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Abstract 

Sodium has attracted an increasing amount of attention as an alternative element to 

lithium for energy storage due to its low cost and wide distribution, although the 

intercalation problem for sodium ions in conventional anode materials, due to their larger 

ionic size, still has to be overcome in order to utilize this element. Herein, we report a 

carbon-based hybrid material that is composed of stacked reduced graphene oxide/carbon 

nanotubes (rGO/CNTs) with a hierarchical and open structure to accommodate Na ions, 

which was fabricated by a liquid-phase oxidative exfoliation and subsequent reduction. 

This rGO/CNTs hybrid material features a hierarchical nanostructure with rGO 

nanosheets homogeneously spaced by monodisperse CNTs. The increased interlayer 

space between individual rGO nanosheets, which resulted from the inserted CNTs, is 

beneficial for highly efficient and reversible Na ion intercalation, leading to a high and 

stable capacity of 295 mAhg-1 at 50 mAg-1 for 200 cycles.  
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1. Introduction 

The rapidly growing demand for the various types of renewable energy urgently 

requires the development of low-cost and durable energy storage strategies; and the 

electrochemical route, achieved through various batteries or capacitors, has become an 

ideal option for this purpose, due to its low environmental pollution, high round-trip 

efficiency, long cycle life, strong applicability, and simple maintenance.[1, 2] At this stage, 

lithium ion batteries (LIBs) are the most popular electrochemical energy storage 

devices.[3] Unfortunately, with the fast expansion of their applications in various 

electrical/electronic devices and tools, the gap between the supply and demand of lithium 

resources has been continuously widened.  

In this regard, sodium, the neighboring element to lithium in the alkali metal group, 

has come into the spotlight as an alternative choice to lithium, due to its much wider 

distribution and lower cost.[4-6] Sodium shares the same outer orbit electronic structure as 

lithium and thus exhibits similar chemical properties. In recent studies, it has been proven 

that a sodium ion battery (SIB) has similar energy storage mechanisms (i.e. by 

intercalation/de-intercalation and alloying/de-alloying) to a LIB,[7, 8] making the SIBs a 

very promising candidate for next generation energy storage applications, as a low-cost 

alternative to LIBs. 

One significant difference, however, between these two types of batteries, is that Na 

ions have a much larger ionic size (0.102 nm) than that of Li ions (0.076 nm), indicating 

that a larger intercalation/de-intercalation spacing is essential for materials to store Na 

ions, and a larger volume variation may occur during the repeated Na ion insertion and 

deinsertion.[9, 10] In this case, graphite, the commercial anode material for LIBs, is not 

suitable for Na ion storage due to its small interlayer distance.[11] Hence, searching for 

alternative high-performance SIB anode materials has become one of the major tasks in 

the research on anode materials for SIBs. 

With the aim of solving the Na ion intercalation problem, different kinds of 

alternative carbon-based materials, which are intrinsically stable in the very harsh battery 

environment, have been exploited as SIB anode, including hard carbon,[12-15] porous 

carbons,[16, 17] carbon nanotubes,[18-20] graphene,[14, 17, 18, 21-23] and carbon nanofibers.[24] 

Among them, graphene, the two-dimensional monolayer of sp2-hybridized carbon atoms, 

http://www.baidu.com/link?url=bZWRLw0o6SdjBvrGBvcikqX0-kGCxgY3NL3NVrYkAQ3shyIFiqPfdcuaQC1HQHrNQ1CTf3b76tBsKsJvzNDawK
http://www.baidu.com/link?url=bZWRLw0o6SdjBvrGBvcikqX0-kGCxgY3NL3NVrYkAQ3shyIFiqPfdcuaQC1HQHrNQ1CTf3b76tBsKsJvzNDawK
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has the most easily accessible structure for Na ions, in theory.[6, 22, 23] In practical 

applications, however, the restacking of graphene nanosheets often occurs and easily 

blocks the diffusion pathways for Na ions, making it hard for them to access the 

inter-sheet space, limiting Na ion storage capacity, and compromising the reversibility of 

graphene.[17, 25, 26] 

In this work, aimed at these current issues for graphene-based materials and with the 

purpose of developing a high performance all-carbon SIB anode material, we have 

designed a reduced graphene oxide/carbon nanotubes (rGO/CNTs) composite material 

that was fabricated by a straightforward one-step liquid exfoliation technology. In this 

material, a hierarchical structure has been obtained, with the rGO nanosheets uniformly 

separated by inserted CNTs, which has effectively prevented the restacking of rGO sheets. 

Such a hierarchical structure with a stable and large interlayer distance was essential to 

achieve a high and reversible Na ion intercalation/deintercalation capacity of 285.6 mAh 

g-1 at 50 mA g-1 after 200 cycles. In addition, this GO/CNTs hybrid material could also be 

fabricated into a three-dimensional rGO/CNT foam for nanostructure optimization, which 

exhibited an improved Na ion storage performance of 295 mAh g-1 at 50 mA g-1 after 200 

cycles. 

2. Experimental 

2.1 Preparation of rGO/CNTs 

Graphite (0.58 g) was mixed with KMnO4 (3.48 g) and placed in a three-neck flask. 

Afterward, 10 ml of phosphoric acid (85%) and 90 ml of sulfuric acid (98%) were added 

into the flask, dropwise and carefully, under continuous stirring in a water bath for 8 h at 

50 °C. Then, 0.5 g of double-walled CNTs prepared by a chemical vapor process (CVD) 

[27] and 0.5 g KMnO4 were added and stirred for another 3 h. A black solution was 

obtained. 

The black solution was poured onto ice (50 ml) in a beaker. Then, 100 ml water and 

10 ml of 30% H2O2 was dripped in under stirring. Afterward, centrifugation was carried 

out to separate the GO/CNTs from the solution, and the obtained material was washed 

with distilled water and ethanol 5 times. Finally, the separated GO/CNTs material was 

dried at 60 °C. The color of the as-obtained powder was black, which was different from 
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that of the yellowish-brown GO. 

Then, the dried GO/CNTs sample was reduced through a high temperature annealing 

process. Specifically, the as-obtained GO/CNTs was ground into fine powder and heated 

up to 1000 °C with a ramp rate of 5 °C min−1 under the protection of Ar. The obtained 

thermally reduced GO/CNTs sample was denoted as T-rGO/CNTs. For comparison, a 

GO/CNTs sample was also reduced under vacuum at the same temperature (denoted as 

V-T-rGO/CNTs).  

2.2 Preparation of the foam of rGO/CNTs  

Hydrothermal reduction was adopted to prepare the rGO/CNT foam. Specifically, 

GO/CNTs was dispersed in water by ultrasonication to form an aqueous suspension of 

GO/CNTs (4 mg ml-1). It was then transferred into a 50 ml Teflon-lined stainless steel 

autoclave, heated at 180 ºC for 24 h, and cooled down naturally. The obtained hydrogel 

was freeze-dried to obtain the hydrothermally reduced rGO/CNT aerogel foam (denoted 

as H-rGO/CNT foam). For comparison, H-rGO/CNT foam was further reduced under 

vacuum at 1000 °C (with the product denoted as V-H-rGO/CNT foam).  

2.3 Characterizations 

The morphology and structure of the as-prepared products were characterized by 

scanning electron microscopy (SEM, TDCLS-8010, Hitachi Japan), transmission electron 

microscopy (TEM, Tecnai G2 F20, FEI, Netherlands), X-ray diffraction (XRD, D8 

Advance, Bruker, Germany), and Raman spectroscopy (Horiba Jobin Yvon, LabRAM 

HR800, 17 mW, 514 nm, He-Ne laser). The surface chemistry of rGO/CNTs was 

analyzed by X-ray photoelectron spectroscopy (XPS, Perkin-Elmer, PHI-1600, US).  

2.4 Electrochemical performance evaluation 

The rGO/CNTs material was mixed with acetylene black powder as the conductive 

agent and sodium alginate as the binder at a weight ratio of 85:10:5. Then, water was 

added into the mixture, and it was mechanically ground to form a slurry. The slurry was 

blade coated on a piece of Cu foil and dried for 24 h at 80 °C under vacuum. The coated 

foil was then cut into 10 mm-diameter circular disc electrodes.  

The electrodes were assembled into coin-type cells (CR2032) in a glove box filled 

with Ar. Na foil was used for the counter and reference electrodes. 1 M NaClO4 in 

ethylene carbonate and dimethyl carbonate (3:7 by volume), and an extra 10% 
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fluoroethylene carbonate were used as electrolyte. A Whatman GF/C borosilicate glass 

fiber film was used as the separator. Galvanostatic charge-discharge (GCD) tests were 

performed on a battery testing system (LAND 2001A, Wuhan Jinnuo, China) at a current 

density of 50 mA g-1 within a potential range of 0.01 V to 3.0 V vs. Na+/Na. The cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) investigations on 

SIBs were conducted on an electrochemical workstation (VersaSTAT4, Princeton 

Instruments, US). 

3. Results and Discussion 

The fabrication of rGO/CNTs is illustrated in Fig. 1a. Firstly, graphite was treated by 

Hummer’s method to form GO. Afterward, CNTs and KMnO4 were slowly added and 

further reacted for 24 h to obtain a homogeneous black solution. After separation and 

drying, a black product, GO/CNTs, was obtained. Afterward, the rGO/CNTs composite, 

with rGO nanosheets homogeneously spaced by CNTs, was obtained by reducing the 

GO/CNTs, either in argon or under vacuum conditions. Such an interspaced nanostructure 

in the material will be beneficial for facile Na ion transportation (Fig. 1b).  

 

Fig. 1 Schematic illustration of the fabrication of rGO/CNTs (a), schematic illustration of 

Na ion transport in rGO/CNTs (b), SEM image of GO/CNTs (c), SEM and TEM (inset) 

images of T-rGO/CNTs (d). 

The morphology of GO/CNTs was first investigated by SEM, which shows a uniform 

structure consisting of overlapped GO layers and fibrous CNTs (Fig. 1c), clearly showing 
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that the CNTs have been uniformly dispersed and exist in between the GO sheets. After 

the thermal reduction of GO/CNTs, which was carried out at 1000 °C in Ar, T-rGO/CNTs 

was obtained, in which the crumbled rGO nanosheets were stacked on each other to form 

a porous architecture with fibrous CNTs uniformly distributed throughout them (Fig. 

1d).From the edges of the rGO layers, extruding CNTs can be clearly seen, further 

confirming that the rGO sheets have been successfully spaced by the homogeneously 

dispersed CNTs.  

The fine structure of T-rGO/CNTs was further studied using TEM, which showed that 

the CNTs are accommodated between the rGO layers (inset of Fig. 1d and Fig.2), in 

agreement with the SEM observations. On the surface of rGO, some porous structures 

could also be found, which were possibly caused by the oxidization upon the addition of 

KMnO4.[24] In addition, the structure of CNTs have been significantly altered during the 

oxidization process. Compared with raw CNTs (inset of Fig. 2a), the bundles in the raw 

CNTs have been dispersed and adhered on the surface of rGO. Meanwhile, the 

crystallinity of CNTs also deceased and the interlayer distance of the treated CNTs was 

also enlarged, resulted from the oxidization treatment (inset of Fig. 2b)  

 

 

 

 

 

 

 

 

Fig.2 TEM images of T-rGO/CNTs and raw CNTs (inset) (a), HRTEM images of 

T-rGO/CNTs and enlarged CNT wall (inset) (b). 
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Raman analysis was further conducted to reveal more structural information on the 

T-rGO/CNTs (Fig. 3a). The Raman spectrum of T-rGO/CNTs shows a typical G band at 

1590 cm-1 and a D band at 1354 cm-1, with an ID/IG intensity ratio of 1.1. A weak G' band 

at 2680 cm-1 and D+D' band at 2900 cm-1 could also be observed, which comes from 

defective graphene layers.[28] Characteristic radial breathing modes (RBMs) of 

double-walled CNTs can be found at 304 cm-1.[29] In comparison, in the Raman spectrum 

of pure rGO, the intensities of the G, D, G', and D+D' bands are lower, and characteristic 

RBMs of CNTs are also absent. The ID/IG ratio of rGO is 0.78, which is lower than that of 

T-rGO/CNTs. It indicates that the T-rGO/CNTs have more defects than rGO, which is in 

accordance with the TEM observations (Fig. 1d and Fig. 2).   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Raman spectrums of T-rGO/CNTs and rGO (a), XRD patterns of T-rGO/CNTs, 

CNTs and rGO (b), N2 adsorption-desorption isotherms T-rGO/CNTs and rGO.  

XRD analysis of T-rGO/CNTs showed that there are three broad peaks at 13.5°, 

25°-30°, and 41.8° (Fig. 3b). The ones at 25°-30° and 41.8° could be ascribed to the 
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typical (002) and (100) reflections of the graphitic structure of CNTs; while the one at 

13.5° corresponds to an interlayer distance is 0.65 nm. In contrast, only one poorly 

defined peak at around 25° could be seen on the pure rGO, corresponding to a much 

smaller interlayer distance of only 0.36 nm, due to the restacking of rGO nanosheets 

without CNTs. For the pure CNTs, only one wide peak at around 25° could be observed, 

which is close to the peak position of rGO. Hence, it could be speculated that the 

diffraction peak at 13.5°, which corresponds to the much-enlarged interlayer distance of 

0.65 nm, is most likely from the spacing effect of CNTs that prevents the restacking of 

graphene layers.This significantly increased distance in T-rGO/CNTs composite will be 

beneficial to improve the kinetics and reversibility of Na ion intercalation.[11, 30] 

Nitrogen adsorption-desorption isotherms of the materials were then collected to 

analyse their pore structures (Fig. 3c). An obvious hysteresis loop between desorption and 

adsorption isotherms can be seen in the medium to high relative pressure region, 

corresponding to the typical type-IV hysteresis loop. It indicates that the T-rGO/CNTs 

hybrid has a hierarchical structure with macro- and mesopores. The macropores were 

probably formed by the curved rGO sheets, while the mesopores originate from the rGO 

nanosheets separated by CNTs. This is also in agreement with the pore size distributions 

of the materials calculated by the Barrett-Joyner-Halenda (BJH) method. Specifically, the 

pore size of T-rGO/CNTs is centered at 3.81 nm (inset of Fig. 3c), which is close to the 

diameter of double-walled CNTs (2-6 nm). In comparison, the pore diameter of rGO is 

fairly discrete. Moreover, the specific surface area of the material was calculated by the 

Brunauer-Emmett-Teller (BET) method. The T-rGO/CNTs hybrid has a specific surface 

area of 263.5 m2 g-1, which is significantly higher than that of rGO (32.2 m2 g-1), further 

confirming that CNTs have successfully separated rGO nanosheets, thus leading to the 

exposure of more surface area. 

We then evaluated the electrochemical Na ion storage performance of the materials 

in a coin cell, with Na foil as the counter/reference electrode. The 1st, 10th, 30th, and 50th 
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cycle GCD profiles of T-rGO/CNTs, which was tested at 50 mA g-1 between 0.01 and 3.0 

V vs. Na/Na+, were collected and are shown in Fig. 4a. The initial discharge and charge 

capacities were 926 mAh g-1 and 255 mAh g-1, respectively, corresponding to an initial 

coulombic efficiency of 27.5%. This relatively low initial efficiency might be due to the 

irreversible reaction of the electrolyte with the surface oxygen-containing groups on 

rGO/CNTs to consume the Na ions and form a solid electrolyte interphase (SEI).[24, 34] In 

the subsequent cycles, the material possessed a high and stable Na ion storage capacity of 

251 mAh g-1 and coulombic efficiency of nearly 100%, indicating the high reversibility 

of this material for Na ion storage after the initial SEI formation. 

 

Fig. 4 Charge-discharge curves for T-rGO/CNTs anode at 0.05 A g-1 (a), CV curves for 

the first 5 cycles between 0.01 and 3.0 V at 0.1 mV s-1 (b), cycling performance at 0.05 A 

g-1 (c), and rate performance at current densities from 0.05 A g-1 to 0. 5 A g-1 (d).  

CV analysis was then conducted to study the Na ion storage mechanism of this 

rGO/CNTs material. Fig. 4b plots the CV curves of this rGO/CNTs material from the 1st 

to the 5th cycle. In the negative scan of the 1st cycle, there is one obvious cathodic peak at 

1.05 V, corresponding to the SEI formation. It disappears in the subsequent cycles, in 
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which only one distinct reduction peak near 0 V could be observed. On the other hand, in 

the corresponding positive scan of the first and subsequent cycles, only one small peak at 

0.08 V was observed. After the 1st cycle, the subsequent CV curves overlap with each 

other, which indicates stable and reversible Na ion insertion and deinsertion into/from the 

material.[24]  

The cycling performance and rate capability of the T-rGO/CNTs material were then 

evaluated (Fig. 4c, d). The material shows a stable Na ion storage performance, with a 

capacity of 230 mAh g-1 after 90 cycles (Fig. 4c), corresponding to a coulombic 

efficiency near 100%. In comparison, the Na ion storage capacities of rGO and CNTs are 

both much lower (40 and 100 mAh g-1, respectively). Hence, these results clearly show 

that this hybrid structure with rGO nanosheets separated by CNTs could effectively 

facilitate stable Na ion storage with high capacity.  

The rate performance of rGO/CNTs anode was evaluated at various current densities 

from 0.05 A g-1 to 0.5 A g-1 (Fig. 4d). At the initial rate of 0.05 A g-1, the material 

possesses a specific capacity of ∼250 mAh g-1, which decreases as the current density 

increases. Even so, at the highest rate of 0.5 A g-1, this material still maintains a high 

capacity of ~168 mAh g-1, and this can be recovered to 190 mAh g-1 at 0.25 A g-1 or 230 

mAh g-1 at 0.05 A g-1, which is much higher than for the previously reported rGO and 

expanded graphite materials.[19]  

With the advantages of the hierarchical porous structure and enlarged interlayer 

distance, the T-rGO/CNTs composite exhibits much enhanced performance for Na ion 

storage compared with pure rGO or CNTs.[31-33] Unfortunately, the large and irreversible 

capacity decay in the initial cycle of the T-rGO/CNTs will greatly hinder its practical 

application. Considering that this issue may be caused by the large amount of residual 

oxygen-containing groups after the harsh oxidization process, a more complete reduction 

should be effective in improving the 1st cycle performance of the material.  

Thus, a vacuum reduction was carried out by annealing the GO/CNTs under vacuum 
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to more effectively remove the oxygen-containing species (i.e. V-T-rGO/CNTs). Under 

SEM, the homogeneous hybridization of rGO and CNTs could be clearly observed, with 

CNTs located in between the rGO nanosheets (Fig. 5a, b), which is similar to the case of 

T-rGO/CNTs. To further confirm the effect of vacuum reduction on the oxygen content of 

the material, XPS was conducted to compare the surface chemistry of V-T-rGO/CNTs 

with that of T-rGO/CNTs. It showed that the oxygen content of V-T-rGO/CNTs annealed 

at 1000 °C under vacuum was 2.56 at.%, which was much lower than that of the 

T-rGO/CNTs (6.59 at.%, inset of Fig. 5b).  

 

Fig. 5 (a, b) SEM images of V-T-rGO/CNTs, with XPS survey spectra of V-T-rGO/CNTs 

and T-rGO/CNTs (inset in b); (c) Na ion cycling performance of V-T-rGO/CNTs at 0.05 A 

g-1.  

The Na ion storage performance of V-T-rGO/CNTs was then evaluated at 0.05 mA 

g-1. The initial discharge and charge capacities of the material are 668.2 mAh g-1 and 

285.6 mAh g-1, respectively, corresponding to an initial coulombic efficiency of 42.7%, 

which is much higher than in the case of T-rGO/CNTs (27.5%). It is thus confirmed that 
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the vacuum reduction can significantly suppress the undesirable irreversible reactions in 

the initial cycle and thus effectively improve the Na ion storage capacity/coulombic 

efficiency of the material. [34] 

To better understand the effects of surface oxygen-containing groups on the kinetics 

of the materials’ electrochemical reactions during the insertion/deinsertion of Na ions, 

comparative EIS analysis of V-T-rGO/CNTs, T-rGO/CNTs, and rGO was conducted at the 

charge state after 5 cycles. As shown in Fig. 6a, each Nyquist plot consists of a depressed 

semicircle in the high to medium frequency region and a straight line in the low 

frequency region. Based on the Nyquist plots, an equivalent circuit was designed to 

simulate the electrochemical processes in the materials (Fig. 6b), in which Rs, Rsf ,CPE1, 

Rct, CPE2, and W represent the electrolyte resistance, solid electrolyte interphase 

resistance, surface capacitance, charge transfer resistance, double layer capacitance, and 

Warburg impedance, respectively. The Rct values of V-rGO/CNTs, rGO/CNTs, and rGO 

are 182.6, 246.5, and 510.2 ohm, respectively. Consequently, it could be deduced that the 

vacuum annealing could not only improve the Na ion storage efficiency in the initial 

cycle but also enhance the Na ion storage kinetics by reducing the internal impedance. 

 

Fig. 6 Nyquist plots of V-rGO/CNTs, T-rGO/CNTs, and rGO reduced in argon (a), fitted 

equivalent circuit (b), and corresponding charge transfer resistance Rct (c).  

 

In addition, this liquid phase oxidation/exfoliation process, which resulted in a 

homogeneous liquid suspension of GO and CNTs, also provided the possibility to further 
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modify the microstructure through a hydrothermal reduction process, which led to a 

free-standing and porous rGO/CNTs foam (denoted as H-rGO/CNT foam) (Fig. 7a inset), 

with rGO sheets forming a three-dimensional porous structure and fibrous CNTs located 

amongst the rGO nanosheets (Fig. 7a and b). 

 

Fig. 7 (a) SEM image of H-rGO/CNT foam and photograph (inset), (b) SEM image of 

V-H-rGO/CNT foam, (c) SIB anode cycling performance of H-rGO/CNT foam and 

V-H-rGO/CNT foam at 0.05A g-1. 

    The H-rGO/CNT foam was used as SIB anode and tested at a current density of 50 

mA g-1 between 0.01 and 3.0 V (Fig. 7c). The initial discharge capacity and stable 

discharge capacity were measured to be 780 mAh g-1 and ~300 mAh g-1, respectively, 

which was higher than the 285.6 mAhg-1 for V-H-rGO/CNTs in powder form, indicating 

that this optimized three-dimensional porous structure is beneficial for further improving 

the electrochemical performance, due to its more facile transport of ions inside its large 

pores as well as the effective interconnected network to conduct electrons.  

Nevertheless, the Na ion storage capacity of H-rGO/CNT foam fluctuated more than 
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for V-H-rGO/CNTs throughout the cycling test, which is possibly due to residual 

oxygen-containing groups on the surface. Inspired by the improved Na ion storage 

performance of V-T-rGO/CNTs via vacuum annealing, the H-rGO/CNT foam was also 

annealed under vacuum (with the product denoted as V-H-rGO/CNT foam). Compared 

with the H-rGO/CNT foam, the big pores in H-rGO/CNT foam were hardly observed in 

V-H-rGO/CNT foam, although the uniform composite structure of rGO/CNT was 

maintained. The electrochemical analysis showed that the V-H-rGO/CNT foam had a 

more stable Na ion storage capacity of 295 mAh g-1 after 200 cycles. The above analysis 

further indicates that vacuum reduction annealing could be considered as one of favorable 

factors for improved Na ion storage performance of rGO/CNTs. 

4. Conclusions  

In summary, a hybrid nanostructure of rGO/CNTs was successfully synthesized via a 

single liquid-phase oxidization exfoliation process. The unique structure combining 

two-dimensional graphene and one-dimensional carbon tubes could not only inhibit 

graphene re-stacking, but could also prevent CNTs from assembling into bundles. 

Benefiting from the interval effect of the CNTs, the hierarchical porous structure and 

enlarged interlayer lattice distance promoted the formation of smooth ion channels for Na 

ion diffusion. The rGO/CNTs composite had a stable Na ion storage performance of 295 

mAh g-1 at 0.05 A g-1 after 200 cycles.  
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