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Abstract 

Multiwalled carbon nanotubes (MWCNTs) are studied for the first time as the anode in 

lithium-ion batteries using LiCoO2, Li[Ni1/3Co1/3Mn1/3]O2 and LiFe1/4Mn1/2Co1/4PO4 cathodes. The 

anode material has a partially graphitic structure and nanotube morphology, which ensure stable 

cycling, Coulombic efficiency exceeding 99% as well as remarkable rate-capability in lithium half-

cell, and suggest the compatibility for full-cell application. The performance of each lithium-ion 

array appears strongly related to the different structural, morphological and electrochemical 

features of the positive electrodes. The study in full-cell of the MWCNT anode, to date mostly 

investigated in lithium half-cell, is therefore performed under various conditions. The 

MWCNT/Li[Ni1/3Co1/3Mn1/3]O2 combination reveals promising behavior in terms of cycling 

stability, reversible capacity and Coulombic efficiency, which well demonstrates the potential 

suitability of MWCNTs as anodes in lithium-ion cell. 
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Introduction 

Current research on lithium-ion batteries is focusing on novel electrode materials with 

enhanced electrochemical features with respect to the conventional ones. Various studies aimed at 

improving the cell performance to match the needs of a wide array of emerging technologies, 

ranging from new-generation portable electronics to electric vehicles and small-/medium-scale 

grid energy storage.1 Accordingly, new cathode materials characterized by high specific capacity 

and/or working voltage, such as advanced transition metal oxides2–4 and polyanionic compounds,5–

7 have been recently investigated with promising results. The studies revealed the key role of the 

material optimization in terms of composition, structure and morphology to enhance the cathode 

performance. As for the anode side, alternative, high-capacity electrode materials reacting with 

lithium by insertion, conversion or alloying have been widely studied.8 Several carbonaceous 

materials with different morphologies, i.e., zero- (0D), one- (1D), two- (2D), and three-

dimensional structures, have been reported as electrodes for battery application. Their 

performances in lithium-ion cell are strongly related to the structural and morphological features.9 

Composites materials based on semi-metallic and metallic elements or metal oxides have been 

recently proposed as high-performance anodes reacting by alloying or conversion, respectively.10–

16 Alloy-based electrodes typically have low working voltage vs Li+/Li and high theoretical 

capacity, especially those based on IV group elements, but suffer from huge volume change upon 

Li-(de)alloying, which may leads to material pulverization throughout cycling. Therefore, alloying 

nanoparticles are generally entrapped within either active or inactive matrixes able to buffer the 

volume variation, such as carbon, which may decrease the practical capacity. As for metal oxide-

based anodes, the multiple-electron conversion reaction ensures higher reversible capacity than 

the insertion one. However, such materials exhibit large voltage hysteresis and volume variation, 
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as well as high working potential vs Li+/Li, which may affect the energy density of the lithium-ion 

cell.8 Moreover, both alloying and conversion-type anodes are typically characterized by large 

first-cycle irreversible capacity, which requires electrode pre-treatments before full-cell 

assembly.17 

Among the carbonaceous materials, carbon nanotubes (CNTs) have been characterized as 

possible anodes for lithium-ion battery in several literature works.18–23 Indeed, since the first report 

on CNTs in 1991,24 the reversible electrochemical insertion of Li+ into single-walled and multi-

walled CNTs (SWCNTs and MWCNTs, respectively) has been thoroughly demonstrated. Lithium 

ions can diffuse into stable sites either on the outer or the inner surface of a single CNT graphene 

layer, thereby leading to a larger Li+ uptake than LiC6. Furthermore, lithium ions can be inserted 

into interstitial sites of close-packed SWCNT bundles and within the graphene layers of 

MWCNTs.25 Therefore, the achievable lithium-ion capacity of CNT materials is strongly related 

to their morphology.26 In particular, highly-defective, short CNTs exhibit remarkable capacity. 

However, structure defects also increase the irreversible capacity, and lead to large voltage 

hysteresis as well as to high working voltage vs Li+/Li,21,27,28 which are serious drawbacks for 

lithium-ion battery application. On the other hand, graphitic MWCNTs usually ensure better 

cycling performances with high Coulombic efficiency through electrochemical processes at low 

voltage vs Li+/Li, however with relatively low reversible capacity.28 Despite the remarkable 

performances in terms of specific capacity reported so far,29–32 several unsolved issues still limit 

the application of CNTs as electrodes. Accordingly, only a few paper reported the electrochemical 

characterization in full-cell of CNT anodes,33 while the scientific community has mostly focused 

the attention on the electrochemical study in lithium half-cell.28 Therefore, further work is needed 

to demonstrate the applicability of such materials as negative electrodes.  
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Following this trend, we investigated the use of a MWCNT anode in lithium-ion cells with 

three cathode materials differing by structure, morphology and electrochemical behavior, i.e., the 

LiCoO2
34 and Li[Ni1/3Co1/3Mn1/3]O2

35 layered oxides and the LiFe1/4Mn1/2Co1/4PO4
36 olivine. All 

the materials have been comparatively characterized in terms of structure, morphology, 

composition and electrochemical properties. The features of each lithium-ion array allowed the 

study of the electrochemical behavior of the MWCNT anode in several experimental conditions. 

The results of this work are therefore expected to provide further knowledge on the use of CNTs 

as negative electrode in lithium-ion battery. 

Experimental Section 

Multiwalled carbon nanotubes (MWCNTs) purchased from Sigma Aldrich (99.8% purity) 

were annealed for 12 h at 750 under a nitrogen flow in order to remove possible impurities, 

adsorbed water and undesired surface functional groups (sample MWCNT’). LiCoO2 (LCO) was 

synthesized by the solid-state method according to an already reported recipe.34 

Li[Ni1/3Co1/3Mn1/3]O2 (NCM) was synthesized by co-precipitation of (Ni1/3Co1/3Mn1/3)(OH)2 in a 

continuous stirred tank reactor (CSTR) followed by calcination of the precursor with LiOH, 

according to an already reported procedure.35 LiFe1/4Mn1/2Co1/4PO4 was prepared by low-

temperature solvothermal method and C-coated by pyrolysis of sucrose as previously reported.36 

X-ray diffraction patterns were recorded through a Bruker D8 Advance diffractometer 

equipped with a CuKα source. Sample morphology and composition were analyzed by scanning 

electron microscopy (SEM), SEM-energy dispersive X-ray spectroscopy (EDS) and transmission 

electron microscopy (TEM). SEM and SEM-EDS were performed through a Zeiss EVO 40 

microscope with a LaB6 thermoionic gun, equipped with a X-ACT Cambridge Instrument analyzer 

for EDS. TEM imaging was carried out by using a Zeiss EM 910 instrument equipped with a 
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tungsten thermoionic electron gun. The sample for TEM analysis was suspended in water, 

sonicated and deposited onto a Formvar support film applied on a Cu grid. Selected area diffraction 

pattern (SADP) was recorded through the former microscope. 

Electrode films of MWCNT’, LCO, NCM, and LFMCP supported on current collector foils 

were made by casting through doctor blade. Slurries of active material, poly(vinylidene fluoride) 

binder (PVDF 6020, Solef Solvay), and Super P (Timcal) conductive agent in N-methyl 

pyrrolidone (NMP, Sigma-Aldrich) in the weight ratio of 8:1:1 were prepared and deposited on 

the current collector foils. The coated foils were dried 3 hours at about 70 °C under air in order to 

evaporate the NMP solvent and then cut into electrode disks with diameter of either 10 mm or 14 

mm for either T-cell or coin-cell use, respectively. The electrode disks were dried overnight under 

vacuum at 110 °C before use. Cu foils (thickness of 25 µm, MTI Corporation) were used as the 

current collectors for MWCNT’; Al foils (thickness of 15 µm, MTI Corporation) were used as the 

current collectors for LCO and NCM; carbon foam sheets (thickness of 454 µm, MTI Corporation) 

were used as the current collectors for LFMCP. The carbon sheet support may enhance the 

performance of olivine cathode materials as previously reported.37,38 The active material loadings 

of the electrodes cycled in lithium half-cell were about 5 mg cm−2 for LCO and NCM, 6 mg cm−2 

for LFMCP, and 1 mg cm−2 for MWCNT’. The active material loadings of LCO, NCM and 

LFMCP were lowered to about 2.3, 3.1 and 1.5 mg cm−2, respectively, in order to match the anode 

capacity in full-cell based on our previous reports. 

The electrochemical tests 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), 

which was imbibed by a Whatman glass-fiber separator. Coin-cells 2032 and T-type, polyethylene 

cells were assembled in an Ar-filled glovebox (O2 and H2O content lower than 1 ppm) by stacking 
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anode, separator soaked with the electrolyte, and cathode. Coin-cells were used for the cycling 

tests in half-cell (two-electrode cell). T-cells were used for the cyclic voltammetry tests of the 

electrodes (three-electrode cell) and the galvanostatic cycling of the full-cells (two-electrode cell). 

Fig. S1 in the Supporting Information shows a schematic diagram of the T-cell. 

The cyclic voltammetry experiments were performed on three-electrode cells using 

lithium-metal counter and reference electrodes through a VersaSTAT MC Princeton Applied 

Research (PAR). The cyclic voltammetry measurements were carried out at a scan rate of 0.1 mV 

s−1. The following potential ranges were used of the tests: 0.01 – 2 V vs Li+/Li for MWCNT’; 2.7 

– 4.4 V vs Li+/Li for both LCO and NCM; 2 – 4.9 V vs Li+/Li for LFMCP.  

Galvanostatic cycling experiments were performed on two-electrode cells through a 

MACCOR series 4000 battery tester. MWCNT’ was cycled in lithium half-cell within the 0.01 – 

2 V voltage range at a current rate of C/3 (124 mA g−1; 1C was referred to the theoretical capacity 

of graphite, i.e., 372 mAh g−1). LCO was cycled in lithium half-cell within the 2.7 – 4.1 V voltage 

range at a current rate of C/2 (137 mA g−1; 1C was referred to the theoretical capacity for the 

exchange of 1 mol of Li+ for 1 mol of LiCoO2, i.e., 274 mAh g−1). NCM was cycled in lithium 

half-cell within the 2.7 – 4.4 V voltage range at a current rate of C/2 (140 mA g−1; 1C was referred 

to the theoretical capacity for the exchange of 1 mol of Li+ for 1 mol of Li[Ni1/3Co1/3Mn1/3]O2, i.e., 

280 mAh g−1). LFMCP was cycled in lithium half-cell within the 2 – 4.9 V voltage range at a 

current rate of C/5 (34 mA g−1; 1C was referred to the theoretical capacity for the exchange of 1 

mol of Li+ for 1 mol of LiFe1/4Mn1/2Co1/4PO4, i.e., 170 mAh g−1). Rate capability tests were 

performed by galvanostatic cycling in lithium half-cell at current rates of C/10, C/8, C/5, C/3, C/2, 

1C, 2C, 5C; the same voltage ranges used for the single-current tests were employed. 
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Lithium-ion full-cells were assembled by using an electrochemically-activated MWCNT’ 

electrode and LCO, NCM and LFMCP cathodes. The negative-to-positive ratios (N/P) of the full-

cells in terms of capacity were 1.9, 1.3 and 1.5 for LCO, NCM and LFMCP, respectively. We have 

set the N/P ratio taking into account the full expected capacity of each electrode, i.e., 140 mAh g−1 

for LCO, 160 mAh g−1 for NCM, 170 mAh g−1 for LFMCP, and 380 mAh g−1 for MWCNT’. The 

electrochemical activation of the anode was performed by galvanostatic cycling in lithium half-

cell at a C/5 rate (1C = 372 mA g−1) for 5 cycles and following charge of the cell up to 0.9 V. 

LFMCP cathode was pre-cycled for 5 cycles at C/5 (1C=170 mA g-1) before use, while LCO, NCM 

were used without pre-cycling. Afterwards, the cell was disassembled in order to recover the 

MWCNT’ electrode, which was used in full-cell without any further treatment. The 

MWCNT’/LCO cell was cycled within the 2.5 – 4 V range at a C/2 rate (137 mA g−1 with respect 

to the cathode); the MWCNT’/NCM cell was cycled within the 2.5 – 4.3 V range at a C/2 rate (140 

mA g−1 with respect to the cathode); the MWCNT’/LFMCP cell was cycled within the 2 – 4.7 V 

range at a C/2 rate (85 mA g−1).  

All the electrochemical tests were performed at 23 °C. 

Results and discussion 

As above mentioned, structure and morphology of the of MWCNTs electrode material play 

a remarkable role in determining its lithium exchange ability. Literature data indicated wide 

working voltage and specific capacity ranges for different CNT samples, depending on the 

graphitic character, the number of defects, the nanotube length and thickness, as well as the 

metallic/semiconducting character of the material. Thus, highly graphitic, thick CNT sample 

generally exhibit smaller voltage hysteresis, limited first-cycle inefficiency, higher Coulombic 

efficiency, however a lower capacity upon cycling in lithium cell compared to thin and disordered 
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one 25,28. Structure and morphology of the MWCNT’ material have been herein investigated by 

coupling XRD and electron microscopy (Fig. 1). The comparison of the XRD pattern of the sample 

with the reference data sheet of graphite carbon (PDF # 751621, see Fig. 1a) reveals its partially 

graphitic structure. The SEM and TEM images of Fig. 1b-e clearly show a sample formed by 

micrometic rods with a diameter ranging from 100 to 200 nm, while the SADP of the TEM (inset 

of Fig. 1e) further indicates the crystalline structure of the material, thus in agreement with the 

XRD results. These structural and morphological features can actually ensure crucial requirements 

for full-cell application such as high Coulombic efficiency, low capacity fading and low operating 

voltage owing to the graphitic character,28,39 as indeed confirmed by the electrochemical results 

reported in Fig. 2. Fig. S2 in the Supporting Information shows the FT-IR spectra of the MWCNTs 

befor and after annealing (samples MWCNT pristine and MWCNT’). The graph related to the 

pristine material reveals broad peaks at 3415 and 1620 cm−1, which can be attributed respectively 

to O-H and C=O stretching vibrations of possible carboxyl functional groups or absorbed water, 

as well as a peak at 1080 cm−1 assigned to the C-O stretching vibration. The presence of these 

peaks has been already observed in literature and related to the possible oxidation of the MWCNTs 

with introduction of COOH groups on the surface of MWCNTs.40 Further functionalities may be 

indicated by the peak around 2500 cm−1, likely ascribed to the C-H stretching mode,41 and the peak 

at about 1300 cm-1 probably due to C-O-C stretching mode.42 Minor differences are revealed by 

the spectrum of MWCNT’, in particular for the peak at 1080 cm−1 (C-O stretching) and 2500 cm−1 

(C-H stretching) which become smaller. 
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Figure 1. (a) XRD patterns of the MWCNT’ sample and carbon reference (PDF # 751621). (b-e) 

Electron microscopy analyses of the MWCNT’ sample by (d, c) SEM at different magnifications 

and (d, e) TEM; SADP in panel e inset. 

Fig. 2a shows the cyclic voltammetry of the MWCNT’ electrode in three-electrode lithium 

cell. The first cycle reveals a small peak at about 0.7 V vs Li+/Li upon reduction indicating an 

irreversible process, which is attributed to the solid electrolyte interphase (SEI) formation.43,44 

 

20 30 40 50 60 70 80

(a)

PDF # 751621

In
te

n
s
it
y
 /
 a

.u
.

2   degree

MWCNT'



10 

Moreover, Fig. 2a shows reversible electrochemical reactions mostly occurring below 0.3 V vs 

Li+/Li, ascribed to the Li+ (de)insertion within the MWCNT’ electrode. The full overlapping of 

the curves by the subsequent cycles further suggests a highly reversible electrochemical processes 

at the MWCNTs. The electrode has been studied by galvanostatic cycling in lithium half-cell at 

several current rates (Fig. 2b) as well as at a single current rate upon 100 cycles (Fig. 2c, d). The 

rate capability test shows only minor decrease on the reversible capacity of the MWCNT’ electrode 

by current increase from C/10 to C/2 rates (1C = 372 mA g−1); indeed, the cell delivers a reversible 

capacity of 372, 364, 355, and 345 mAh g−1 at C/10, C/5, C/3, and C/2 rates, respectively. Further 

current rise leads to a capacity decrease to 301, 192, and 99 mAh g−1, respectively delivered at 1C, 

2C, and 5C rates. The cell recovers the initial capacity of 372 mAh g−1 as the current is decreased 

to C/10 rate at the 22nd cycle. Fig. S3 in the Supporting Information indicates slight overvoltage 

during the rate capability test, due to the current increase. Panels c and d of Fig. 2 show the results 

of a cycling test at a C/3 rate (1C = 372 mA g−1) over 100 cycles in terms of voltage curves and 

cycling behavior, respectively. The cell exhibits a sloping voltage profile at about 0.7 V upon the 

first discharge (see Fig. 2c inset), ascribed to the above mentioned SEI formation,43,44 which leads 

to an irreversible capacity of 201 mAh g−1. This plateau does not occur by the subsequent cycles 

(Fig. 2c), and a large fraction of the Li+ insertion/deinsertion occurs below 0.5 V, thus in agreement 

with the cyclic voltammetry. This reversible trend may be partially related to the high crystallinity 

of the MWCNT’ material suggested by XRD and SADP.39 On the other hand, a small fraction of 

the reversible electrochemical process takes place through a sloppy voltage profile above 0.5 V 

both upon discharge and charge. This feature may be actually attributed to Li+ uptake in defective 

and/or non-graphitic carbon sites.25,45 As already suggested by the overlapping of the voltage 

profiles in cyclic voltammetry, Fig. 2d indicates a remarkably stable reversible capacity 
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approaching 380 mAh g−1 over 100 cycles at C/3 (1C = 372 mA g−1) with an average Coulombic 

efficiency of 99.6% after few stabilization cycles.  

   

 
Figure 2. Electrochemical characterization of the MWCNT’ sample. (a) Cyclic voltammetry in 

three-electrode T-cell using lithium counter and reference electrodes at a scan rate of 0.1 mV s−1. 

(b) Rate capability test in lithium half-cell at C/10, C/5, C/3, C/2, 1C, 2C, and 5C rates (1C = 372 

mAh g−1). (c, d) Galvanostatic cycling test in lithium half-cell at a C/3 rate in terms of (c) voltage 

profiles and (d) cycling trend (specific capacity and Coulombic efficiency on the left and right y-

axes, respectively); 1st voltage profile in panel c inset. 

The annealing actually improves the electrode performance in lithium cell, as shown in 

Fig. S4 in the Supplementary Informatoion. Indeed, Fig. S4 clearly reveals a capacity increase 

after the thermal treatment, as well as an increase of the electrochemical processes associated with 
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defective and/or non-graphitic carbon. The MWCNT’ material exhibits promising electrochemical 

behavior aimed at application in lithium-ion full-cells with insertion cathodes, that is, (i) relatively 

low electrochemical potential for lithium exchange, (ii) low voltage hysteresis, and (iii) stable 

cycling with high Coulombic efficiency.1,8 Nevertheless, large part of the literature has focused on 

the characterization and electrochemical evaluation of single- and multiwalled CNTs only in 

lithium half-cell, even with remarkably high specific capacity values,28–32 rather than in full-cell. 

Therefore, we have studied the MWCNT’ electrode as the anode in lithium-ion cells with three 

cathode materials differing by structure, morphology and, accordingly, electrochemical features, 

namely LCO, NCM layered oxides and LFMCP olivine (see the Experimental section for sample 

acronym). The XRD patterns of the samples reported in Fig. 3a show the expected reflections of 

the layered structure of LCO and NCM (PDF # 750532) as well as those of the olivine structure 

of LFMCP (PDF # 832092). The LCO sample appears formed by irregular aggregates of 

micrometric particles, as shown by SEM in panels b and c of Fig. 3. Instead, NCM is 

homogeneously composed of round-shaped aggregates with average diameter of about 10 µm and 

sub-micrometric primary particles (panels e and f of Fig. 3). On the other hand, olivine cathode 

materials typically have a sub-micrometric morphology able to mitigate the low electronic 

conductivity and slow lithium-ion transport by shortening the electron and lithium diffusion 

pathways.46,47 Accordingly, the LFMCP has been synthesized into regular sub-micrometric 

particles, as shown in panels h and i of Fig. 3, and coated by a thin carbon layer in order to improve 

the electrochemical performances36 (see the Experimental section for further details). The atomic 

composition of the samples and the homogeneous elemental distribution have been confirmed by 

SEM-EDS (see panels d, g and l of Fig. 3 and the related insets, reporting the elemental analyses 

for LCO, NCM and LFMCP, respectively). 
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Figure 3. (a) XRD patterns of LCO, NCM and LFMCP as well as reference data of LiCoO2 (PDF 

# 750532) and LiFePO4 (PDF # 832092). (b-l) Electron microscopy analyses of (b-d) LCO, (e-g) 

NCM and (h-l) LFMCP. In detail: (b-c, e-f, h-i) SEM images at different magnification of the 

samples; (d) SEM-EDS of LCO and elemental mapping of O and Co in inset; (g) SEM-EDS of 

NCM and elemental mapping of O, Co, Mn, and Ni in inset; (l) SEM-EDS of LFMCP and 

elemental mapping of O, Co, Fe, Mn, and P in inset. 

Fig. 4 compares the electrochemical features of LCO, NCM and LFMCP in terms of cyclic 

voltammetry (panel a), rate capability (panel b), and cycling behavior (panels c and d). Fig. 4a 

 

20 30 40 50 60 70 80 90

LFMCP

PDF # 832092

(a)

PDF # 750532

In
te

n
s
it
y
 /
 a

.u
.

2   degree

NCM

LCO



14 

shows the cyclic voltammetry of the electrode materials in three-electrode lithium cell. The top 

panel, related to LCO, reveals the typical response of LiCoO2 materials, characterized by three 

peaks upon both oxidation and reduction scans,48 which occur at 3.96, 4.07 and 4.19 V vs Li+/Li 

during lithium extraction and at 3.87, 4.04 and 4.16 V vs Li+/Li during lithium insertion. In 

particular, the peaks above 4.1 V vs Li+/Li have been attributed to the transition from a hexagonal 

to a monoclinic phase, which leads to structural degradation in LiCoO2 electrodes,34,49–51 

Accordingly, the charge cutoff has been set at 4.1 V for the galvanostatic cycling tests in lithium 

half-cell (Fig. 4b-d). On the other hand, NCM exhibits reversible lithium intercalation up to 4.4 V 

vs Li+/Li through voltammetry peaks centered at 3.78 V vs Li+/Li upon charge and 3.72 V vs Li+/Li 

upon discharge. LFMCP shows the electrochemical activity of the Fe3+/Fe2+, Mn3+/Mn2+ and 

Co3+/Co2+ redox couples within the olivine lattice at 3.56, 4.26 and 4.74 V vs Li+/Li during 

oxidation and 3.46, 3.96 and 4.61 V vs Li+/Li during reduction. Therefore, the LFMCP electrode 

has been cycled in lithium half-cell within the wide 2 – 4.9 V range in order to exploit the 

electrochemical processes due to the three transition metals. 

Fig. 4b shows the results of rate capability tests of the LCO, NCM and LFMCP electrodes 

in lithium half-cell. Herein, the 1C rate has been calculated by taking into account the extraction 

of 1 mol of Li+ per mol of active material (see the Experimental section for further details). The 

LCO material delivers a reversible capacity of 126, 124, 120, 113, and 93 mAh g−1 at C/10, C/8, 

C/5, C/3, and C/2 rates (1C = 274 mA g−1). It is noteworthy that the relatively low charge cutoff 

(4.1 V), which is close to the working voltage of LCO, leads to full electrode deactivation as the 

current increases to 1C owing to cell polarization (see the voltage profiles of the rate capability 

tests in Fig. S5 of the Supporting Information). NCM, in contrast, shows the best rate performance 

among the investigated cathodes, with capacity of 168, 164, 160, 155, 145, 130, 104, and 60 mAh 
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g−1 at C/10, C/8, C/5, C/3, C/2, 1C, 2C, and 5C rates (1C = 280 mA g−1). As for LFMCP, the rate 

capability test reveals lower capacity at slow rates than the layered materials: the reversible 

capacity decreases from 120 mAh g−1 at C/10 to 106, 94, 83, 68, mAh g−1 at C/8, C/5, C/3, and 

C/2 rates (1C = 170 mA g−1). However, the LFMCP electrode exhibits better high-rate behavior 

than LCO, by delivering 53, 35, and 23 mAh g−1 at 1C, 2C, and 5C rates. All the cells recover the 

initial capacity as the current decreases to C/10 at the 25th cycle. 

Taking into account the rate capability results, we have tested the layered materials at a 

current rate of C/2 and the LFMCP olivine at a current rate of C/5. Such current rates ensure stable 

reversible capacity of about 110, 155 and 100 mAh g−1 for LCO, NCM and LFMCP, respectively, 

as shown in panels c and d of Fig. 4. The comparison of voltage curves provided in Fig. 4c 

illustrates the different characteristics of the electrode materials in terms of working voltage and 

delivered capacity, which are expected to strongly affect the behavior of the corresponding full-

cells with the MWCNT’ anode. Indeed, as already mentioned, LCO exchanges up to about 0.5 

moles of Li+ ions within a narrow voltage window centered at 4 V, while NCM can reversibly 

(de)intercalate a larger amount of lithium between 3.5 and 4.4 V.52 Furthermore, LFMCP shows a 

broad voltage range for the (de)insertion of about 0.6 moles of Li+ per mol of 

LiFe1/4Mn1/2Co1/4PO4, with working voltage at the stability limit of conventional electrolytes.53 

Accordingly, the olivine cathode exhibits lower Coulombic efficiency upon cycling than the 

layered materials, as shown in Fig. 4b. This issue may particularly affect the electrode mass 

balance in full-cell.1 
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Figure 4. Electrochemical characterization of LCO, NCM and LFMCP. (a) Cyclic voltammetry 

in three-electrode T-cell using lithium counter and reference electrodes at a scan rate of 0.1 mV 

s−1. (b) Rate capability tests in lithium half-cell at C/10, C/8, C/5, C/3, C/2, 1C, 2C, and 5C rates 

(1C = 274; 280; 170 mAh g−1 for LCO, NCM and LFMCP, respectively). (c, d) Galvanostatic 

cycling tests in lithium half-cell at a C/2 rate for LCO and NCM and at a C/5 rate for LFMCP in 

terms of (c) voltage profiles at the 12th cycle and (d) cycling trend (specific capacity and 

Coulombic efficiency on the left and right y-axes, respectively).  

Three full-cells combining the MWCNT’ anode with the LCO, NCM and LFMCP 

materials, respectively, have been assembled. The cells had an excess of anode capacity in order 

to balance the first-cycle irreversible capacity of the cathodes and avoid possible lithium plating 
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at the negative electrode (see the Experimental section for further details).1 Moreover, the negative 

electrodes were pre-cycled and partially lithiated, as described in the Experimental section. Such 

an approach allowed the formation of the SEI over the anode surface without any loss of lithium 

at the cathode side.54  

Fig. 5 compares the galvanostatic cycling responses of the full-cells in terms of voltage 

profiles (panel a) and cycling behavior (panel b). The lower working of voltage and the additional 

slope observed of the full-cells (Fig. 5a) with respect to LCO, NCM and LFMCP in the 

corresponding half-cells (compare Fig. 4c and Fig. 5a) reflect the combination of the 

electrochemical processes at the negative and positive sides. The MWCNT’/LCO cell delivers a 

reversible capacity with respect to the cathode mass of 103 mAh g−1 at the first cycle though a 

voltage plateau at 3.8 V (Fig. 5a) and a capacity fading of 22% at the 40th cycle (Fig. 5b). Instead, 

the MWCNT’/NCM cell ensures very stable cycling trend with voltage profiles centered at 3.8 V 

and reversible capacity with respect to the cathode mass approaching 150 mAh g−1. The high 

working voltage of the Co3+/Co2+ couple (4.74 V vs Li+/Li upon oxidation) leads to some 

electrolyte decomposition upon charge of both the half and full-cells using LFMCP.36,55 

Accordingly, the full-cell employing LFMCP exhibits lower Coulombic efficiency than those 

using LCO and NCM. The former cell reveals an initial reversible capacity with respect to the 

cathode mass of about 110 mAh g−1 which decreases to about 64 mAh g−1 at the 40th cycle, that is, 

the 58% of the initial capacity. This trend suggests the use of a more appropriate electrolyte for 

allowing efficient operation of the promising MWCNT’/LFMCP cell.  
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Figure 5. Galvanostatic cycling tests of full-cells using MWCNT’ anode and LCO, NCM and 

LFMCP cathodes, respectively, in terms of (a) voltage profiles at the 2nd cycle and (b) cycling 

trend (specific capacity and Coulombic efficiency on the left and right y-axes, respectively). The 

specific capacity is referred to the cathode mass. MWCNT’/LCO cell: cycling within the 2.5 – 4 

V range at a C/2 rate (137 mA g−1 with respect to the cathode); MWCNT’/NCM cell: cycling 

within the 2.5 – 4.3 V range at a C/2 rate (140 mA g−1 with respect to the cathode); 

MWCNT’/LFMCP cell: cycling within the 2 – 4.7 V range at a C/2 rate (85 mA g−1).  

In summary, the MWCNT’/NCM full-cell has the most stable cycling trend. On the other 
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cycles, which is likely related to the relatively low Coulombic efficiency. Indeed, the full-cells 

show average Coulombic efficiency values after the 5th cycle of 98.3% (LCO), 99.4% (NCM) and 

94.9% (LFMCP; see Fig. 5b). It is noteworthy that the corresponding lithium half-cells employing 

LCO, NCM and LFMCP show comparable cycling stability despite the different Coulombic 

efficiency values, which are about 99% for LCO and NCM and 95% for LFMCP (see Fig. 4d), 

since the cells have an excess of lithium-metal anode. Accordingly, the observed capacity fading 

of lithium-ion cells may be reasonably attributed to loss of the cell balance upon cycling in view 

of electrolyte decomposition which is strongly related with the adopted cathode material.1 

 

Conclusion 

Multiwalled carbon nanotubes electrode was fully characterized and used as the anode in 

combination with three cathodes, namely LCO, NCM and LFMCP. The carbon material had a 

partially graphitic structure, revealed by XRD and TEM-SADP, and was homogenously formed 

by micrometric tubes with nanometric diameter (100 – 200 nm), as revealed by SEM and TEM. 

Such structural and morphological features ensured a stable capacity in lithium half-cell 

approaching 380 mAh g−1 at 124 mA g−1, mostly delivered through electrochemical reactions 

below 0.5 V vs Li+/Li, as demonstrated by galvanostatic cycling and cyclic voltammetry. The 

electrode showed small voltage hysteresis and Coulombic efficiency of about 99.6%, i.e., suitable 

features for full-cell application. The cathodes had different structural, morphological and 

electrochemical characteristics, herein investigated by XRD, SEM, SEM-EDS, cyclic 

voltammetry and galvanostatic cycling, which allowed full-cell study of the MWCNT’ material in 

different electrochemical conditions. The layered LCO electrode reversibly (de)intercalated 

lithium at about 4 V vs Li+/Li within the hexagonal Li1−xCoO2 phase, exhibiting the known 
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structural degradation due to phase transition above 4.1 V vs Li+/Li (x > 0.5). Accordingly, the 

MWCNT’/LCO cell had a working voltage of 3.8 V, which is close to the charge cutoff (4 V), and 

delivered a reversible capacity of 103 mAh gcathode
−1. However, a low Coulombic efficiency value 

(lower than 99%) led to capacity fading of 22% after 40 cycles. Instead, the wide working voltage 

of NCM allowed for the MWCNT’/NCM cell high reversible capacity, i.e., of about 150 mAh 

gcathode
−1, relevant Coulombic efficiency (above 99%), and very stable cycling. As for LFMCP, the 

high working voltage of the Co3+/Co2+ couple (4.74 V vs Li+/Li upon charge), lowered the 

Coulombic efficiency to about 95%, and affected the electrode balance upon cycling in full-cell. 

Indeed, the MWCNT’/LFMCP battery delivered an initial capacity of 110 mAh gcathode
−1 within 

the wide voltage range between 2 and 4.7 V, which dropped to 64 mAh g−1 by 40 cycles. A more 

appropriate electrolyte was suggested as possible solution to this issue. Therefore, our results 

reveal the crucial role of the cathode in terms of working voltage for ensuring reversible full-cell 

operation whenever an anode with wider electrochemical potential window than graphite is used. 

Beside the small number of literature reports demonstrating the use of CNT anodes in lithium-ion 

full-cells,25,28 Li-ion cells using MWCNTs anode and the various cathodes are herein shown for 

the first time. Hence, our study provides further insight into the application of CNT-based anodes 

in lithium-ion battery. 
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