of 50 mA g−1 were repeated. The redox 

reaction of Cu2+/Cu3+ (formal valence) and O2−/O22− proceeded even after charge–discharge 

cycles. Decomposition of F–CuDL was much suppressed during charge–discharge cycle, 

indicating that doping with fluorine leads to the stabilization of the CuDL structure against the 

charge–discharge cycle. XRD measurements indicated that the change in the lattice constant 

of the Li2O phase during charge–discharge becomes lower by doping with fluorine, leading to 

the improved cyclability of CuDL. 
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