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Abstract 

Ternary CuO-Fe2O3-MCMB conversion anode is herein characterized and combined with high-

voltage Li1.35Ni0.48Fe0.1Mn1.72O4 spinel cathode in a lithium-ion battery of relevant performances in terms 

of cycling stability and rate capability. The CuO-Fe2O3-MCMB composite is prepared using high-energy 

milling, i.e., a low-cost pathway which leads to a crystalline structure, and homogeneous 

submicrometrical morphology revealed by X-ray diffraction and electronic microscopy. The anode 

reversibly exchanges lithium ions by conversion reactions of CuO and Fe2O3, as well as by insertion into 

MCMB carbon. Electrochemical tests, including impedance spectroscopy, reveal a conductive 

electrode/electrolyte interface, which enables the anode to achieve a reversible capacity value higher than 

500 mAh g−1 when cycled at a current of 120 mA g−1. The remarkable stability of the CuO-Fe2O3-MCMB 

electrode, and its suitable characteristics in terms of delivered capacity and voltage profile retention, 

allow its combination in an efficient full lithium-ion cell using high voltage Li1.35Ni0.48Fe0.1Mn1.72O4 

cathode. The cell has a working voltage of 3.6 V and delivers a capacity of 110 mAh gcathode
−1 with 

coulombic efficiency above 99% upon 100 cycles at 148 mA gcathode
−1. This relevant performance, rarely 
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achieved by lithium-ion systems using conversion reaction, is due to an excellent cell balance in terms 

of negative-to-positive ratio, favored by the anode composition and electrochemical features.  

Introduction 

Nowadays, lithium-ion batteries R&D particularly focuses on the development of high-

performance electrode materials characterized by enhanced features with respect to conventional ones.[1] 

In this respect, deep efforts have been devoted to optimizing high-capacity anodes[2–6] and high-voltage 

cathodes[7–10], with the aim of remarkably increasing the energy content of the battery. Indeed, the energy 

density of current lithium-ion batteries is considered insufficient to satisfy the challenging requirements 

of emerging market technologies, such as the electric vehicles.[11] An effective approach to increase the 

reversible capacity at the anode side may be the use of reaction mechanisms involving a multi-electron 

process, which differ from the common lithium intercalation.[12–15] Transition metal oxides (MxOy) may 

react with lithium through conversion mechanism to form Li2O and metallic M (oxidation state = 0). This 

reaction involves multiple electron exchange, thus allowing the Li-conversion electrode to store 

remarkable capacity with respect to conventional graphite anodes.[16,17] Hence, several oxides have been 

recently investigated for battery application with promising results.[18–24] Among them, CuO and α-Fe2O3 

are characterized by a theoretical capacity of 670 and 1007 mAh g−1, respectively, i.e., higher values than 

the 372 mAh g−1 capacity of conventional graphite carbon. Moreover, these metal oxides are generally 

cheap, remarkably safe, and environmental compatible.[22,25] Thus, they are suitable candidates for 

replacing common graphite anodes in advanced lithium-ion batteries with improved energy content. 

However, anodes based on conversion reaction suffer from large structural and volumetric changes upon 

the electrochemical process, which have limited to date their application in practical cells.[26–32] Indeed, 

such a relevant structural change leads to electrode pulverization and loss of electric contact upon 

prolonged cycling.[33] Furthermore, electrodes operating through conversion reaction typically show high 
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irreversible capacity, i.e., ranging between 30% and 60%, particularly during the first cycles.[33–35] This 

inefficiency is not only due to irreversible electrochemical decomposition processes at the anode surface 

but also to low conversion yields caused by active particles disconnections and electrical contact loss 

upon cycling. Moreover, incomplete de-conversion reaction may generate phases in which the metal 

assumes a lower valence with respect to the starting compound, thus increasing the cycling 

inefficiency.[35] The Coulombic efficiency generally increases after the first few cycles and stabilizes 

upon following cycles. This feature is reasonably caused by the progressive stabilization of the SEI layer 

formed during the first cycles and to less pronounced electrode structural reorganizations, resulting in 

increased conversion yields. Recently, the structural variation issue of conversion anodes has been 

mitigated by adopting nanostructured composite morphologies based on metal oxide active materials and 

buffer matrixes, such as carbon and metals, suitable for buffering the volume changes and ensure at the 

same time the electron transport within the electrode.[14,36] Among the several strategies proposed for the 

synthesis of the nanocomposites, cheap pathways that allow the scaling up from lab-scale to production-

scale may lead to the actual diffusion of these appealing electrode materials.[37] Accordingly, high-energy 

mechanical milling of conversion-type oxides with carbon additives has been suggested as a low-cost 

and versatile approach for preparing composite anodes.[38,39]  

Despite the several progresses and optimizations, practical exploitation of high-capacity 

conversion anodes in full lithium-ion cell configuration still suffers from several issues. The challenging 

task of moving from half-cell to full-cell requires a proper tuning of the electrode capacity, loading, mass 

balance, and voltage profile. Missing full-cell balance leads in fact to fast capacity fading, continuous 

voltage profile modification and, consequently, to short cycle life. These problems are particularly 

relevant for full-cells using conversion electrodes characterized by high capacity and wide working 

voltage window, as indeed demonstrated by our previous works in which CuO-carbon[40] and Fe2O3-

carbon[41] are combined with high voltage spinel cathodes. These cells revealed promising behavior, but 
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still limited cycling stability and voltage profile retention. Herein, we modified the conversion anode 

structure by including both CuO and Fe2O3 in its composition, thus allowing voltage profile and capacity 

suitable for achieving enhanced performance of a full cell combining CuO-Fe2O3-carbon composite and 

Li1.35Ni0.48Fe0.1Mn1.72O4 spinel cathode.[41] Among various compositions, differing by the amount of the 

Fe and Li, the Li1.35Ni0.48Fe0.1Mn1.72O4 revealed the optimal structure (i.e. purity and crystallinity), as 

well as the best electrochemical properties in terms of delivered capacity, cycling stability and Coulombic 

efficiency.[41] Therefore, Li1.35Ni0.48Fe0.1Mn1.72O4 was selected for application in combination with the 

CuO-Fe2O3-carbon composite in full cell, in particular considering literature data indicating the metal 

substitution of high voltage spinels as a powerful approach for improving the cycling performances.[42–

45] Further studies indicated that partial replacement of Ni and Mn by bi- and tri-valent ions, such as Fe, 

Ru, Al, Co, Cr, etc., affects the electrode properties in terms of cation ordering degree, Mn3+ 

concentration, metal ions dissolution, charge transfer rate and conduction mechanism. Moreover, cation-

doping has been indicated to induce morphological and surface modifications by deeply impacting the 

electrode reactivity towards the electrolyte and its long-term cyclability.[46–48] 

The CuO-Fe2O3-MCMB anode, prepared by simple high-energy mechanical milling of CuO, α-

Fe2O3, and meso carbon micro beads (MCMB), is fully characterized in terms of structure, morphology, 

and electrochemical features in half-cell prior to full-cell study. The new conversion electrode, showing 

a stable capacity of 500 mAh g−1 in half-cell, leads to a full-cell characterized by a voltage of 3.6 V and 

a capacity of 110 mAh gcathode
−1, well retained for over 100 cycles. This is a relevant performance that 

suggest this system as a suitable and efficient battery prototype. Furthermore, the simple synthesis 

pathway of the conversion anode and the use of Co-free spinel cathode appear viable strategy for 

achieving eco-friendly battery of expected low economic impact. 

Experimental 
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The CuO-Fe2O3-MCMB composite was prepared by mixing CuO (Sigma-Aldrich), Fe2O3 (Sigma-

Aldrich), and meso carbon micro beads (MCMB – Osaka) powders in the 1:1:2 weight ratio through a 

high-energy spex milling instrument MM 400 (Retsch) at a frequency of 25 Hz. In overall, 40 steps of 

high energy mechanical milling with duration of 30 minutes each were employed for the preparation of 

the composite CuO-Fe2O3-MCMB anode (actual milling time 1200 min). Breaks of 10 minutes between 

the milling steps were employed in order to avoid local heat of the sample holder upon prolonged 

mechano-chemical treatment, which may induce undesired reactions. Therefore, quantitative recovery of 

the pristine CuO:Fe2O3:MCMB weight ratio (i.e., 0.25:0.25:0.5) upon high energy ball milling treatment 

is expected due to the minimal manipulation of the sample in sealed jars, and the absence of further 

thermal treatments or weight losses. 

The Li1.35Ni0.48Fe0.1Mn1.72O4 cathode was synthesized according to a previously reported 

paper.[41] X-ray diffraction (XRD) patterns were acquired by using a Brucker D8 Advance diffractometer 

equipped with a Cu Kα source. Rietveld refinement of the XRD patterns was performed by using the 

MAUD analysis software.[49] Sample morphology and composition were investigated by scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), and SEM-energy dispersive X-

ray spectroscopy (EDS), respectively. SEM was carried out through a Zeiss EVO 40 microscope, 

equipped with a LaB6 thermo-ionic electron gun. SEM-EDS was performed by using a X-ACT, 

Cambridge Instruments analyzer. Sample preparation for TEM was carried out as following: the powders 

were suspended in water, sonicated, and deposited onto a Formvar® support film applied to Cu grid. TEM 

images were taken through a Zeiss EM 910 microscope, equipped with a tungsten thermo-ionic electron 

gun operating at 100 kV.  

The electrodes were made by solvent casting of slurries on either Cu (for the CuO-Fe2O3-MCMB 

anode) or Al (for the Li1.35Ni0.48Fe0.1Mn1.72O4 cathode) foils. The slurries were prepared by mixing in N-

methyl pyrrolidone (Sigma-Aldrich) active material (either CuO-Fe2O3-MCMB anode or 
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Li1.35Ni0.48Fe0.1Mn1.72O4 cathode), poly(vinylidene fluoride) binder (PVdF 6020, Solef Solvay), and 

Super P Carbon (Timcal) conductive additive in the ratio 80:10:10% by weight. The slurries were 

deposited on the electrode support by doctor blade casting, dried overnight under vacuum at 110°C, and 

cut in the form of 10 mm diameter disks. The final electrode mass loading was about 2.0 and 3.5 mg 

cm−2 for the CuO-Fe2O3-MCMB anode and the Li1.35Ni0.48Fe0.1Mn1.72O4 cathode, respectively. All the 

electrochemical experiments were performed by using an electrolyte solution of 1M LiPF6 in ethylene 

carbonate:dimethyl carbonate (EC:DMC) 1:1 by weight (LP30, battery grade, BASF). T-type cells were 

assembled in Ar-filled glovebox by stacking anode, Whatman separator soaked by the electrolyte, and 

cathode.  

Cyclic voltammetry (CV) tests were carried out through a VersaSTAT MC Princeton Applied Research 

(PAR) analyzer on three-electrode cells employing two lithium disks as counter and reference electrodes. 

CV on CuO-Fe2O3-MCMB was performed at a scan rate of 0.1 mV s−1 within the 2.7 – 0.01 V vs. Li+/Li 

potential range. CV on Li1.35Ni0.48Fe0.1Mn1.72O4 was performed at a scan rate of 0.1 mV s−1 within the 5 

– 3.5 V vs. Li+/Li potential range. Galvanostatic cycling experiments were carried out on two-electrode 

cells through a MACCOR series 4000 battery test system. Cycling test of CuO-Fe2O3-MCMB in lithium 

half-cell was performed within the 3 – 0.01 V voltage range at C/5 rate (1C = 606 mA g−1); 

electrochemical impedance spectra (EIS) were recorded throughout the cycling test at open circuit 

voltage (OCV) and at the 1st, 10th, and 50th cycles. The EIS tests were carried out through a VersaSTAT 

MC Princeton Applied Research (PAR) analyzer by applying a 10 mV amplitude signal in the 500 kHz 

− 20 mHz frequency range. The cell used for the cycling/EIS experiment on CuO-Fe2O3-MCMB had 

three-electrode configuration with a lithium probe as reference electrode and a lithium disk as counter 

electrode; the lithium probe reference was used only for EIS. The impedance spectra were analyzed by 

nonlinear least squares (NLLS) method by using the Boukamp software.[50] Rate capability test of CuO-

Fe2O3-MCMB in lithium half-cell was performed within the 3 – 0.01 V voltage range at C/5, C/3, C/2, 
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1C, 2C, and 5C rates (1C = 606 mA g−1). Cycling test of Li1.35Ni0.48Fe0.1Mn1.72O4 in lithium half-cell was 

performed within the 5 – 3 V voltage range at 1C rate (1C is referred to the electrochemical reaction of 

the benchmark spinel with composition LiNi0.5Mn1.5O4, i.e., 1C = 148 mA g−1). Cycling test of the CuO-

Fe2O3-MCMB/Li1.35Ni0.48Fe0.1Mn1.72O4 full-cell was carried out within the 4.9 – 1.6 V voltage range at 

1C rate with respect to the cathode (i.e., 148 mA gcathode
−1). Prior to use in full cell the anode has been 

activated by pre-lithiated by cycling in half cell (3 cycles at C/5) in order to hold the anode/cathode 

balance. The electrodes loading and anode/cathode mass ratio of the full lithium-ion cell were selected 

in order to achieve the maximum capacity exchanged by the positive electrode. Therefore, the full-cell 

was cathode limited by setting up a negative to positive ratio of 2.5, obtained basing on the reversible 

capacity of anode (500 mAh g−1) and cathode (110 mAh g−1) and the anode/cathode mass ratio of 

approximately 1:2. All the electrochemical tests were performed at 23°C. 

Results and discussion 

The structural features of CuO-Fe2O3-MCMB are reported in Fig. 1, which shows a comparison 

between the XRD patterns of the electrode powder with the reference powder diffraction files (PDF) of 

CuO (PDF # 80-1916), Fe2O3 (PDF # 87-1165), and graphite carbon (PDF # 75-1621) phases. Peak width 

evaluation suggests lower crystallite grain size for CuO with respect to Fe2O3: indeed, the former exhibits 

lower and broader XRD signals than the latter. Furthermore, XRD indicates that carbon has partially 

graphitic structure. Previous studies of composite materials based on conversion-type compounds and 

carbon prepared by high-energy mechanical milling revealed significant decrease of the crystallinity 

degree by increasing the treatment time.[38,39,51] The ball milling induces also a progressive decrease of 

sample particle size with concomitant formation of micrometric aggregates consisting of nanometric 

oxide particles embedded within the carbon matrix. This particular morphology may actually mitigate 

the remarkable particle rearrangement and volume stress[52] related to the conversion reaction.[21]  
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Figure 1 

The electrode morphology plays a crucial role in the lithium exchange ability of conversion-type 

anodes.[36] Hence, we have studied the CuO-Fe2O3-MCMB composite by coupling electron microscopy 

techniques and EDS, as shown in Fig. 2. The SEM image (Fig. 2a) reveals that the ternary composite 

powder is formed by micrometric aggregates of heterogeneous size, having maximum dimension of few 

micrometers, as further shown by SEM magnification (inset of Fig. 2a). Meanwhile, the atomic 

distribution of C, Fe, and Cu over the particles, shown by EDS mapping (Fig. 2b), confirms actual 

dispersion of the related compounds throughout the milling process. Moreover, the more homogeneous 

distribution of Fe atoms with respect to Cu within the sample (insets of Fig. 2b) suggests smaller size for 

the Fe2O3 particles with respect to the CuO ones. Bearing in mind the XRD results, which show higher 

peak broadening for CuO with respect to Fe2O3, we suppose that the CuO-Fe2O3-MCMB sample is 

formed by bigger CuO particles having low crystallinity degree and smaller Fe2O3 crystals. Furthermore, 

TEM images of Fig. 2c-d reveal that the micrometric composite aggregates are formed by oxide sub-

particles with maximum size of few hundreds of nanometers (high-contrast particles in the figure) 

embedded within the carbon matrix (low-contrast particles in the figure). This particular morphology is 

expected to reflect into optimized electrochemical performance of the electrode in lithium cell. Carbon 

matrix in which transition metal oxide particles are finely dispersed may actually buffer the volume 

changes related to the conversion reaction,[51] prevent possible loss of electric contact within the electrode 

throughout cycling, and ensure at the same time fast Li+ and electron transport.[53,54] In summary, the 

microscopy characterization demonstrates that the easily scalable high-energy milling treatment can 

produce a composite nanostructured material with suitable features for application in lithium-ion cells.[38] 

Figure 2 

The electrochemical features of the composite anode have been evaluated by combining 

voltammetry and galvanostatic cycling (Fig. 3) as well as by impedance spectroscopy technique (Fig. 4). 
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Fig. 3a shows the cyclic voltammetry response of a three-electrode lithium cell with CuO-Fe2O3-MCMB 

working electrode. According to previous reports on composite conversion anodes,[38,41] the first cycle 

evidences irreversible processes related to the SEI formation and structural rearrangements within the 

material, besides the reversible lithiation of CuO, Fe2O3, and carbon matrix. Thus, the first cathodic scan 

reveals two peaks at 1.1 and 0.7 V vs. Li+/Li, which reflect the reduction of CuO[38] and Fe2O3
[41] to Cu, 

Fe, and Li2O, followed by a broad signal below 0.4 V vs. Li+/Li suggesting lithium insertion into 

carbon.[55] Carbon delithiation process at about 0.3 V vs. Li+/Li, and de-conversion reactions above 1 V 

vs. Li+/Li are observed throughout the first anodic scan. The CV profile stabilizes by subsequent cycles 

and reveals reversible lithium conversion within the 0.7 – 2.5 V vs. Li+/Li potential range and lithium 

insertion into the carbon matrix below 0.3 V vs. Li+/Li. Previous studies of the reaction mechanism 

concerning conversion-type anodes have evidenced a multistep process evolving within wide potential 

range,[26–28,30,31] leading to remarkable reorganization upon the first reduction until formation of metallic 

nano-particles embedded into a Li2O matrix.[33] Indeed, in situ TEM observations have revealed that 

CuO-based electrodes undergo reduction during the first discharge by formation of intermediate lithiated 

phases, involving [Cu1−x
IICux

I]O1−x/2 solid solution, transition to Cu2O phase, as well as conversion to Cu 

and Li2O.[26–28] This process may cause partial reversibility and remarkable particle size change; 

afterwards, the electrode structure stabilizes throughout cycling.[26–29] Similarly, electron microscopy, 

XRD, and X-ray photoelectron spectroscopy studies have shown that Fe2O3 exchanges lithium ions 

through insertion followed by conversion to metallic Fe embedded within a Li2O matrix, leading to 

significant electrode swelling upon lithiation.[30–32] In Summary, the CuO-Fe2O3-MCMB electrode 

reflects in lithium cell the complex, multi-step conversion reactions of the CuO and Fe2O3 leading to the 

formation of metallic Cu and Fe dispersed within a Li2O matrix, as well as the lithium insertion into 

MCMB matrix, as schematized below: 

i) Li/CuO conversion 
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CuO + x Li+ + x e− → LixCuO (0 < x < 1),  

LiCuO + (y) Li+ + (y) e− → Li1+yCuO (0 < y < 1), with progressive formation of Cu + Li2O for y=1 

ii) Li/Fe2O3 conversion 

Fe2O3 + x Li+ + x e− → LixFe2O3 0 ≤ x ≤ 1  

LixFe2O3 + y Li+ + y e− → Lix+yFe2O3 0 ≤ y ≤ 1  

Li2Fe2O3 + 4 Li+ + 4 e− → 3 Li2O + 2 Fe 

iii) Li/MCMB insertion:  

C + x Li+ + x e- → LixC  

According to theoretical reaction of CuO, Fe2O3, and MCMB with lithium and to the ratio of the 

pristine materials, the CuO-Fe2O3-MCMB electrode capacity is evaluated to be of 606 mAh g−1. This 

value takes into account: (i) full conversion of CuO and Fe2O3 leading to capacity of 670 and 1006 mAh 

g−1, respectively, (ii) the theoretical capacity of graphite carbon (i.e., 374 mAh g−1), and (iii) the weight 

ratio of the components (CuO:Fe2O3:MCMB = 1:1:2, experimental section). However, possible deviation 

of the actual value from the theoretical one is reasonably expected due to the above mentioned partial 

reversibility of the conversion reaction. The galvanostatic cycling voltage profiles of CuO-Fe2O3-MCMB 

in lithium half-cell at C/5 rate (Fig. 3b) are in agreement with the voltammetry results. Indeed, the first 

discharge profile (inset of Fig. 3b) reveals two voltage plateaus at about 1.2 and 0.8 V related to the 

CuO[38] and Fe2O3
[41] conversion processes, as well as the electrochemical insertion of lithium ions into 

carbon at about 0.1 V.[55] The subsequent charge occurs through plateau centered at 0.1 and 1.7 V, 

ascribed to the delithiation of carbon[55] and to the reverse de-conversion to the transition metal 

oxides,[38,41] respectively. The first cycle shows high irreversible capacity, partially attributed to SEI 

formation as well as to the above discussed intrinsic irreversibility of the conversion redox process.[32] 

Subsequent cycles evidence limited voltage profile changes, reversible capacity ranging from 500 to 580 
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mAh g−1 stable for over 100 charge/discharge cycles and coulombic efficiency above 95 % (Fig. 3b,c). 

The observed hysteresis between the discharge and charge potentials represents one of the main issues 

of anodes reacting through conversion mechanism. This phenomenon has been attributed in literature[34] 

to intrinsic difference between the electrode reduction and oxidation reaction pathways. Since different 

electrode/electrolytes interphases and different electrochemical equilibrium occur upon discharge and 

charge, the conversion and de-conversion potentials consistently differ from each other. This asymmetry 

arises from the inherent diffusion limits of additional species (M and X) along with Li+. Although more 

pronounced during the first cycle, large voltage hysteresis is observed within the entire conversion 

electrode cycle life and originates significant cell round-trip inefficiency. This severe issue may be 

reasonably mitigated, but not completely avoided, by a proper selection of the conversion materials and 

by minimizing the diffusion lengths through optimal electrode morphologies and architectures, as 

attempted in this study by the preparation of a composite, sub-micrometric composite material. The rate 

capability test reported in Fig. 3d, and corresponding voltage profile Fig. S1 of the Supporting 

Information, show reversible capacity of 520, 470, 440, 340, 250, and 160 mAh g−1 at C/5, C/3, C/2, 1C, 

2C, and 5C (1C = 606 mAh g−1) and the expected polarization increase by raising the current. It is 

noteworthy that the ternary CuO-Fe2O3-MCMB anode exhibits higher delivered capacity, cycling 

stability, first cycle efficiency and rate capability with respect to the binary CuO-MCMB previously 

characterized by our group.[38] As compared with binary Fe2O3-MCMB[41], the ternary anode here 

presented shows similar electrochemical properties in terms of reversibility and stability, despite the 

lower capacity and the higher operating voltage due to the presence of CuO. Therefore, the performances 

of the CuO-Fe2O3-MCMB are considered suitable for application as anode in lithium-ion cells, as indeed 

shown by the following paragraphs. 

Figure 3 
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Further investigation of the electrode/electrolyte interface has been carried out by electrochemical 

impedance spectroscopy (EIS) upon cycling. EIS has been performed on the lithium half-cell of Fig. 3b 

and c, at the OCV condition as well as upon 1st, 10th, and 50th cycle. Three-electrode arrangement 

consisting of CuO-Fe2O3-MCMB working electrode, a lithium disk counter electrode and a lithium 

reference probe was used for the test. This configuration allows both two-electrode galvanostatic cycling 

and the study of the CuO-Fe2O3-MCMB/electrolyte interface by impedance tests using lithium reference 

electrode (see the experimental section for further details). The Nyquist plots of Fig. 4 show the 

experimental data and those simulated by NLLS analysis[56] using the equivalent circuits of Fig. S2 in 

the Supporting Information. The theoretical circuits accurately describe the electrochemical system, as 

suggested by the overlapping of the simulated spectra with the experimental data (Fig. 4). The impedance 

response at the OCV shown in Fig. 4a is simulated by considering the equivalent circuit of Fig. S2a 

(Supporting Information) with contributions of ohmic electrolyte resistance calculated as intercept at the 

high frequency (Re), resistance and constant phase element related to a native film on the electrode 

surface represented by the middle-high frequency semicircle (Ri and CPEi, respectively) and a 

geometrical capacitance of the cell revealed by the low-frequency vertical line (Qg). Cell operation 

remarkably changes the EIS response (Fig. 4b-d), analyzed by employing the equivalent circuits reported 

in Fig. S2b (see the Supporting Information). Besides electrolyte resistance (Re), the Nyquist plots upon 

cycling exhibit two partially overlapped semicircles ascribed to SEI film at high-frequency (Rfilm, 

CPEfilm) and charge transfer within the electrode/electrolyte interface at middle frequency (Rct, CPEdl),
[57] 

as well as a low-frequency line having slope of approximately 45° related to the Warburg-type semi-

infinite diffusion within the electrode (W).[58,59] The low and stable overall values of the interface 

resistances (Ri) calculated in Table 1 suggest the formation of a conductive and stable 

electrode/electrolyte interphase upon cycling. Indeed, the table reveals OCV resistance values of the 

native passivation layer below 30 Ω. After the 1st cycle, the interface resistance decreases to a value as 
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low as 14 Ω, due to partial dissolution of the SEI,[60] and stabilizes at about 11 Ω over the subsequent 

galvanostatic cycles, thus justifying the enhanced cycling trend observed for CuO-Fe2O3-MCMB 

electrode (Fig. 3b, c). The evolution upon cycling of the SEI film on CuO-Fe2O3-MCMB surface 

observed by EIS fully reflects characteristic trends of the films formed at the CuO, Fe2O3 and MCMB 

materials, widely described in literature. Indeed, XPS and AFM data have revealed the formation of a 

thick SEI layer for CuO thin film anode in cell using an electrolyte based on LiPF6 salt and carbonate 

solvent.[61] The above study indicated the formation at the anode surface of a SEI composed by an 

inorganic inner LiF-rich layer rich and an outer layer of Li2CO3 and polymers/oligomers during the first 

lithiation process, partial dissolution of outer layer without significant variations of the inner one during 

delithiation, and growing of a polymeric, organic layer with reversible formation/dissolution of nodules 

by subsequent charge/discharge cycles. Further studies have demonstrated SEI film formation and 

dissolution at the surface of anodes reacting through conversion mechanism upon cycling, e.g., CuO,[62] 

Fe2O3,
[63] and Cr2O3,

[64] and growth upon cycling of a layer mainly consisting of lithium alkyl-carbonates, 

RCO2Li, ROLi, oligomers, Li2CO3 and LiF for carbonaceous materials in electrolytes composed by 

LiPF6 salt and carbonate solvents.[65]  

Figure 4 

The CuO-Fe2O3-MCMB electrode has been therefore employed as the anode in a full lithium-ion 

cell using a high-voltage Li1.35Ni0.48Fe0.1Mn1.72O4 cathode.[41] Fig. S3a in the Supporting Information 

reports the XRD patterns of the Li1.35Ni0.48Fe0.1Mn1.72O4 powder, and reveals a single Fd3̅m phase with 

no significant impurity and refined cell parameter of 8.1941 ± 0.0002 Å. Moreover, SEM of Fig. S3b 

indicates that the cathode material is formed by aggregates of sub-micrometric and micrometric 

octahedrons.  

The cyclic voltammetry curve of the Li1.35Ni0.48Fe0.1Mn1.72O4 cathode, reported in Fig. S4 of the 

Supporting Information, reveals highly reversible electrochemical processes related to the Ni4+/Ni3+ and 
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Ni3+/Ni2+ redox couples, with peaks centered at 4.8 and 4.6 V vs. Li+/Li, respectively, as well as to the 

Mn3+/Mn4+ couple in the 4.1 V potential region. Furthermore, the Li1.35Ni0.48Fe0.1Mn1.72O4 cathode has 

been studied by galvanostatic cycling in lithium half-cell at 1C rate (148 mA g−1). The voltage profile of 

the cathode shown in Fig. 5a agrees with CV tests and evidences the sloping plateau centered at 4.1 V 

due to the Mn4+/Mn3+ redox processes as well as the two adjacent plateaus due to the Ni4+/Ni3+ and 

Ni3+/Ni2+ couples.[41] After a slightly different initial cycle due to SEI film formation at the higher voltage 

values,[41] the excellent overlapping of the voltage profiles confirms the highly reversible character of 

Li1.35Ni0.48Fe0.1Mn1.72O4 electrochemical process already suggested by voltammetry (compare Fig. 5a 

and Fig. S4). The cycling trend of the cathode in lithium half-cell reported in Fig. 5b reveals remarkably 

stable performance, with reversible capacity of about 110 mAh g−1 and coulombic efficiency above 99% 

over 200 cycles of charge and discharge at current rate of 1C (148 mA g−1).  

The panels c and d of Fig. 5 show the galvanostatic cycling results of the full CuO-Fe2O3-

MCMB/Li1.35Ni0.48Fe0.1Mn1.72O4 lithium-ion cell. The full cell was limited to the cathode capacity by 

using excess of anode material in order to ensure the balance between the electrodes upon prolonged 

cycling. Indeed, the anode excess mitigates the effect of irreversible parasitic reactions at the 

electrode/electrolyte interface, and almost completely avoids possible Li deposition upon charge, which 

may represent a serious safety issue. Prior to use in full cell, the excess of anode capacity, which may 

completely avoid the cell balance, has been mitigated by anode pre-lithiation, i.e., a process consisting 

of few cycles in half cell until the anode reaches its steady state, stable working conditions and the desired 

cell balance (see experimental section). This procedure also allows to limit the irreversible consumption 

of active Li+ at the cathode side due to irreversible SEI formation on the anode in the full cell 

configuration, thus ensuring high reversibility and coulombic efficiency of the battery even from the first 

cycles. Of course, anode pre-lithiation is not attractive from an application perspective, since it would 

increase the industrial costs of the battery production; however, it represents a useful strategy to reduce 
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the anode irreversibility for a laboratory scale battery prototype as the one reported in this study. During 

the initial few cycles, the cell undergoes the expected stabilization of the voltage profile (Fig. S5 of the 

Supporting Information) due to the electrode/electrolyte interface formation as well as to the above 

discussed structural reorganization of CuO-Fe2O3-MCMB anode.[38,41] This process is also evidenced by 

the increase of the charge-discharge coulombic efficiency from 84% at the 1st cycle up to 99% at the 30th 

cycle, and corresponding increase of the reversible capacity from 100 to 110 mAh g−1 (Fig. 5d). The full-

cell exhibits steady-state voltage profiles centered at about 3.6 V (Fig. 5c), which reflect combination of 

the multistep reaction of the conversion-type anode and the redox processes characteristic of the spinel 

cathode. Remarkably, the CuO-Fe2O3-MCMB/Li1.35Ni0.48Fe0.1Mn1.72O4 full-cell shows a very stable 

cycling trend upon 100 charge-discharge cycles (Fig. 5d), with a capacity retention and efficiency 

approaching 100% over the whole galvanostatic test. This excellent behavior, rarely observed for new 

cell configurations alternative to commercial ones, may be attributed to: i) optimized electrodes structure 

and morphology leading to remarkable stability of their electrode/electrolyte interface; ii) suitable 

electrode characteristics in terms voltage profile and delivered capacity; iii) proper cell balance in terms 

of negative-to-positive ratio and suitable operating conditions. However, the CuO-Fe2O3-

MCMB/Li1.35Ni0.48Fe0.1Mn1.72O4 cell exhibits slight voltage hysteresis, which can be related to the voltage 

signature of the conversion-type anode (see Fig. S6 in the Supplementary Information). As compared with 

state of the art LIB systems, i.e., those based on graphite anode, LiCoO2
[66] and LiFePO4

[67] cathodes, and Li+-

insertion reaction, the voltage hysteresis evidenced by cells in which conversion redox process takes place 

(Fig. 6S) certainly represents an issue of to be solved. Considering the steady-state reversible capacity 

referred to the cathode mass (110 mAh g−1, Fig. 5d) and the average working voltage (3.6 V, Fig. 5c), 

we may estimate for the lithium-ion cell here reported a theoretical energy density of about 400 Wh kg−1. 

Taking into account the inactive material contribution, the cell may deliver a practical energy density of 

about 150 Wh kg−1, which is in line with the typical values expected by the common lithium-ion 
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battery,[68] with the additional bonuses represented by the use of new materials characterized by 

environmental compatibility, the easy synthetic pathway, and the expected low cost. A slight reduction 

of the overall cell operating voltage, especially upon discharge, can be observed by prolonged cycling 

(i.e. 90-100 cycles, Fig. 5c). This trend may be reasonably ascribed to the voltage profile variation of the 

ternary CuO-Fe2O3-MCMB anode by cycling. Indeed, a slight increase of the CuO-Fe2O3-MCMB anode 

discharge voltage profile can be observed upon cycling in lithium half cell (Fig. 3b), likely due to the 

electrode compositional, structural and microstructural modifications intrinsically associated with the 

conversion process, while minimal variation of the cathode voltage profile in lithium half-cell is exhibited 

(Fig. 5a). These evidences suggest that major contribution to the observed voltage profile of the full 

battery arise from the anode side. However, active material loss at the cathode side upon cycling cannot 

be completely excluded. This issues, associated to the modification of the electrode/electrolyte interface 

throughout full cell operation,[16] may be actually addressed by further tuning the cell balance and the 

anode pre-lithiation procedure. In addition, we think that the study of CuO-Fe2O3-MCMB 

electrochemical behaviour in lithium half- and full-cell, even if only a fraction of its capacity is used, 

may be of interest from an application perspective. Certainly, the lithium ion battery configuration herein 

presented is very preliminary, and requires further efforts in order to increase the anode utilization and 

its efficiency. However, it may be possibly presented for a series of applications such as the exploitation 

in battery operating at low temperatures, where the intercalating ability of conventional graphite anodes 

is suppressed, or in systems for which a high safety content is required, since the conversion anode 

material operates well fare from the lithium deposition reaction.  

Figure 5 

Conclusion 
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A new ternary, conversion-type CuO-Fe2O3-MCMB anode was prepared through high-energy 

ball milling and fully characterized in terms of structure, morphology, and electrochemical behavior. The 

versatile synthesis pathway allowed the actual dispersion of the primary compounds and the formation 

of a composite material comprising nano and sub-micrometric oxides particles embedded into a carbon 

matrix, as shown by XRD, electron microscopy, and EDS. These structural and morphological 

characteristics reflected suitable electrochemical features for battery application, such as reversible 

capacity above 500 mAh g−1 and low-resistance electrode/electrolyte interface upon cycling. These 

characteristics, in addition to proper features in terms of voltage profile, have allow the combination of 

the CuO-Fe2O3-MCMB composite anode with high-voltage Li1.35Ni0.48Fe0.1Mn1.72O4 spinel cathode in 

highly efficient and stable full-cell. The CuO-Fe2O3-MCMB/Li1.35Ni0.48Fe0.1Mn1.72O4 cell revealed very 

promising performances at 1C rate, i.e., working voltage of about 3.6 V, reversible capacity of about 110 

mAh g−1 with respect to the cathode, and expected practical energy of about 150 Wh kg−1. The 

electrochemical behavior of the ternary composite anode reflects the characteristic redox properties of 

the employed CuO, Fe2O3 and MCMB precursors in terms of operating voltage, delivered capacity, first 

cycle inefficiency, hysteresis and cycle life. The ternary anode exhibits higher delivered capacity, cycling 

stability, first cycle efficiency and rate capability than binary CuO-MCMB, which has been previously 

characterized by our group.[38] As compared with binary Fe2O3-MCMB,[41] the ternary anode shows 

similar electrochemical properties; however, the theoretical and practical capacities of the ternary 

composite are lower than the Fe2O3-MCMB one (with theoretical and practical capacity of 690 and 680 

mAh g−1, respectively), and its operating voltage is slightly higher than the one observed for Fe2O3-

MCMB due to the presence of CuO. The performances of the ternary anode in full cell configuration 

with the Li1.35Ni0.48Fe0.1Mn1.72O4 cathode are particularly attractive, as a remarkably stable capacity is 

delivered for 100 cycles, with Coulombic efficiency higher than 99% after 100 cycles. Therefore, the full 

cell characteristics of the ternary composite anode studied at a current density of about 150 mA gcathode
−1 
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appear more appropriate in terms of cycling stability than the ones exhibited by binary Fe2O3-MCMB in 

the same cell configuration.[41] Indeed, the full Fe2O3-MCMB/Li1.35Ni0.48Fe0.1Mn1.72O4 battery previously 

studied at a current density of 50 mA gcathode
−1 exhibited some capacity fade after 80 charge/discharge 

cycles, with capacity retention of 97% while the full cell presented in this work is characterized by a 

capacity retention approaching 100% for 100 cycles. In addition, the higher energy density in lithium 

half-cell of Fe2O3-MCMB with respect to CuO-Fe2O3-MCMB due to the higher reversible capacity of 

the former is expected to be remarkably mitigated in full cell configuration.[1] On the other hand, the 

cycling stability enhancement have strong effect on the performances of the lithium-ion battery. The 

advanced electrochemical performances observed for the ternary CuO-Fe2O3-MCMB anode, especially 

in terms of cycling stability in lithium half- and full-cell, may be reasonably ascribed to its very stable 

electrode/electrolyte interface upon cycling which represent an additional advantage of the employed 

composite anode with respect to other binary materials reacting through conversion chemistry. Moreover, 

remarkable full cell voltage retention is achieved by combining the ternary CuO-Fe2O3-MCMB anode 

with the Li1.35Ni0.48Fe0.1Mn1.72O4 cathode, which represents a fundamental step towards the development 

of high stability and long cycle life full batteries employing conversion-type anodes. Therefore, the cell 

configuration herein proposed has estimated energy density comparable to that of commercial battery, as 

well as intrinsic high environmental compatibility due to both the conversion-based anode and the Co-

free cathode.  
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Table captions 

Table 1. Electrode/electrolyte interface resistances calculated by NLLS analysis of the EIS data of Fig. 

4 using the equivalent circuit reported in Fig. S2 of the Supporting Information. Rfilm = resistance of the 

SEI film; Rct = charge transfer resistance; Ri = overall electrode/electrolyte interface resistance. 

Figure captions 

Figure 1. XRD patterns of the CuO-Fe2O3-MCMB composite (black) and reference data of CuO (PDF 

# 80-1916, grey bars), Fe2O3 (PDF # 87-1165, blue bars), and graphite carbon (PDF # 75-1621, yellow 

bars).  

Figure 2. Electron microscopy analyses of the CuO-Fe2O3-MCMB composite: (a) SEM images 

(magnification in inset); (b) SEM-EDS maps of Cu (blue), Fe (green), and C (red) over the sample 

powders (overlapped maps in the main panel; single maps in inset); (c, d) TEM images (magnification 

in inset). 

Figure 3. Electrochemical characterization of the CuO-Fe2O3-MCMB composite. (a) Cyclic 

voltammetry in three-electrode cell configuration with lithium disks as counter and reference electrode 

at scan rate of 0.01 mV s−1. (b) Galvanostatic cycling tests in lithium half-cell at C/5 rate in terms of (c) 

voltage profiles (1st cycle in inset) and (c) cycling behavior (capacity on the left y-axis, coulombic 

efficiency on the right y-axis). (d) Rate capability test in lithium half-cell at C/5, C/3, C/2, 1C, 2C, and 

5C rates. 1C = 606 mAh g−1; test temperature = 23°C. 

Figure 4. Nyquist plots of EIS tests performed on three-electrode cells with lithium disks as counter 

electrode and lithium probe as reference electrodes at (a) open circuit voltage (OCV) condition and at 

the (b) 1st, (c) 10th, and (d) 50th cycles of galvanostatic cycling at C/5 rate (1C = 606 mAh g−1). 
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Figure 5. (a-b) Galvanostatic cycling of the Li1.35Ni0.48Fe0.1Mn1.72O4 cathode in lithium half-cell at 1C 

rate (148 mAh g−1) in terms of (a) voltage profiles and (b) cycling behavior (capacity on the left y-axis, 

coulombic efficiency on the right y-axis); (c-d) Galvanostatic cycling of the CuO-Fe2O3-

MCMB/Li1.35Ni0.48Fe0.1Mn1.72O4 full-cell at 1C rate with respect to the cathode mass (148 mAh gcathode
−1) 

in terms of (c) voltage profiles and (d) cycling behavior (capacity on the left y-axis, coulombic efficiency 

on the right y-axis); test temperature = 23°C.   
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Cycle Rfilm / Ω Rct / Ω Ri / Ω 

OCV - - 27.4 ± 0.3 

1st 2 ± 1 12 ± 2 14 ± 3 

10th 2.8 ± 0.2 7.9 ± 0.2 10.7 ± 0.4 

50th 3.6 ± 0.2 8.2 ± 0.3 11.8 ± 0.5 

Table 1  
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