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Abstract
The NiCo2O4 ternary transition metal oxide (NCO) has been received a great interest as anode material for sodium-ion 
batteries, recently. Here we show that a composite material composed of NCO nanoparticles (NCO-NPs) and amorphous 
carbon (NCO/C composite) displayed a superior electrochemical performance over the NCO-NPs. The NCO-NPs delivered 
a capacity of 172 mAh g−1 at the current density of 50 mA g−1, and the capacity was reduced to 29 mAh g−1 after 50 cycles. 
The NCO/C composite showed a capacity of 213 mAh g−1 at 50 mA g−1; the capacity was lowered to 119 mAh g−1 after 
100 cycles. The capacity of the composite at 100 mA g−1, 200 mA g−1 and 300 mA g−1 was ca. 123 mAh g−1, 93 mAh g−1 
and 62 mAh g−1, respectively. This improvement is ascribed to the presence of the activated hard carbon of high electronic 
conductivity. Our work suggests that the combination of amorphous carbon with the NCO-NPs can serve as anodes for 
sodium-ion batteries.

Keywords  Nanofabrication · Surface modification and applications · Nanomaterials · Sodium-ion battery · Anode 
materials · Amorphous carbon

1  Introduction

Sodium-ion batteries (SIBs) have emerged as a promis-
ing candidate to replace the lithium-ion batteries (LIBs) 
in the large-scale energy storage systems due to the high 

abundance and low cost of sodium compared with lithium. 
A numerous number of cathodes such as P2-type Fe-/Mn-
based layered structure [1], sodium (Na) super ionic con-
ductor (NASICON) [2], Na0.44MnO2 tunnel structure [3], 
metal oxides [4], olivine structure [5], etc. have shown their 
applicability to both SIBs and LIBs. In the case of anode 
materials, however, many materials have been served well 
as anodes for the LIBs but are practically electrochemical 
inactive for the SIBs. For example, graphite has been used 
as the anode material in most commercial LIBs, but it can-
not be utilized for the SIBs because the Na+ ions are hardly 
intercalated into the space between carbon layers in graphite 
[6]. Similarly, silicon and germanium, the popular anode 
materials for LIBs, have similar limited Na+ ions storage 
[7]. On the contrary, hard carbon shows very limited redox 
reactivity in the LIBs, but they are electrochemically active 
in the SIBs [8, 9]. The anode materials for SIBs have been 
investigated, such as TiO2 [10], Na2Ti3O7 [11], LiTi2(PO4)3 
[12], hard carbon [13], graphene [14], MoS2 [15], and vana-
dium-based oxides [16].

Recently, NiCo2O4 ternary transition metal oxide has 
been reported as promising anode materials for SIBs. For 
example, spindle-shaped NiCo2O4 core–shell nanostructures 
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showed a capacity of approximately 400 mAh g−1 after 100 
cycles at the current density of 100 mAh g−1 [17]; NiCo2O4 
double-shelled hollow spheres had a reversible specific 
capacity of 511 mAh g−1, and the capacity of the mate-
rial retained about 66% of its initial value after 100 cycles 
[18]. Hollow NiCo2O4 nanoboxes had an excellent first dis-
charge capacity of 826 mAh g−1; the capacity then rapidly 
decreased to 328 mAh g−1 after 30 cycles [19]. NiCo2O4 
nanowire arrays revealed the first capacity of 542 mAh g−1 
at the current density of 50 mA g−1. The capacity retention 
was 81% after 50 cycles [20].

Amorphous carbon has excellent performances as anode 
material for SIBs. The amorphous (glassy) carbon shows 
a specific capacity of 338  mAh  g−1, which reduced to 
173 mAh g−1 after 100 cycles [21]. The capacity of activated 
amorphous carbon with high porosity cycled at a current 
density of 0.5 A g−1 reaches the value of 479.2 mAh g−1, 
which retains 96% after 150 cycles [22]. A combination of 
Mo0.91W0.09S2 ultrathin nanosheets and amorphous carbon 
used as anode material for LIBs achieves an extremely high 
capacity of 1099.4 mAh g−1 at the second cycle with the 
capacity retention of 86.5% after 50 cycles [23]. More inter-
estingly, it has been reported that nanocomposites of amor-
phous carbon and Na3V2(PO4)3-based anode material could 
deliver very stable capacities (approximately 100 mAh g−1) 
during 10000 cycle of charge/discharge even at an ultra-
high current density (100 C) [24–26]. These results suggest 
that a combination of amorphous carbon with other anode 
materials could improve the electrochemical properties of 
the anodes for SIBs.

In this work, the NiCo2O4 nanoparticles and its combina-
tion with amorphous carbon (NCO/C) have been fabricated 
and investigated as anode materials for SIBs. The combi-
nation of amorphous carbon and NiCo2O4 is expected to 
improve the conductivity of the NiCo2O4 anode. In addi-
tion, the present of an amorphous carbon matrix between 
NiCo2O4 also could help to decrease the pulverization of 
the NiCo2O4 anode which is caused by the volume change 
of NiCo2O4 during charge/discharge. As a result, the elec-
trochemical characteristics of NCO/C composite were 
enhanced compared to those of NCO-NPs.

2 � Experimental

2.1 � Synthesis and characterization of the NCO‑NPs 
and NCO/C composite

The NCO-NPs were synthesized via solvothermal method 
by dissolving stoichiometric amounts of cobalt (II) chloride 
hexahydrate (CoCl2.6H2O), nickel (II) chloride hexahydrate 
(NiCl2·6H2O), and 0.9 g urea (CO(NH2)2) (Shanghai Alad-
din Bio-Chem Technology Co. Ltd., analytical grade) into 

75 ml of deionized water. The mixed solution was trans-
ferred to a 150-ml autoclave and heated at 120 °C for 6 h. 
Then, let it cool to room temperature; the precipitated prod-
uct was washed repeatedly with deionized water and ethanol. 
The product was collected and marked as the NCO precursor 
for the next uses. The NCO precursor was heated at 300 °C 
for 2 h in air and finally calcined at 600 °C for 1 h in argon 
to get the desired NCO-NPs.

The NCO/C composite was synthesized using 0.5 g of the 
NCO precursor and 1 g of saccharose (C12H22O11) (Shanghai 
Aladdin Bio-Chem Technology Co. Ltd., analytical grade) as 
the carbon resource. The saccharose was firstly preheated at 
180 °C for 10 min to become molten; then, the NCO precur-
sor was added and rapidly stirred to form a homogeneous 
gel. The gel was heated at 300 °C for 2 h in air and calcined 
at 600 °C for 1 h in argon to obtain the NCO/C composite. 
The same procedure was applied on saccharose to obtain 
hard carbon as a reference material. The hard carbon powder 
was manually ground by agate mortar for at least 30 min and 
finally ball milled for 6 h by a planetary ball mill using a 
zirconium oxide ball mill jar (at 10:1 ball to powder weight 
ratio). The speed of main rotating disk was set at 400 rpm.

The crystal structure of the NCO-NPs and NCO/C com-
posite was analyzed using X-ray diffraction (XRD, D-5000 
SIEMEN, Cu Kα radiation, λ = 1.5406 Å). The diffraction 
angle (2θ) scanned range was from 10° to 70° at a step 
of 0.03°/s. The scanning electron microscopy (SEM) and 
energy-dispersive X-ray spectroscopy (EDS) images of 
the materials were taken by a JEOL, JSM-6490 scanning 
electron microscope. Thermogravimetric (TG) analysis was 
conducted in air from 50 to 900 °C by a Pyris 6 thermogavi-
metric analyzer (Perkin Elmer Inc.). Raman spectra were 
collected by a HORIBA Jobin–Yvon LabRAM HR Raman 
system using Nd:YAG laser with a wavelength of 532 nm.

2.2 � Electrochemical measurements

The electrochemical tests were conducted using CR2032-
type coin cells. The cells were assembled in an argon-filled 
glove box with moisture and oxygen concentrations less 
than 1.0 ppm. The active materials (NCO-NPs and NCO/C 
composite), conductive carbon black (super P, Alfa Aesar, 
99 + %), and the binder polyvinylidene fluoride (PVDF, Alfa 
Aesar) with a weight ratio of 8:1:1 were mixed in N-methyl-
2-pyrrolidone (Alfa Aesar, 99 + %) solvent to form a homo-
geneous slurry, which was then coated on a 15-µm-thick 
Al foil using doctor blade technique. The tape was dried 
in a vacuum oven at 100 °C for 24 h and pressed to get a 
uniform thickness sheet. The sheet was cut into circles with 
a diameter of 16 mm to fit into the CR2032 coin cell. Pure 
sodium foil (Acros Organic) was used as the negative elec-
trode. Polypropylene (PP, TOB New Energy) was used as the 
separator. The electrolyte was 1 M NaClO4 in a mixture of 
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ethylene carbonate and diethylene carbonate (EC/DEC) (1:1, 
in volume). The electrochemical impedance spectroscopy 
(EIS) and cyclic voltammetry (CV) analyses were conducted 
on a Metrohm Autolab (PGSTAT 302 N). The galvanostatic 
charge/discharge tests were taken on a NEWARE battery 
tester.

3 � Results and discussion

The crystalline structure of the synthesized NCO-NPs and 
NCO/C composite was identified by X-ray diffraction meas-
urements (Fig. 1a). All the diffraction peaks of the NCO-NPs 
and NCO/C composite can be well assigned to the standard 
pattern of the cubic spinel NiCo2O4 phase, space group Fd 
3̄ m (JCPDS # 73-1702) [17, 27]. The lattice parameters and 
unit cell volume of the NCO-NPs and NCO/C composite are 
calculated using the unit cell software and listed in Table 1. 
The diffraction peaks corresponding to Miller index planes 
(220), (511), and (440) observed in the NCO-NPs’ XRD 
pattern were disappeared in the XRD pattern of the NCO/C 
composite, meaning that the presence of the carbon resource 
affected the crystallization process of NCO phase.

Park et al. reported a small increase in the lattice param-
eter of the carbon-coated Na2/3Fe1/2Mn1/2O2 material pos-
sibly due to an increase in repulsion between oxygen layers 
caused by the decrease in Na [28]. In this work, however, 
a small decrease in the lattice parameters and unit cell vol-
ume of the NCO/C composite in comparison with NCO was 
observed. This phenomenon may be explained by the larger 
size of NCO particles in NCO/C composite than pure NCO 
powder [29], as will be observed later on. The presence of 
carbon also caused the NCO/C composite crystals to prefer 
growing (311) and (400) planes. There were no additional 
peaks to the XRD patterns of the NCO-NPs and NCO/C 
composite suggesting that crystal of a pure NiCo2O4 phase 
was obtained in both materials and the carbon in the NCO/C 
composite was amorphous.

Figure  1b shows the Raman spectra of hard carbon, 
NCO/C composite, and NCO nanoparticles. The Raman 
spectrum of the NCO nanoparticles showed four distinct 
peaks at 182.5, 457, 502, and 649 cm−1 which could be 
assigned to the F2g, Eg, F2g, and A1g vibration modes of the 
NiCo2O4 spinel structure [30]. The Raman spectrum of the 
hard carbon displayed two peaks at 1348 and 1580 cm−1 
which could be ascribed to the disorder-allowed zone-edge 
mode of graphite (D-band) and the E2g zone-center mode of 
crystalline graphite (G-band), respectively [31]. The calcu-
lated integrated intensity ratio ID/IG of the hard carbon and 
the NCO/C composite is 3.21 and 2.79, respectively. These 
high values of ID/IG ratio revealed that the carbon composi-
tions were governed by amorphous phase.

The thermal stability of the two materials is investigated 
and presented in Fig. 1c. The TG curve of the NCO-NPs 
material (red line) shows almost no weight loss when the 
temperature increased to 700 °C, which means the struc-
ture of NCO-NPs was stable and the material did not absorb 
moisture. The TG curve of the NCO/C composite (black 
line) illustrates that when the temperature increased to 
100 °C, the curve shows an initial 2% weight loss, which 
is corresponded to the evaporation of moisture. The sec-
ond (~ 44.47%) weight loss happened when the temperature 
increased from 400 to 500 °C can be attributed to the amor-
phous carbon burning.

Figure 2 shows the SEM images (a, b), TEM images (c, 
d), the area investigated by EDS (e), and EDS spectrum (f) 

(a) (b) (c)

Fig. 1   a X-ray diffraction patterns of the NiCo2O4 nanoparticles 
and NiCo2O4-amorphous carbon composite, b Raman spectra of 
NiCo2O4 nanoparticles, NiCo2O4-amorphous carbon composite, 

and hard carbon, c TG curves of the NiCo2O4 nanoparticles and 
NiCo2O4-amorphous carbon composite

Table 1   Lattice parameters and unit cell volume of the NiCo2O4 nan-
oparticles and NiCo2O4-amorphous carbon composite

Materials Lattice parameters 
(Å)

Unit cell volume (Å3)

NiCo2O4 8.0923 529.9188
NiCo2O4/C 8.0442 520.5250
JCPDS # 73-1702 8.114 534.3988
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of the NCO-NPs. The NCO-NPs were porous (Fig. 2a, b, e), 
and the NCO-NPs had size from 30 to 100 nm (Fig. 2c, d). 
The EDS spectrum (Fig. 2f) shows that the NCO structure 
consisted of Ni, Co, and O elements. The inset of Fig. 2f 
shows that the atomic percentage of Ni, Co, and O elements 
was 14.26%, 29.02%, and 56.72%, respectively, correspond-
ing to a Ni:Co:O atomic ratio of approximately 1:2.04:3.98. 
This indicates that the final NCO product was closed to the 
desired NiCo2O4 phase. The EDS results reconfirmed a good 
stoichiometry of NiCo2O4.

The morphology and the EDS spectrum of the NCO/C 
composite are illustrated in Fig. 3. As can be seen, the NCO 
particles were mixed with amorphous carbon (Fig. 3a–d). 
The NCO particle size in the NCO/C composite was approx-
imately 50 nm to 150 nm, and these particles were larger 
than the particles in pure NCO powder (Fig. 3b). Due to 
the NCO precursor was mixed with hot melted saccharose, 
high viscosity of the melted saccharose caused an agglom-
eration of the NCO precursor during stirring, leading to the 
agglomeration of NCO particles. Figure 3e, f shows the 
EDS selected area and the EDS spectrum of the NCO/C 

composite sample that indicated the presence of Ni, Co, O, 
and C elements.

In order to evaluate the sodium intercalation and de-
intercalation processes, the NCO-NPs and NCO/C compos-
ite were used as the electrodes of CR2032 half cells and 
electrochemical measurements were carried out. Figure 4a 
shows the first, second, and third typical CV curves of the 
NCO-NPs at a scan rate of 0.2 mV s−1, measured between 
0 and 3 V. The shapes of initial three CV curves are simi-
lar (except the intensity of the redox peaks), indicating that 
the sodium-ion storage processes of the first three cycles 
were the same. The redox peak intensities decreased from 
the first to the third cycle suggesting that the capacity of the 
NCO-NPs had been decreased, which indicates a moder-
ated cycle ability of the NCO-NPs [32, 33]. The Li insertion 
and extraction reactions into/from NCO materials have been 
reported in the literature [34–37]. It is believed that the Na 
ion storage mechanism in the NCO material is theoretically 
similar to that of the Li ion storage; the Na intercalation 
and de-intercalation reactions in the NCO-NPs and NCO/C 
composite were possibly taken as follows [19, 20]:

Fig. 2   a, b SEM images, c, d 
TEM images, e EDS selected 
area, f EDS spectrum of the 
NiCo2O4 nanoparticles
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(1)NiCo
2
O

4
+ 8Na

+
+ 8e

−
→ Ni + 2Co + 4Na

2
O

(2)Ni + Na
2
O ↔ NiO + 2Na + 2e

−

(3)Co + Na
2
O ↔ CoO + 2Na

+
+ 2e

−

As shown in Fig. 4a, for the first cycle, the cathodic peak 
is located at 0.5 V, which is attributed to the reduction of 
the NCO to Ni, Co, and amorphous Na2O (Eq. (1)). In the 
subsequent two cycles, the cathodic peaks correspond to the 
reduction of Ni2+ to Ni0. The small anodic peaks at 0.8 V 
are ascribed to the oxidation of Ni0 to Ni2+ [19, 35, 38]. The 

(4)3Co + 4Na
2
O ↔ Co

3
O

4
+ 8Na

+
+ 8e

−

Fig. 3   a, b SEM images, c, d 
TEM images, e EDS selected 
area, f EDS spectrum of the 
NiCo2O4-amorphous carbon 
composite

(a) (b) (c)

Fig. 4   a CV curves of the NiCo2O4 nanoparticles, b CV curves of the NiCo2O4-amorphous carbon composite, c CV curves of the amorphous 
carbon
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dominant anodic peaks located at 2.9 V of the three cycles 
are attributed to the oxidation reactions of Co0 to Co3+.26

The CV curves of the NCO/C composite are shown in 
Fig. 4b. The cathodic peaks of the first three cycles are 
located at 0.45 V, corresponding to the decomposition of 
the NiCo2O4 to Ni, Co, and Na2O in the first discharging 
and the reduction of Ni2+ to Ni0 in the next two discharg-
ing processes. The anodic peak located at 2.6 V in the first 
charging process was shifted to 2.8 V in the second and 
third cycles and the intensity of the peaks increased, sug-
gesting that an activation process occurred for the oxidation 
reaction of Co/Co3+. The intensity of anodic peaks of the 
NCO/C composite was smaller than that of NCO nanopar-
ticles (Fig. 4a), indicating that the presence of carbon had 
reduced the oxidation processes of Ni0 to Ni2+ and of Co0 to 
Co3+. The second and third CV curves are well overlapped 
indicating a reversible electrochemical reaction, displaying 
a good cycling ability.

Figure 4c shows the CV curves of the amorphous carbon. 
The broad reduction peak at 0.5 V of the first cycle could 
be ascribed to the formation of solid electrolyte interface 
(SEI) on the surface of the carbon electrode [39, 40]. The 
reduction peak was not observed at the second and the third 
cycle suggesting that the SEI formation mostly occurred at 
the first cycle that possibly caused the rapidly faded capacity 
after the first cycle.

Figure 5a shows the initial three charge/discharge profiles 
of the NCO-NPs at current density of 50 mA g−1 between 
0 and 3 V. The discharge capacities of the first to the third 
cycle were 178 mAh g−1, 142 mAh g−1, and 122 mAh g−1, 
respectively. The discharge curves show a voltage plateau at 
0.5 V, which was consistent to the position of cathodic peaks 
in the CV curves. The charge curves show a clear voltage 
plateau at 2.8 V and a small voltage plateau at 0.8 V, cor-
responding to the dominant anodic and small anodic peaks 
in the CV curves. The capacity of the NCO-NPs was smaller 
than that of the reported mesoporous NCO nanosheets [41], 
hierarchical NCO nanostructure with tunable morphology 
[38], hollow NCO nanoboxes [19]. This is possibly due to 

the fact that NCO-NPs morphology is less suitable for Na+ 
ions insertion/extraction than the other morphologies.

Figure 5b shows the charge/discharge profiles of the 
first to third cycles at a current density of 50 mA g−1 of 
the NCO/C composite. The discharge capacities of the first, 
second, and third were 213 mAh g−1, 205 mAh g−1, and 
204 mAh g−1, respectively. The capacity of NCO/C com-
posite was higher than that of the NCO-NPs because the 
existence of amorphous carbon enhanced the electronic 
conductivity and some Na+ ions were possibly accumulated 
in the amorphous carbon [21, 42]. The charge curves show 
a clear voltage plateau at 2.8 V, and the second and third 
charge/discharge profiles are well overlapped. These results 
are in good agreement with the CV data (Fig. 4b).

The charge/discharge profiles of hard carbon are shown 
in Fig.  5c. The first discharge capacity of hard carbon 
(348 mAh g−1) was higher than that of the NCO/C compos-
ite. However, the discharge capacity of hard carbon at the 
second and the third cycle (204 mAh g−1 and 192 mAh g−1) 
was smaller than that of the NCO/C composite. The higher 
capacity of the NCO/C composite after first cycle compared 
to the hard carbon could be attributed to the presence of 
NCO particles on the surface of hard carbon reduced the 
formation of the SEI. Therefore, the combination of NCO 
nanoparticles and amorphous carbon took the advantage of 
high electronic conductivity of carbon and restricted the for-
mation of SEI on the surface of the carbon. As a result, the 
electrochemical performance of NCO/C composite is better 
than pristine carbon and NCO nanoparticles.

Figure 6a shows the cycling ability of hard carbon, NCO-
NPs, and NCO/C composite at current density of 50 mAh g−1 
between 0 and 3 V. The first discharge capacity of the NCO-
NPs at current density of 50 mA g−1 was 172 mAh g−1 rap-
idly decreased to 61 mAh g−1 after 10 cycles and then gradu-
ally decayed during cycling. After 100 cycles, the capacity 
of the NCO-NPs remained at 20 mAh g−1. The first dis-
charge capacity of the hard carbon was 348 mAh g−1. The 
capacity was quickly faded to 198 mAh g−1 at the second 
cycle and then gradually decreased to 43 mAh g−1 after 100 

(a) (b) (c)

Fig. 5   a Charge–discharge profiles of the NiCo2O4 nanoparticles, b charge–discharge profiles of the NiCo2O4-carbon composite, c charge–dis-
charge profiles of the hard carbon
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cycles. The faded capacity of hard carbon at the first cycle 
was in a good agreement with the CV and charge/discharge 
data. The first discharge capacity of NCO/C composite was 
213 mAh g−1. There was no quickly faded capacity after first 
cycle observed for NCO/C material. The capacity was slowly 
decreased and retained of 119 mAh g−1 after 100 cycles. The 
Coulombic efficiency of the hard carbon at the first cycle 
was of 50%, quickly increased to 88% at the second cycle, 
and then steadily increased to over 94% after 5 cycles. The 
Coulombic efficiency of NCO/C composite at the first cycle 
was 78% and then increased to over 95% after 5 cycles.

The rate capability of hard carbon, NCO-NPs, and 
NCO/C composite at current densities of 50, 100, 200, and 
300 mA g−1 from second cycle is shown in Fig. 6b. When 
the cells cycled at current density of 50 mA g−1, the second 
discharge capacity of NCO-NPs, hard carbon, and NCO/C 
composite was about 150, 195, and 210 mAh g−1, respec-
tively. When the current densities increased to 100, 200, 

and 300 mA g−1, the capacity of hard carbon was higher 
than that of the NCO-NPs and NCO/C composite due to 
the higher electronic conductivity of hard carbon. It can be 
noted that the electrochemical performances of the NCO/C 
composite were enhanced compared to those of the NCO-
NPs due to the profound effect of amorphous carbon in the 
composite.

The EIS was carried out to provide more insight to the 
better electrochemical performances of the NCO/C com-
posite than those of the NCO-NPs. Figure 7a, b presents 
the typical Nyquist plots of the as-prepared NCO-NPs and 
as-prepared NCO/C composite cells, which were measured 
in the frequency range of 10−2–106 Hz with amplitude of 
30 mV. The two EIS spectra consisted of a semicircle at the 
high frequency range and an inclined line at the low fre-
quency range. The semicircle is associated with the charge 

(a)

(b)

Fig. 6   a Cycling ability and Coulombic efficiency of hard carbon, 
NiCo2O4 nanoparticles, and NiCo2O4-amorphous carbon com-
posite at current density of 50  mA g−1, d rate capability and Cou-
lombic efficiency of hard carbon, NiCo2O4 nanoparticles, and 
NiCo2O4-amorphous carbon composite

(a)

(b)

Fig. 7   a Electrochemical impedance spectra of as-prepared NiCo2O4 
nanoparticles cell, b electrochemical impedance spectra of as-pre-
pared NiCo2O4-amorphous carbon composite cell and the equivalent 
circuit used for fitting the EIS experiment data
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transfer resistance (Rct) at the electrode–electrolyte inter-
face and the non-homogeneity of the electrode surface rep-
resented as a constant phase element (CPE). The left inter-
ception of the semicircle with the real axis (Z’) indicates the 
Ohmic resistance (Rs) of the cell. The right interception of 
the semicircle with the Z’ axis represents the (Rs + Rct) value. 
The inclined line is attributed to the Warburg impedance 
(Wo) of the materials, which represents the diffusion ability 
of Na+ ions inside the NCO particles. The EIS spectra of the 
as-prepared NCO-NPs and as-prepared NCO/C composite 
cells are similar to those of the NCO materials with differ-
ent morphologies reported in the literature [17, 19, 37, 38].

The equivalent circuit used to calculate the electrochemi-
cal impedances of the materials is shown in the insert of 
Fig. 7b. The fitted values of the circuit elements of the 
equivalent circuit are shown in Table 2. The (Rs, Rct) of as-
prepared NCO/C composite and NCO-NPs cells are (3.512 
Ω, 32 Ω) and (7.745 Ω, 33 Ω), respectively. The Warburg 
impedance parameters (Wo-R, Wo-T) of the as-prepared 
NCO/C composite and NCO-NPs cells are (145 Ω, 90) and 
(240 Ω, 94), respectively. The resistances and the Warburg 
impedance of the NCO/C composite are smaller than those 
of the NCO-NPs, which means that the NCO/C composite 
is favorable to Na+ ions and electrons transport and sub-
sequently leads to its better electrochemical performances.

4 � Conclusions

The NCO-NPs and NCO/C composite were synthesized 
and electrochemically characterized as the anode materi-
als for the SIBs. It was found that the composite material 
combining NCO-NPs and amorphous carbon displayed a 
superior electrochemical performance over the NCO-NPs. 
This great improvement is assigned to the presence of amor-
phous carbon of a high electronic conductivity, leading to 
a high capacity and good cycle ability of the NCO/C mate-
rial. Our work suggests a new composite material containing 

amorphous carbon and other anode materials to serve practi-
cally as anodes for the SIBs.
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