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Abstract 

A NiO@C composite anode is prepared through an alternative synthesis route involving 

precipitation of a carbon precursor on NiO nanopowder, annealing under argon to form a Ni core, 

and oxidation at moderate temperature to get metal oxide particles whilst retaining carbon and 

metallic Ni in traces. The electrode reversibly reacts in lithium cells by the typical conversion 

process occurring in a wide potential range with the main electrochemical activity at 1.3 V vs. 

Li+/Li during discharge and at 2.2 V vs. Li+/Li during charge. The NiO@C material exhibits highly 

improved behavior in a lithium half-cell compared to bare NiO due to faster electrode kinetics and 

superior stability over electrochemical displacement, leading to a reversible capacity approaching 
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800 mAh g−1, much enhanced cycle life and promising rate capability. The applicability of the 

NiO@C anode is further investigated in a lithium-ion NiO@C/LiNi⅓Co⅓Mn⅓O2 cell, which 

operates at about 2.5 V delivering about 160 mAh g−1 with respect to the cathode mass. The cell 

exhibits stable response upon 80 cycles at a C/2 rate with coulombic efficiency ranging from 97% 

to 99%.  

Keywords: Conversion anode; NiO; Nanoparticles; Electrochemical Impedance Spectroscopy; 

Lithium-ion battery; LiNi⅓Co⅓Mn⅓O2. 

Introduction 

Lithium-ion batteries (LIBs) are largely employed in portable electronics and electric vehicles by 

virtue of intriguing characteristics in terms of energy density and cycle life as well as high 

coulombic and energy efficiency [1,2]. Since the first reports on the “rocking-chair” concept in 

1980 [3] and the following commercialization in 1991, the energy density has been gradually 

increased up to values exceeding 200 Wh kg−1 by developing alternative electrode and electrolyte 

chemistries with tailored morphological features whilst simultaneously improving the cell design 

[4]. As for the cathode, the layered LiCoO2 extensively employed in the first commercial 

configurations, has been progressively replaced by advanced layered compounds comprising 

various metals in order to mitigate the environmental concerns due to the use of cobalt and boost 

the gravimetric capacity above 140 mAh g−1. In this respect, LiNi⅓Co⅓Mn⅓O2 (NCM) and 

LiNi0.8Co0.15Al0.05O2 (NCA) have demonstrated remarkable performance leading to a widespread 

proliferation after launch onto the market [4]. As for the anode, commercial graphite has suitable 

properties in terms of working voltage and capacity, benefiting from a reversible Li+ intercalation 

process exchanging about 0.17 lithium equivalents per C unit below 0.1 V vs. Li+/Li [5]. However, 

a great deal of research has so far been devoted to various alternative electrode materials exhibiting 

a higher Li+ uptake at relatively low voltage, such as lithium alloys and transition metal oxides, 



3 

which might significantly increase the anode reversible capacity with respect to the active material 

from 372 mAh g−1 to values above 600 mAh g−1 [6–8]. In particular, nanosized metal oxides with 

chemical formula MxOy (where M is typically a transition metal) may reversibly react in lithium 

cells by a multi-electron conversion mechanism leading to the formation of M0 nano-domains 

embedded into a Li2O matrix [9]. Accordingly, nickel oxide (NiO) may be electrochemically 

reduced to metallic Ni and Li2O delivering 718 mAh g−1 [10]. Other oxides, such as SiO2, may 

exhibit a large capacity (above 800 mAh g−1), superior rate capability, and remarkable cycling 

stability [11]. Transition metal sulfides have similar characteristics as conversion anodes in terms 

of capacity, however they suffer from the typical drawbacks of conversion electrodes [12]. Hence, 

in spite of the attractive capacity, the conversion reaction is characterized by massive 

microstructural rearrangements [13] mostly leading to substantial volume changes of the electrode 

material and large voltage hysteresis, which may adversely affect the reversibility and efficiency 

of the process [9]. Furthermore, they typically show a higher working voltage than graphite and 

Li-alloying anodes [9,14]. The severe electrode reorganization may cause pulverization and loss 

of electric contact of the active material which are reflected as rapid capacity fade, while the 

voltage signature may limit the effective use in full lithium-ion cells due to relatively low operating 

voltage and gradual electrode unbalancing during cycling [5]. Furthermore, a huge irreversible 

capacity loss of conversion electrodes typically occurring upon the first cycle requires anode pre-

lithiation strategies which further hinder commercialization [15]. Therefore, electrochemical 

studies suitably combining material optimization in terms of structure and morphology, 

investigation in half-cells, and full-cell demonstration are considered crucial for this class of 

materials [4,5]. 

Nanostructures may mitigate the expansion of conversion materials upon discharge and 

increase the active surface [16], while incorporation into carbon matrices of various morphologies 

may enhance the conductivity and buffer volume variations [17]. Thus, nanomembranes [18], 
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nanofibers [19], nanowires [20], and nanobelts [21] have revealed promising performances even 

at a high current density. However, the nanostructure might trigger undesired side reactions 

leading to deterioration of the electrode/electrolyte interphase upon long-term cycling [22]. 

Therefore, a careful tuning of the morphological features of metal oxide-carbon composites and 

carbon-coated metal oxide electrodes (MxOy@C) is a key requirement to effectively enhance the 

conversion reaction whilst limiting possible parasitic processes [23,24]. Indeed, long cycling 

performance has been demonstrated for NiO/MWCNT electrodes [25], NiO/C nanocapsules [26] 

and NiO core–shell nanocables [27]. Further improvements might be achieved by developing 

simple synthetic approaches to get nanostructured metal oxide composites [28]. Fine electrode 

engineering may buffer the volume changes of NiO upon electrochemical conversion, despite 

possible penalties in terms of gravimetric energy density due to the low capacity of electron-

conductive carbon additives, which are typically employed to improve rate capability and cycle 

life. Following this trend, NiO anodes exploiting carbon of various nature have been widely 

investigated in recent reports demonstrating promising electrode performances in lithium-half cells 

[29–37]. Reduced graphene oxide (r-GO) has suitable properties for preparing NiO-based 

composite electrodes. Accordingly, hollow carbon fibers hosting about 35 wt.% of NiO 

nanoparticles wrapped by r-GO exhibited enhanced reversible capacity, rate capability, and 

cycling stability [29]. A comparative study of NiO-based composites containing rGO at various 

oxidation degrees has shown that the functional groups on rGO affect the cycling behavior in 

lithium-half cells [35]. On the other hand, NiO trapping in hollow carbon structures and/or 

nanotubes as well as graphene papers may mitigate the electrode degradation and improve the 

cycle life [36–38], while core-shell morphologies may lead to a remarkable specific capacity [31]. 

Large capacity in lithium half-cell can be also ensures by depositing NiO nanoparticles on N-

doped carbon sheets arranged into hollow spheres [32]. Furthermore, fibrous microstructures with 

suitable features for battery applications have been prepared either by employing a rod-like 
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precursor in the NiO synthesis [33] or by coating carbon fibers with N-doped carbon, NiO and 

carbon dots to obtain a free-standing, flexible electrode [39]. An effective decrease in C content 

in the composite down to 1 wt.% has been demonstrated in a recent report on NiO hexagonal 

platelets exhibiting much enhanced performances compared to those of bare NiO platelets with 

circular morphology [34]. Interestingly, hollow Ni/NiO nanospheres embedded in graphite sheets 

have been prepared by polymerization of a carbon precursor in presence of a nickel salt, pyrolysis 

at 800 °C to from metallic nickel embedded in a carbon matrix, and subsequent oxidation at 350 

°C [30]. However, only a few works investigated the actual behavior of NiO anodes in lithium-ion 

cells [38–40] despite the great amount of literature on the conversion-anode performance in half-

cell configuration [18–21,24–27,41,42], even though a detailed investigation in the full cell 

employing a conventional cathode, such as NCM, is considered to be essential to assess the actual 

applicability [4,43], particularly considering the abovementioned issues in terms of electrode 

stability upon cycling, working voltage and coulombic efficiency [9]. Therefore, we study herein, 

a NiO anode in a lithium-ion battery using the high-performance NCM layered cathode. Structure, 

morphology and composition are carefully controlled by a two-step method involving carbon 

precipitation on metal-oxide nanoparticles in a reducing environment followed by oxidation at 

moderate temperature. The anode conversion process in the cell is characterized by performing 

voltammetry, impedance spectroscopy and galvanostatic measurements, thereby revealing 

promising behavior for possible applications. Hence, this comparative study interestingly reveals 

how the anode electrochemistry may affect the characteristics of the lithium-ion battery in terms 

of working voltage, coulombic efficiency and cycling stability. Furthermore, electrochemical 

measurements performed with the support of a lithium reference electrode shed light on the effect 

of anode and cathode features on the full cell, thus elucidating the role played by a suitable 

electrode balancing.  

Experimental 
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2 g of NiO (Sigma-Aldrich, <50 nm) was suspended in a water/ethanol solution (50 mL, 1:1 v/v). 

4 g of sucrose was added to the above-mentioned suspension and the solvent was evaporated at 70 

°C under stirring. The dry mixture was heated at 120 °C for 10 h and at 600 °C for 3 h under an 

argon flow to obtain Ni@C (step 1). Afterwards, the samples were heated at 380 °C for 48 h under 

a dry air flow to get NiO@C (step 2). Steps 1 and 2 were carried out in a tubular furnace (GHA, 

Carbolite) using a 5 °C min−1 heating rate and natural cooling. Figure 1 depicts the sucrose addition 

to bare NiO followed by pyrolysis (step 1) and the subsequent mild oxidation of the Ni@C 

intermediate to form the NiO@C material (step 2).  

Figure 1 

Sample structure was investigated by X-ray diffraction (XRD) through a Bruker D8 

Advance (Cu Kα) by performing scans from 20 to 90° with step size of 0.02° at 10 s step−1. 

Rietveld refinement of the diffraction pattern of NiO@C was carried out through the MAUD 

software [44] by using reference structures with cubic unit cell and 𝐹𝑚3𝑚 space group (ICSD # 

260169 and # 9866) for NiO and Ni. The atom occupancies for the NiO phase have been fixed to 

the stoichiometric values, and the atomic displacement parameters have been forced to have the 

same value for each element. Lattice parameters, crystallite size and crystal phase ratio were 

refined to get suitable weighted-profile (Rwp%) and goodness-of-fit (σ) values (see Table 1). 

Table 1 

A thermogravimetric analysis (TGA) of was performed under an air flow (50 mL min−1) 

by heating a NiO@O sample from 30 to 800 °C at a rate of 10 °C min−1 through a TGA Q500 from 

TA instruments. Morphology, structure and elemental composition were studied by scanning 

electron microscopy (SEM), SEM-energy dispersive X-ray spectroscopy (SEM-EDS), high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM), energy-filtered 

TEM (EFTEM), high-resolution TEM (HRTEM), and electron energy-loss spectroscopy (EELS. 

SEM and SEM-EDS were performed by means of a Zeiss EVO MA10 microscope employing a 
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tungsten thermionic electron gun and an INCA X-ACT Oxford Instrument analyzer. Each sample 

for TEM (NiO, Ni@C and NiO@C) was prepared by suspending a spatula tip in ethanol and mildly 

sonicating; afterwards, the supernatant was drop-cast onto a holey amorphous carbon film on Cu 

grid. The TEM analyses were carried out on a JEOL JEM-2200FS microscope (Schottky emitter), 

operated at 200 kV, equipped with a CEOS corrector for the objective lens and an in-column image 

filter (-type). EFTEM imaging was used to acquire elastically-filtered (zero-loss, ZL) TEM 

images, by selecting only electrons within 10 eV from the ZL peak, and for elemental mapping, 

carried out by using the three-windows method at the K edge of C (16 eV slit width) and O (20 eV 

slit width) and at the L23 edge of Ni (30 eV slit width). EEL spectra were acquired on regions of 

the samples suspended on holes in the support film, in diffraction mode (α = 3.5 mrad, β = 5.4 

mrad). EELS-based quantification was performed employing the hydrogenic model for all edges 

(K edge of C and O and L23 edge of Ni), with the background fit in a 30 eV window before the 

edge and 70 eV window from the edge onset. 

Each anode powder (i.e., bare NiO, Ni@C, and NiO@C) was mixed with polyvinylidene 

fluoride (PVDF 6020, Solvay) and Super P carbon (Timcal) in the 8:1:1 weight ratio. The mixture 

was dispersed in N-methyl pyrrolidone (NMP, Sigma-Aldrich) and cast on a copper foil through 

a doctor blade. The cast slurry was heated for 3 h at 70 °C on a hot plate under a fume hood and 

then dried overnight under vacuum at 110 °C. The anode materials (i.e., bare NiO, Ni@C, and 

NiO@C) had a mass loading over the electrodes ranging from 1.5 to 2.5 mg cm−2. Disks with 

diameter of 10 and 14 mm were cut out from these dried foils and employed as working electrodes 

in three-electrode and two-electrode cells (T-type; 10 mm) and CR2032 coin-cells (MTI 

Corporation; 14 mm), as well as counter electrode in two-electrode full-cells (T-type; 10 mm). 

NCM, polyvinylidene fluoride (PVDF 6020, Solvay), and Super P carbon (Timcal) were 

mixed in the 8:1:1 weight ratio in N-methyl pyrrolidone (NMP, Sigma-Aldrich) and cast on an 

aluminum foil through a doctor blade. The cast slurry was heated for 3 h at 70 °C on a hot plate 
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under a fume hood and then dried overnight under vacuum at 110 °C. The NCM electrodes had an 

active mass loading ranging from 3.1 and 3.5 mg cm−2. Disks with diameter of 10 mm were cut 

out from this electrode sheet and employed as working electrodes in two-electrode, lithium-ion 

cells. The cells were assembled in an Ar-filled glovebox (H2O and O2 content below 1 ppm, 

MBRAUN). Lithium metal disks were used as counter and reference electrodes. Lithium-ion 

batteries were assembled by coupling a NiO@C anode (between 1.7 and 2.3 mg cm−2) and an 

NCM cathode (between 3.1 and 3.6 mg cm−2) in T-type two-electrode cell, as well as in a T-type 

three-electrode cell. The anode was electrochemically activated as reported below. The cell 

separator (Whatman glass fiber, GF/A) was soaked by an electrolyte solution formed of lithium 

hexafluorophosphate (LiPF6, 1 M) in a mixture (1:1 w/w) of ethylene carbonate (EC) and dimethyl 

carbonate (DMC). 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

measurements were performed on three-electrode half-cells (T-type) through a VersaSTAT MC 

Princeton Applied Research (PAR, AMETEK) multichannel potentiostat. CV was carried out by 

using a scan rate of 0.1 mV s−1 within the potential range from 0.01 to 2.8 V vs. Li+/Li. Impedance 

spectra were recorded at the open circuit voltage (OCV) condition and after 1, 2 and 3 full 

discharge/charge voltammetry cycles by applying an alternate voltage signal with amplitude of 10 

mV in the frequency range from 500 kHz to 100 mHz. 

Cycling tests of the NiO@C electrode were performed on two-electrode half-cells 

(CR2032 coin-cells, MTI Corporation) at a C/5 rate (1C = 718 mA g−1). Furthermore, the electrode 

rate capability was evaluated by galvanostatic cycling in lithium coin-cells (CR2032 coin-cells, 

MTI Corporation) with current rates of C/10, C/8, C/5, C/3, C/2, 1C, 2C increasing every 5 cycles 

and decreasing to C/10 at the 36th cycle. The voltage window of the galvanostatic measurements 

was 0.01 to 2.8 V. 
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Prior to the NiO@C/NCM full-cell assembly, the anode was activated by 3 

discharge/charge cycles at a C/5 rate in a T-type, two-electrode half-cell within the 0.01 − 2.8 V 

range with final charge up to 2.2 V. Afterwards, the electrochemically-activated NiO@C electrode 

was recovered from the cell, rinsed with DMC to remove electrolyte traces, dried under vacuum 

for few minutes, and used to build the full-cell. A two-electrode NiO@C/NCM cell was cycled at 

a C/2 rate (where 1C is 170 mA g−1 as referred to the positive electrode) within the voltage range 

from 0.8 to 4.3 V. A three-electrode NiO@C/NCM cell employing a lithium-metal reference probe 

was cycled at a C/2 rate (where 1C is 170 mA g−1 as referred to the positive electrode) within a 

voltage range between the NiO@C and NCM electrodes of 0.8 – 4.3 V, namely. The potential vs. 

Li+/Li of NiO@C and NCM during two-electrode cycling was measured by the abovementioned 

lithium-metal probe. EIS measurements were carried on t NiO@C/NCM cell at the OCV and after 

the 1st, 10th, 50th, and 80th cycle (after charging) by applying an alternate voltage signal of 10 mV 

within the frequency range from 500 kHz to 20 mHz. The impedance spectra were analyzed by a 

nonlinear least squares (NLLS) procedure the spectra. Further EIS measurements Li/NiO@C and 

Li/NCM sides of the full cell were carried out by using the lithium-metal probe, and applying an 

alternate voltage signal of 10 mV within the frequency range from 500 kHz to 20 mHz. These EIS 

analyses were performed through a VersaSTAT MC Princeton Applied Research (PAR, 

AMETEK) multichannel potentiostat. A rate capability test was carried out on the NiO@C/NCM 

cell by galvanostatic cycling within the current range from C/5 to 2C rates (where 1C is 170 mA 

g−1 as referred to the positive electrode) and the voltage range between NiO@C and NCM of 0.8 

– 4.3 V. Furthermore, the potential vs. Li+/Li of NiO@C and NCM during above cycling was 

monitored by using the lithium-metal probe. 

All the galvanostatic cycling measurements were carried out by means of a Maccor Series 

4000 Battery system. All the electrochemical tests were performed at room temperature. 

Results and Discussion 
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The structural evolution of the composite electrode during the synthetic steps is reported in Figure 

2. The indexed XRD patterns of NiO, Ni@C and NiO@C reveal substantial phase changes 

promoted by the various treatments, with full reduction of the pristine NiO (ICSD # 9866) to Ni 

metal (ICSD # 260169) upon annealing in argon atmosphere (step 1), and its subsequent oxidation 

after mild thermal treatment under air (step 2). Furthermore, the figure evidences that the final 

NiO@C sample contains NiO as the main phase along with traces of metallic nickel, thus 

suggesting a partial oxidation during step 2 [45]. The absence of graphite peaks might suggest that 

the carbon coating produced by sucrose pyrolysis has low crystallinity. We may reasonably 

suppose that the presence of the lowly crystalline carbon as well as of traces of metallic Ni can 

suitably increase the electronic conductivity of the electrode material, thus possibly enhancing its 

electrochemical behavior in lithium cell [45]. A Rietveld refinement of the XRD patterns [44] 

indicates a Ni metal content in NiO@C of 4 wt.% with regard to the overall weight of the 

crystalline domains, and crystallite size of about 34 nm for the NiO phase and 140 nm for the Ni 

one (see Table 1). The patterns of both Ni and NiO have been indexed to reference structures with 

cubic unit cell and 𝐹𝑚3𝑚  space group (ICSD # 260169 and # 9866), despite the known 

rhombohedral distortion of the NiO crystal lattice at room temperature, which does not affect the 

X-ray reflections and, therefore, can be neglected in our study [46,47]. A thermogravimetric 

analysis (TGA) under an air flow (Figure 2b) shows that the NiO@C powder undergoes weight 

change due to concomitant oxidation of C (weight loss) and Ni (weight increase), thereby leading 

to a final raise of 0.77% with respect to the initial mass. On the other hand, the Rietveld analysis 

of the XRD patterns of NiO@C indicates a Ni weight fraction of the crystalline domains of about 

0.04 (see Table 1). Therefore, we can estimate a carbon content in NiO@C below 4 wt.% 

considering the full oxidation of Ni to NiO upon the TGA scan. 

Figure 2 
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Sample morphology and structure has been thoroughly investigated by SEM, HRTEM, 

HAADF-STEM and ZL-TEM imaging, along with analyses of the elemental distribution over the 

samples via SEM-EDS and EFTEM mapping supported by C, O, and Ni quantification based on 

EELS. The related data, shown in Figures 3, S1, and S2, confirm significant rearrangements of 

pristine NiO particles after the subsequent thermal treatments. Accordingly, SEM, HAADF-STEM 

and ZL-EFTEM imaging of bare NiO (Figure 3a, b, and c, respectively) reveal aggregates with 

size ranging from about 100 nm to about 5 µm of nanometric grains (approximately between 5 

and 20 nm), while elemental mapping (Figure 3d and e as well as Figure S1a and b in the 

Supplementary material) and HRTEM analysis (Figure 3f) show the expected homogenous 

distribution of Ni and O over the specimen and indicate a crystal structure in full agreement with 

the XRD patterns (ICSD # 9866; see Figure S2a), as clearly evidenced by the results of the fast 

Fourier transform (FFT, Figure 3f inset). Sucrose and NiO oxide reduction under an Ar flow (step 

1) yields to Ni particles embedded in a carbon matrix including residual O traces (below 5 wt.%). 

In detail, SEM, HAADF-STEM, and EFTEM analyses (Figures 3g–k) reveal nickel metal particles 

and clusters mostly ranging from 10 nm to a few micrometers, which are surrounded by a 

significant amount of carbon, that is, between 54 and 62 wt.% according to SEM-EDS and EELS 

(see Figures S1c, d, and S2a in the Supplementary material). HRTEM imaging of a Ni grain 

enclosed in a carbon shell indicates the crystalline cubic structure with 𝐹𝑚3𝑚 space group (ICSD 

# 260169; Figure 3l) for the core and an amorphous nature for the outer layer, thereby suggesting 

a microstructure at the nanoscale consistent with the powder XRD data (see Figure 2a). Hence, 

controlled oxidation of the Ni core (step 2) gives rise to a NiO@C material with similar 

morphological characteristic features to those of pristine NiO, in spite of an expected slight growth 

of the primary oxide grains forming the aggregates up to values approximately between 10 and 50 

nm due to the thermal treatments (see the SEM, HAADF-STEM, and ZL-TEM images of Figure 

3m, n, and o). Low carbon content is revealed by SEM-EDS (below 4 wt.%, Figure S1 in the 
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Supplementary material) along with the absence of a clear edge for carbon in the EEL spectra 

(Figure S2 in the Supplementary material), thus confirming the more accurate estimation by XRD 

and TGA data (below 4 wt.%). Moreover, EFTEM elemental mapping and HRTEM imaging 

(Figure 3p–r) suggest partial segregation of amorphous carbon and NiO oxide aggregates with 

cubic crystal structure with 𝐹𝑚3𝑚 space group (ICSD # 260169). It is worth mentioning that 

nanograin agglomeration in micrometric and/or submicrometric cluster may ensure a suitable tap 

density in the electrode and fast reaction kinetics due to short electron paths [7,48], while a low 

carbon content (below 4 wt.% in the composite) may lead to a relevant gravimetric capacity. 

Besides such promising morphological characteristics for an application in lithium-ion cells, the 

NiO@C electrode is expected to benefit from conductive Ni metal particles possibly enhancing 

the rate capability. 

Figure 3 

The conversion process of NiO and NiO@C has been comparatively characterized by 

coupling CV and EIS measurements in three-electrode cells. Figure 4 reports the related 

voltammetry profiles upon 3 cycles and the Nyquist plots (Figure 4 insets) recorded at the OCV 

and after each discharge/charge cycle (working electrode in the charged condition). Both 

techniques reveal that the above-discussed structural and morphological modifications promoted 

by the synthetic strategy adopted in this work, lead to an improvement of the electrochemical 

activity and a stabilization of the electrode/electrolyte interphase. During the first voltammetry 

scan towards low potential, pristine NiO shows a minor cathodic peak at 0.8 V vs. Li+/Li followed 

by a strong signal at 0.6 V vs. Li+/Li (Figure 4a), while NiO@C exhibits only a peak at 0.6 vs. 

Li+/Li (Figure 4b). These responses are attributed to the well-known displacement of nickel oxide 

by reduction to form metallic Ni embedded into a Li2O matrix [9], as well as to the formation of a 

solid electrolyte interphase (SEI) [13]. Hence, both electrodes undergo reversible oxidation 

throughout the first scan towards high potential by electrochemical processes mostly occurring at 
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2.2 V vs. Li+/Li, although pristine NiO shows a further small peak at 1.4 V vs. Li+/Li [49]. During 

the subsequent cycles, the reduction peak of NiO and NiO@C shifts to higher potential, i.e., to 1.1 

and 1.3 V vs. Li+/Li, respectively, suggesting massive electrode rearrangements associated with 

the electrochemical conversion as already reported for transition metal oxide anodes [13]. Despite 

the similar CV response, NiO@C exhibits a significantly lower polarization indicating improved 

electrode kinetics, which are further demonstrated by EIS (Figure 4 insets). The EIS measurements 

show for the pristine NiO electrode at OCV an electrode/electrolyte interphase represented by a 

medium-high frequency semicircle with a resistance of about 22 Ω, initially decreasing after the 

1st cycle, and then increasing to about 30 Ω (inset of Figure 4a). Such increase of the resistance 

might indicate microstructural reorganization within the electrodes as well as a gradual growth and 

modification of the SEI layer [13]. On the other hand, the EIS reveals a lower resistance for 

NiO@C the OCV compared to the pristine NiO (about 17 Ω), and less relevant rise upon 3 CV 

cycles (to about 20 Ω), thereby suggesting improved electronic conductivity due to the carbon 

traces and beneficial effects on the electrode/electrolyte interphase (compare insets of Figure 4a 

and Figure 4b).  

Figure 4 

Therefore, both CV and EIS show that the two-step coating improves the electrochemical 

activity of nickel oxide by leading to a fast and reversible conversion reaction. Such an 

improvement is further revealed by comparative cycling tests at a C/5 rate of the bare nano-

powder, the metal-carbon precursor, and the final composite (Figure 5a and b, 1C = 718 mA g−1). 

The first discharge of NiO and NiO@C, respectively, reveals plateaus at about 0.6 and 0.7 V 

leading to capacities of 970 and 1310 mAh g−1 partially ascribed to the SEI formation [7], that is, 

a cell response in full agreement with CV (Figure 4). The subsequent charge evolves within a wide 

voltage range and is characterized by a plateau at about 2.2 and 2.1 V, according to the remarkable 

hysteresis of conversion materials [9], with reversible capacities of 690 and 820 mAh g−1 for the 



14 

pristine and C-coated electrodes, respectively. Moreover, pristine NiO exhibits a further minor 

activity at about 0.8 V during discharge and at 1.4 V during charge as observed by CV (compare 

Figure 4a and Figure 5a). A minor contribution of carbon to the lithium exchange by insertion at 

low voltage might partially account for the higher reversible capacity of NiO@C with respect to 

the theoretical capacity of NiO (i.e., 718 mAh g−1) [23], In addition, the improved charge transfer 

kinetics of NiO@C compared to pristine NiO (Figure 3 insets) may reasonably enhance the 

electrochemical conversion, leading to a lower cell polarization and improved cycling ability. 

Literature data [50] also indicate  the pseudo-capacitive behavior of NiO as an additional boost for 

the delivered capacity above the theoretical value (718 mAh g−1). On the other hand, the Ni@C 

synthesis’ intermediate shows a modest reversible electrochemical activity (about 100 mAh g−1) 

mainly due to lithium (de)insertion into the lowly crystalline carbon of Ni@C, beside first-cycle 

electrolyte decomposition at low voltage. Although both NiO and NiO@C exhibit reversible 

displacement upon three cycles, Figure 5b reveal an abrupt failure of NiO after 10 cycles, and 

much improved capacity retention and coulombic efficiency for NiO@C. Furthermore, both the 

voltammetry curves (Figure 4) and the galvanostatic profiles (Figure 5a) show that a the 

electroreduction processes of NiO@C occur at a lower voltage than that of bare NiO, that is, about 

1.3 V for the former and about 1.1 V for the latter after the first cycle. Such a shift of the reaction 

potentials towards higher value after the two-step treatment might reflect an improvement of the 

charge transfer at the electrode/electrolyte interphase leading to a decrease in cell polarization [51], 

as suggested by EIS measurements (Figure 4 insets) indicating a decrease in interphase resistance 

from about 30 Ω to about 20 Ω. Hence, the Figure 5b reveals a fast capacity fade down to about 

100 mAh g−1 for bare NiO, while NiO@C exhibits a much more stable behavior with a reversible 

capacity of 580 mAh g−1 after 50 cycles and satisfactory coulombic efficiency. 

Therefore, our results suggest a crucial role of the synthesis pathway in enhancing the 

electrochemical response of metal oxide nanomaterials by providing improved electric contact 



15 

within the electrode [52], as indicated by the fast charge transfer at the electrode/electrolyte 

interphase of Figure 4, thereby improving the reversibility and kinetics of the conversion reaction 

(see Figure 5a and b). The rate capability of the NiO@C material has been assessed by performing 

cycling tests at increasing current rates. Figure 5c and d shows the related voltage profiles and 

capacity trend, respectively. The nanocomposite anode displays a moderate polarization increasing 

by raising the current (Figure 5c) and reversible capacities of about 910, 860, 770, 690, 610, 510, 

and 390 mAh g−1 at C/10, C/8, C/5, C/3, C/2, 1C, and 2C rates, respectively. This promising rate 

capability might be ascribed to the carbon traces (below 4 wt. %) as well as to the presence of 

conductive nickel (3–4 wt.%) [53]. However, the material exhibits a capacity fade as the current 

is lowered down to C/10 rate at the 36th cycle, with a final value of about 730 mAh g−1 at the 40th 

cycle most likely attributed to partially irreversible rearrangement of the electrode material during 

conversion process, as indeed observed by the cycling test in Figure 4 [40,43].  

Figure 5 

NiO-based anodes have been widely investigated elsewhere, revealing very promising 

performances in lithium half-cells with regard to the reversible capacity, cycling stability, and rate 

capability [26,29,54,30–37]. On the other hand, half-cell investigations might underestimate 

adverse electrochemical characteristics of the anode that affect the response in full lithium-ion 

array. Although conversion electrodes may deliver remarkable specific capacity values at high 

current rates, the huge voltage hysteresis, the wide working potential, and the unstable voltage 

typically require a careful tuning of the negative-to-positive (N/P) ratio as well as of the cycling 

conditions. Accordingly, several doubts have been raised on their possible applicability in lithium-

ion batteries mostly owing to the large irreversible capacity loss, poor energy efficiency, low full-

cell working voltage, and gradual microstructural changes that occur in the anode during cycling 

[5,13]. In this regard, the study in the lithium-ion cell may provide further insight on the electrode 

behavior and reveal practical issues not detected by using the electrode with lithium-metal in half-
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cell [4,5]. Accordingly, we have investigated NiO@C in a full cell with the LiNi⅓Co⅓Mn⅓O2 

cathode. Prior to cell assembly, the anode has been electrochemically activated in a lithium-metal 

cell in order to mitigate the capacity loss during the first, partially irreversible cycle as described 

in the Experimental section. Figure 6 reports the NiO@C/NCM battery response in terms of 

voltage profile (panel a) and cycling behavior (panel b) at a constant current of C/2 rate referred 

to the cathode mass (where 1C is arbitrarily set at 170 mA gcathode
−1). During the first cycle, the 

cell delivers about 160 mAh gcathode
−1 in spite of an irreversible capacity of about 67 mAh gcathode

−1 

corresponding to a coulombic efficiency of about 70%, which indicates oxidative electrolyte 

decomposition possibly related to the formation of a passivation layer over the positive electrode 

(see Figure 6a inset) [55]. Afterwards, the voltage signature stably reflects the combination of 

reversible Li+ exchange by conversion process at the anode and (de)intercalation at the cathode, 

thus leading to sloped plateaus within the range from 1.5 to 4.3 V which are centered at about 2.5 

V (see Figure 6a). Accordingly, the NiO@C/NCM battery shows a reversible capacity slightly 

increasing to almost 170 mAh gcathode
−1 over the first 30 cycles with a steady-state coulombic 

efficiency above 99%, and then slowly decreasing to about 140 mAh gcathode
−1 after 80 cycles (ca. 

88% of the initial value) due to a decrease in columbic efficiency to about 97% (Figure 6b), and a 

gradual decay of the average voltage (Figure 6a).  

The electrochemical behavior of the anode material and its effect on the lithium-ion battery 

performance is further elucidated by cycling and impedance measurements performed in a three-

electrode cells, using NCM and NiO@C electrodes, and lithium metal as the reference electrode 

(third electrode). The cycling tests of the full cell have been performed using two electrodes, 

namely NCM and NiO@C, as already described in Figure 6a and b, while the responses of NCM 

and NiO@C electrodes during full-cell operation have been monitored by the support of the 

additional lithium reference electrode. Figure 6c-f reports the voltage profiles of the NiO@C/NCM 

cell (blue curve) cycled at a C/2 rate (1C = 170 mAh gcathode
−1) within a voltage range between 
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anode and cathode of 0.8 – 4.3 V as a function of time at the 1st, 10th, 50th, and 80th cycles. The 

potentials of NiO@C and NCM vs. Li+/Li monitored through the lithium electrode upon cycling 

are also reported in Figure 6c-f (purple and red colors, respectively). This cell setup allows a clear 

observation of the effects of the abovementioned change in cell balance on the characteristic 

voltage curve of the lithium-ion battery. Accordingly, the measurement reveals that the voltage 

decay of the cell actually reflects a gradual increase in potential of the negative electrode, that is, 

a progressive anode de-lithiation during cycling, which leads to a raise in potential of the positive 

electrode up to full-charge values exceeding 5 V vs. Li+/Li after 50 cycles. This phenomenon may 

be ascribed to irreversible parasitic processes occurring in the cell besides the Li-intercalation at 

the cathode and NiO conversion at the anode [23]. Notably, a remarkable cycle life may be 

achieved by ensuring coulombic efficiency values approaching 100% [56] or a suitable 

compensation of the irreversible capacity losses occurring at the anode side [57]. It worth 

considering that the wide working potential window of metal oxide anodes alongside a relevant 

hysteresis between charge and discharge may further magnify this gradual cell unbalancing 

[9,13,23]. 

Figure 6 

Impedance spectra of the NiO@C/NCM cell shed light on the evolution of the cathode and 

anode interphases during cycling. Indeed, EIS measurements of the full-cell have been performed 

at the OCV and after the 1st, 10th, 50th, and 80th cycle at the charged state (Figure 6g–j shows the 

related Nyquist plots). The obtained data have been modelled by the 

Re(R(hf)1Q(hf)1)(R(hf)2Q(hf)2)(R(lf)Q(lf)) equivalent circuit (see Table 2) and analyzed by an NLLS 

approach [58]. This circuit takes into account the electrolyte resistance (Re) and several resistive 

and pseudocapacitive elements that simulate the cell response within the investigated frequency 

range, thus enabling the study of various kinetic processes attributable to the NiO@C and NCM 

electrodes. In detail, the (R(hf)iQ(hf)i) sub-circuit (i = 1, 2) reflects the response of the cell at high-
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medium frequency (herein briefly indicated as high-frequency region), occurring as a small 

semicircle in the Nyquist plots of Figure 6g–j, while the (R(lf)Q(lf)) sub-circuit describes the large 

semicircle at medium-low frequency (herein briefly indicated as low-frequency region). Further 

spectra of the NiO@C and NCM electrodes performed employing the additional lithium reference 

probe (Figure S3a, c, e, g, and i for Li/NiO@C side and Figure S3b, d, f, h, and j for Li/NMC side) 

suggest a characteristic low-frequency response for NiO@C and NCM, that is, a Warburg-type 

diffusion for the former and a slow charge transfer for the latter after the 1st cycle, as well as an 

high-frequency region mostly reflecting the lithium passivation [59–61]. It is noteworthy that such 

a high charge transfer resistance at the cathode is in full agreement with the expected low Li+ 

content in the NCM lattice in charged condition [59]. Based on these observations, we can attribute 

the (R(lf)Q(lf)) sub-circuit (large low-frequency semicircle in Figure 6g–j) to the cathode charge 

transfer resistance and double layer capacitance. Besides, we ascribe the (R(hf)iQ(hf)i) sub-circuit (i 

= 1, 2) mostly to the passivation layers over the electrodes [59–61]. Negligible contribution of the 

anode charge transfer, and double layer capacitance in the low-frequency region is expected, 

considering the relatively small semicircles observed in the Nyquist plots of Figure 4. Notably, the 

EIS data at the OCV indicate the absence of charge transference in the cathode, which behaves as 

blocking electrode at about 3 V vs. Li+/Li [60] (see Figure 6g and Figure S3b in the Supplementary 

material), and overall high-frequency electrode/electrolyte interphase resistance of the order of 20 

Ω in the lithium-ion cell (ΣR(hf)i in Table 2). Galvanostatic cycling leads to an expected gradual 

increase of ΣR(hf)i up to values approaching 60 Ω at the 80th cycle, which might be attributed to the 

growth of passivation layers over the electrodes owing to the abovementioned parasitic reactions 

[23], along with a raise of the cathode charge transfer resistance (R(lf)) from about 240 Ω after the 

1st cycle to about 1200 Ω after the 80th cycle (see Table 1). This raise may be directly related to 

the increase in potential vs. Li+/Li of the positive electrode during cycling promoted by the 

concomitant change of the anode profile (see Figure 6c-f), which reflects a decreasing Li+ 
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concentration in the NCM lattice at the charged state [59]. This trend suggests an increasing 

influence of the microstructural reorganization of the anode during the final stages of the cycling 

test leading to a progressive change of the cell balance [13]. Possible mitigation of this issue may 

be achieved by the optimization of the cell balance in terms of N/P ratio as well as by further 

improving the conversion oxide characteristics [13].  

Table 2 

The effect of the electrode kinetics on the battery performance is further revealed by a rate 

capability test of a full NCM/NiO@C cell using the additional lithium probe reference to monitor 

the anode and the cathode potentials within the range from C/5 to 2C (1C = 170 mAh gcathode
−1). 

The results are reported in Figure 7 as cycling trend (panel a), potential profiles of NiO@C and 

NMC electrodes vs. the lithium-metal reference (panels b and c, respectively), and voltage curves 

of the full NiO@C/NMC cell (panel d).The lithium-ion battery exhibits a decrease in capacity as 

the current increases, delivering about 178, 173, 161, 137, and 98 mAh gcathode
−1 at current rates of 

C/5, C/3, C/2, 1C, and 2C, respectively; a current decrease back to the initial value of C/5 rate at 

the 51st cycle leads to a capacity of about 171 mAh gcathode
−1. An increase of cell polarization by 

current rising (see Figure 7d) reflects the expected overvoltage at the anode and cathode sides (see 

Figure 7b and c, respectively), while the modification of the electrode potential measured by the 

lithium probe suggests a gradual decrease in the Li+ concentration in both NiO@C and NCM 

during cycling, which is consistent with the results of Figure 6. In this regard, mitigation of 

parasitic Li+ consumption due to irreversible processes, occurring in the so-called “rocking chair” 

battery besides the (de)intercalation within the cathode and metal oxide conversion, is considered 

a crucial challenge that needs to be overcome for application [4,62,63]. 

In summary, the NiO@C anode exhibits a charging potential higher than that of graphite 

(mostly between 1.5 and 2.5 V vs. Li+/Li compared to values ranging from 0.2 and 0.3 V vs. Li+/Li, 

respectively) [64], which actually penalizes the working voltage of the lithium-ion cell as 
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compared to conventional batteries, although it may deliver a reversible capacity as high as 800 

mAh g−1 (compared to 372 mAh g−1 for graphite), thereby decreasing the overall cell weight [4,63]. 

Accordingly, the NiO@C/NCM cell has a lower energy density than that of standard lithium-ion 

batteries. Moreover, the large potential hysteresis between charge and discharge has an adverse 

effect on the energy efficiency. On the other hand, the higher working voltage than that of graphite 

might mitigate possible lithium plating at the anode side, that is, a detrimental phenomenon with 

crucial impact on the safety level of cells and battery packs. Lithium electrodeposition on graphite 

is promoted by charging at low temperature and may lead to poor cycling performance, capacity 

fading and, in the worst-case scenario, to thermal runaways and uncontrolled exothermic reactions 

[65,66]. Therefore, high-voltage anodes might be more suitable than graphite for low-temperature 

applications [51]. 

Figure 7 

Conclusions 

A NiO anode was prepared by a simple two-step pathway based on the reduction of oxide 

nanoparticles to metallic Ni embedded into a carbon matrix and subsequent mild oxidation of the 

metallic core. A comprehensive structural, compositional and morphological investigation 

revealed NiO grains between 10 and 50 nm forming aggregates ranging from about 100 nm to 

about 5 µm, as well as metallic Ni particles (3–4 wt.%) with crystallite size of the order of 100 nm 

and C traces (below 4 wt.%). The resulting NiO@C nanocomposite showed high reactivity in the 

cell, exchanging lithium ions by a conversion process mostly occurring at 1.3 V vs. Li+/Li during 

discharge and at 2.2 V vs. Li+/Li during charge. Preliminary results indicated that the two-step 

treatment remarkably enhances the characteristics of the metal oxide leading to a composite 

electrode delivering almost 800 mAh g−1 at a C/5 rate. In particular, the material exhibited a higher 

specific capacity, faster kinetics at the electrode/electrolyte interphase, and a significantly longer 

cycle life than the pristine nano-powder. Accordingly, a suitable rate capability within the current 
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range from C/10 to 2C suggested possible application of the electrode in lithium-ion batteries. 

Therefore, a full-cell was assembled by coupling the NiO@C anode with a LiNi⅓Co⅓Mn⅓O2 

cathode, and it was studied by galvanostatic cycling at a C/2 rate as referred to the cathode, 

corresponding to 85 mA g−1. The NiO@C/NCM battery operated at about 2.5 V through sloped 

curves within the wide window from 1.5 to 4.3 V by delivering about 160 mAh gcathode
−1 with 

reversibility and coulombic efficiency suitable to ensure about 80 cycles. Electrochemical 

measurements monitoring the potential vs. Li+/Li of anode and cathode revealed a gradual decrease 

in Li+ concentration in both electrodes ascribable to parasitic processes leading to a progressive 

increase in interphase resistance. These changes yielded to a decrease in the average voltage of the 

cell during the cycling process. Although the straightforward two-step technique may might 

facilitate a possible application of conversion anodes, our results on full cell highlighted the issues 

still hindering a transition of conversion metal oxides for the laboratory to the market, which might 

be underestimated in the various works focusing on the synthesis, characterization, and tests in 

half cell. These results clarified the actual behavior of an enhanced nanostructured metal oxide 

anode in a lithium-ion battery, thereby providing valuable electrochemical contribute for further 

debating the applicability of the conversion anodes. 
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Table captions 

Table 1. Results of Rietveld refinement of the XRD pattern of NiO@C in terms of space group, 

weight fraction, crystallite size, lattice parameter, unit cell volume of the crystalline NiO and Ni 

phases, along with good-of-fit (GOF, σ) parameter and weighted-profile R factor (Rwp%). 

Table 2. Results of NLLS analysis of EIS data on the NiO@C/NCM cell at the OCV and after the 

1st, 10th, 50th, and 80th cycles at the charged state in terms of χ2 parameter and electrode/electrolyte 

interphase resistance. ∑ R /Ω (i = 1, 2) is the sum of interphase resistances at high-medium 

frequency (briefly high-frequency region) and R /Ω is the interphase resistance at medium-low 

frequency (briefly low-frequency region). Analysis performed by using the Boukamp software 

[58]. See the voltage profiles of the NiO@C/NCM full-cell in Figure 6c–f, and the corresponding 

Nyquist plots in Figure 6g–j. EIS Nyquist plots of Li/NMC and Li/NiO@C sides during full-cell 

cycling collected by the lithium reference probe are shown in Figure S3 of the Supplementary 

material.   
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Figure captions 

Figure 1. Schematic illustration of the two-step synthetic pathway. In detail: (step 1) sucrose 

precipitation on bare NiO followed by pyrolysis at 600 °C under an Ar flow; (step 2) mild oxidation 

of the Ni@C intermediate by heating at 380 °C under an air flow to form the NiO@C material. 

Figure 2. (a) XRD patterns of pristine NiO, Ni@C (after step 1) and NiO@C (after step 2). The 

patterns have been indexed to the reference structures of NiO (ICSD # 9866), and Ni (ICSD # 

260169) with space group 𝐹𝑚3𝑚 (No. 225); see Table 1 reporting the Rietveld refinement results 

for NiO@C. (b) TGA under an air flow (50 mL min−1) at a heating rate of 10 °C min−1 from 30 to 

800 °C (mass percent on the left y-axis), with suggested reactions occurring in the sample and 

mass percent variation in inset. 

Figure 3. Electron microscopy analyses of (a–f) bare NiO, (g–l) Ni@C, and (m–r) NiO@C 

powders. In detail: (a, g, and m) SEM images of the three samples (magnified views in the insets); 

(b, h, n) HAADF-STEM images; (c, i, and o) ZL-TEM images and (d and e, j and k, p and q) 

corresponding EFTEM elemental maps, showing the distribution of (d, j, and p) C + O (green and 

blue, respectively) and C + Ni (green and red); (f, l, and r) HRTEM images and corresponding fast 

Fourier transforms (FFTs) results indexed to the (f and r) ICSD # 9866 and (l) ICSD # 260169 

reference structures. 

Figure 4. CV and (insets) EIS Nyquist plots of (a) NiO and (b) NiO@C in three-electrode lithium 

half-cells. CV performed at 0.1 mV s−1 within 0.01 – 2.8 V vs. Li+/Li. Impedance spectra recorded 

at the OCV and after 1, 2 and 3 full voltammetry cycles by applying an alternate voltage signal 

with amplitude of 10 mV in the 500 kHz – 100 mHz range. 

Figure 5. (a and b) Cycling response of NiO, Ni@C and NiO@C in two-electrode half-cells at a 

C/5 rate (1C = 718 mA g−1) in terms of (a) voltage profiles and (b) cycling behavior. (c and d) 

Rate capability tests of NiO@C in a two-electrode half-cell at C/10, C/8, C/5, C/3, C/2, 1C, 2C 



33 

rates (1C = 718 mA g−1), respectively, in terms of (c) voltage profiles and (d) cycling behavior. 

Voltage window: 0.01 – 2.8 V. 

Figure 6. Electrochemical characterization of the NiO@C/NCM cell. In detail: (a–b) galvanostatic 

cycling at a rate of C/2 in terms of (a) voltage profiles and (b) cycling behavior (1C =170 mA 

gcathode
−1); specific capacity referred to the NCM mass; galvanostatic-cycling voltage range 

controlled in the NiO@C/NMC cell: 0.8 – 4.3 V; prior to the full-cell assembling, the NiO@C 

anode has been electrochemically activated by performing 3 discharge/charge galvanostatic cycles 

in a T-type half-cell at a C/5 rate from 0.01 to 2.8 V with final charge up to 2.2 V; (c–f) potential 

of anode and cathode vs. Li+/Li as measured by a lithium-metal reference probe in the cell and 

corresponding voltage profile of the full cell (i.e., cathode vs. anode) for the (c) 1st, (d) 10th, (e) 

50th, and (f) 80th cycles; (g–j) experimental and simulated EIS Nyquist plots of the full cell at the 

(g) OCV and after the (g) 1st, (h) 10th, (i) 50th, and (j) 80th cycles at the charged  state; EIS 

performed by applying an alternate voltage signal of 10 mV within the frequency range from 500 

kHz to 20 mHz to the cell; simulation of the spectra has been carried out by NLLS analysis [58] 

according to the Re(R(hf)1Q(hf)1)(R(hf)2Q(hf)2)(R(lf)Q(lf)) equivalent circuit (see Table 2 for the related 

results in terms of χ2 parameter and electrode/electrolyte interphase resistance); EIS Nyquist plots 

of either electrodes vs. a lithium-metal probe in the cell are shown in Figure S3 of the 

Supplementary material. 

Figure 7. Results of a rate capability test within the current range from C/5 to 2C rates (1C = 170 

mAh gcathode
−1) in terms of (a) cycling trend, potential profiles of (b) NiO@C and (c) NMC vs. 

Li+/Li as measured by a lithium-metal reference probe in the cell, and (d) voltage curves of the 

NiO@C/NMC cell. Specific capacity referred to the NCM mass for panels a, c, and d and to the 

NiO@C mass for panel b; galvanostatic-cycling voltage range controlled in the NiO@C/NMC 

cell: 0.8 – 4.3 V; prior to the full-cell assembling, the NiO@C anode has been electrochemically 
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activated by performing 3 discharge/charge galvanostatic cycles in a T-type half-cell at a C/5 rate 

from 0.01 to 2.8 V with final charge up to 2.2 V.  
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Phase Space group 
Weight 
fraction 

(Crystallite 
size)/Å 

a/Å V/Å3 
GOF 
(σ) 

Rwp% 

NiO 𝐹𝑚3𝑚  
(No. 225) 

0.96±0.02 340.1±0.3 4.1794(1) 73.006(8) 

1.6 9 

Ni 𝐹𝑚3𝑚 
(No. 225) 

0.04±0.02 1400±100 3.5278(2) 43.905(7) 

Table 1 
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Cell condition Equivalent circuit χ2 ∑ 𝐑 𝒉𝒇 𝐢/Ω (i = 1, 2) 𝐑 𝒍𝒇 /Ω 

OCV Re R hf 1Q hf 1 R hf 2Q hf 2 Q lf  1.8×10−4 21±7 – 

1st cycle Re R hf 1Q hf 1 R hf 2Q hf 2 R lf Q lf  2.5×10−4 22±10 238±8 

10th cycle Re R hf 1Q hf 1 R hf 2Q hf 2 R lf Q lf  2.6×10−4 29±15 570±20 

50th cycle Re R hf 1Q hf 1 R lf Q lf  4.0×10−4 42.5±0.5 790±30 

80th cycle Re R hf 1Q hf 1 R hf 2Q hf 2 R lf Q lf  5.2×10−4 58±14 1260±40 

Table 2  
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