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ABSTRACT: A new porous MoO2-Cu/C/graphene quadruple nanocomposite was 

designed and synthesized by a facile one-pot chemical precipitation method followed 

by calcination. As an anode for lithium ion batteries, the porous MoO2-Cu/C/graphene 

nanocomposite delivers a high reversible capacity with significantly enhanced cycling 

stability (1114.8 mAh g-1 after 100 cycles at 0.1 A g-1) and rate capability (892.6 mAh 

g-1 and 702.2 mAh g-1 at 1 A g-1 and 2 A g-1, respectively). The greatly improved 

performances could be attributed to the positive synergistic effect of MoO2 

nano-octahedrons, Cu, carbon network derived from metal-organic framework, and 

graphene: the MoO2 nano-octahedrons as lithium storage active materials, Cu phase 

as excellent conductor to improve the rate capability, the in-situ electrochemically 

carbon network as conductor and spacer to improve the rate capability and buffer the 

volume changes, and graphene as an efficient three dimensional conductive network 

to further accommodate the volume change of electrode materials.  

Keywords: Molybdenum dioxide, Copper, Carbon, Graphene, Lithium ion batteries 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

3 

 

1. Introduction 

Transition metal oxides with higher theoretical capacity compared to currently 

commercial graphite, such as MoO2 [1-9], Fe2O3 [10-13], Co3O4 [14-17], SnO2 [18-20], 

ZnO [21-22], CuO [23-24], and TiO2 [25-26], et al. have been proven to be promising 

candidates as advanced anodes for the next generation high power lithium ion 

batteries (LIBs). Among various anode materials, molybdenum dioxide (MoO2) with 

high energy density (838 mAh g-1) and low electrical resistivity has recently drawn 

much attention in LIBs [8, 9]. However, the rapid decay in capacity caused by the 

large volume variations upon charge-discharge processes and limited rate 

performance because of its inherent poor electrical conductivity impede its practical 

applications. To circumvent these challenges, popular strategy is to integrate active 

oxide materials into conductive matrices or scaffolds, such as carbon, metals, or 

graphene [27]. Recently, Xia group synthesized MoO2@C composite in which carbon 

could enhance the electrical conductivity and protect MoO2 anode, showing an  

improvement capacity of 1442 mAh g-1 after 50 cycles at 0.1 A g-1 rate and 443.8 mA 

h g-1 after 50 cycles at 1 A g-1 [4]. The improved electrochemcial properties of 

MoO2@C composite is ascribed to the carbon which could protect the active materials 

and enhance the electrical conductivity. On the other hand, graphene (GR) is a famous 

star material for energy devices because of its superior electrical conductivity, high 

surface area, structural flexibility, and chemical tolerance [28-34]. Graphene-based 

hybrid such as Co3O4/graphene [32], Sn-In/graphene [33], Sn@C/graphene [34] and 

MoO2/graphene [9] have been reported as anodes for LIBs to improve the reversible 

capacity and cycle performances. In those cases, graphene could not only prevent the 

aggregation of active electrode materials and accommodate the volume variations 

during cycling, but also decrease the contact resistance of active nanomaterials. In 

addition, various metal (including Cu, Co, Ag, etc.) phase can also promote the 

transport of electrons and facilitate the electrochemical reaction kinetics of hybrid 

electrode materials [33-38]. Huang et al. successfully synthesized Li4Ti5O12/Cu 

composite by a facile solvothermal route, and the composite showed an improvement 

capacity of 141.6 mAh g-1 after 10 cycles at 10 C [35]. Based on above considerations, 
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it is highly desirable to synthesize a new nanocomposite as anodes for LIBs to fully 

combine the advantages of MoO2, metal phase, carbon network, and GR. However, 

the development of a simple and effective method for the design of a quadruple 

MoO2-Cu/C/GR nanocomposite with the satisfactory performances still remains a big 

challenge.  

Recently, polyoxometalate-based metal-organic framework (POMOF) hybrid has 

also been studied for potential applications in catalysis and energy devices due to their 

high specific surface area, extra chemical composition, porous structure, versatile 

organic fragments, and high thermal stability [4, 5, 39-48]. For instance, two 

isostructural POMOF with diamond topology, NENU-506 and NENU-507, exhibited 

high reversible capacity of 640 mA h g-1 after 100 cycles, when applied as an anode 

for LIBs [44]. Lan et al. also reported a POMOF consisting of Zn-3-Keggin fragments 

connected with tris-(4-pyridyl)triazine) ligands exhibited a highly reversible capacity 

of 750 mAh g-1 at 50 mA g-1 after 200 cycles with excellent cycle stability and rate 

performance [46]. On the other hand, metal oxides can be obtained via controlled 

pyrolysis of POMOF precursor [4, 5, 47]. Porous MoO3@CuO derived from POMOF 

demonstrates good performance and excellent cycle life due to the layered structure of 

MoO3 providing facilitated ion transport and electron diffusion pathways for the 

composite material [47]. Lin et al. synthesized a composite of MoO2@Cu@C using a 

thermolysis template of POMOF crystal, exhibiting an excellent capacity of 28.33 

mAh g-1 at 1 A g-1 in supercapacitors [5]. Dispite those progresses, MoO2-Cu/C/GR 

nanocomposites derived-POMOF/graphene oxide (GO) precursor as anode materials 

for LIBs have not been reported. 

Herein, we report a new MoO2-Cu/C/GR quadruple nanocomposite arived from 

POMOF/GO precursor which contains phosphomolybdic acid hydrate, graphene, and 

Cu-based MOFs forming intriguing structures. As an advanced anode for LIBs, 

porous MoO2-Cu/C/GR nano-octahedrons exhibited a large reversible capacity, 

obvious improvement in capacity retentions and rate capability. 

2. Experimental section 

2.1. Synthesis of the MoO2-Cu/C/GR nano-octahedrons  
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    All chemicals are of analytical grade, and were used without any further 

purification. Graphene oxide (GO) was synthesized from graphite by a modified 

Hummers method [33, 49]. 0.996 g copper (II) acetate monohydrate, 0.073 g 

L-glutamic acid and 0.421 g phosphomolybdic acid hydrate (POM) were dissolved in 

50 mL distilled water and stirred at ambient condition for 30 mins as solution A. 50 

mg graphene oxide was dispersed in 50 mL ethanol by ultrasonic cleaner for 1 h at 

room temperature, then 0.138 g 1, 3, 5-benzenetricarboxylic acid (BTC) was added 

under continuous stirring as solution B. Then solution B was poured into solution A 

with continuous stirring and a precipitate appeared immediately. After being stirred 

for 24 h, the precipitation was washed with ethanol and distilled water for three times 

and then was dried in vacuum at 60 oC to get POMOF/GO. The POMOF/GO was 

contained at 600 oC for 3 h with a ramp rate of 2 oC min-1 under N2 atmosphere to get 

the target product. Finally, the product was taken out and the color changed from 

green to black. For comparison, porous MoO2-Cu/C was prepared via POMOF 

precursor under similar conditions without the presence of GO. Porous MoO2/C was 

synthesized using MoO2-Cu/C by FeCl3 etching [39]. 

2.2. Material characterizations  

    The morphologies and structures of the as-synthesized product were 

characterized by a X-ray diffraction (XRD) analyzer (Shimadzu XRD-6000 

diffractometer using Cu-Kα radiation (0.15406 nm), a scanning electron microscope 

(JEOL, JSM-6700 F, 5 kV), transmission electron microscope (TEM, JEOL 

JEM-1400), high-resolution transmission electron microscopy (HRTEM) images and 

element mapping results were performed on FEI F20 S-TWIN at an acceleration 

voltage of 200 kV. Raman spectra were carried on a Renishaw Raman spectrometer. 

The BET surface area of the as-obtained sample was determined by an ASAP 2020 

surface analyzer at 77 K. Pore size distribution analysis was based on the 

Barrett-Joyner Halenda (BJH) results. Thermogravimetric analysis (TGA) was carried 

out using a Labsys Evo thermoanalyser under Air flow. X-ray photoelectron 

spectroscopy (XPS) measurement was performed on a ESCALAB 250XI 

spectrometer with monochromatic Al Ka as the X-ray source. Mo and Cu were 
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determined by a Jobin Yvon Ultima2 ICP atomic emission spectrometer. Anal. calcd. 

for MoO2-Cu/C/GR: Mo, 59.1%; Cu, 9.8 %.  

2.3. Electrochemical measurements 

 The working electrodes were prepared by mixing 80wt% MoO2-Cu/C/GR , 

10wt% Super P, and 10wt% polyvinylidene fluoride dissolved in 

N-methyl-2-pyrrolidinone. The resulting slurry was pasted onto copper foil and dried 

in a vacuum oven Coin-type half cells (2032R-type), the MoO2-Cu/C/GR as working 

electrode, lithium metal ascount erelectrode and 1M LiPF6 in ethylene 

carbonate/diethyl carbonate (1:1 vol%) as electrolyte. The active mass loading on the 

electrode is about 1.04 mg cm-2. The electrochemical properties of the 

MoO2-Cu/C/GR nanocomposites were evaluated via a battery cycle tester (LAND 

CT-2001A, Wuhan, China). Cyclic voltammetry (CV) was measured by an 

electrochemical workstation (CHI 760 E, Chenhua Ltd. Co., China) between 3.0 and 

0.01 vs (Li/Li +)/V at 0.2 mV s-1 sweep rate. Electrochemical impedance spectroscopy 

(EIS) tests were carried out on an electrochemical workstation (Autolab 302 N) in the 

frequency range of 0.1 Hz to 106 Hz with ac amplitude of 10 mV. 

3. Results and discussion 

3.1. Characterizations of MoO2-Cu/C/GR 

 

Scheme 1. Schematic of the synthesis procedure of porous MoO2-Cu/C/GR nano-octahedrons.  
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Scheme 1 illustrates the synthesis process of GO and porous MoO2-Cu/C/GR 

nano-octahedron quadruple nanocomposite via a facile one-pot chemical precipitation 

method followed with thermal treatment. The morphologies and diffraction peaks of 

the POMOF precursor were displayed in Fig. S1, which were well consistent with the 

crystal structure of POMOF previously reported [5, 50]. As shown in Scheme 1, the 

POMOF/GO was calcinated at 600 oC for 3 h under N2 atmosphere. During the 

annealing process, the MoO2 nanoparticles would form through the decomposition of 

Mo based POMs. Meanwhile, the Cu2+ clusters were reduced to Cu, a carbon network 

skeleton came into being from BTC ligands, and GO were reduced to GR. Finally, 

porous MoO2-Cu/C/GR nano-octahedrons were obtained and then used as an anode 

material for lithium-ion batteries. 

 

Fig. 1. (a) XRD patterns of MoO2/C MoO2-Cu/C and MoO2-Cu/C/GR. (b) Raman patterns of GO, 

MoO2-Cu/C and MoO2-Cu/C/GR. 

 

Fig. 1a shows the XRD patterns of MoO2/C, MoO2-Cu/C and MoO2-Cu/C/GR 

nano-octahedrons. Three strong peaks at 43.3o, 50.4o, and 74.1o correspond to the 

(111), (200), and (220) crystal planes of Cu phase (JCPDS no. 85-1326), respectively.  

Diffraction peaks at 25.9o, 37.2o, 53.4o, and 60.4o are assigned to the (011), (200), 

(022) and (013) crystal planes of MoO2 phase (JCPDS no.78-1071), respectively. A 

broad peak around 24.5o appeared in the pattern of the as-prepared porous 

MoO2-Cu/C/GR nano-octahedrons, being indexed to graphene. The Raman spectra of 

porous MoO2-Cu/C/GR, porous MoO2-Cu/C, GO samples are also shown in Fig. 1b. 
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The spectra display two prominent peaks at 1368 cm-1 (D bands ) and 1592 cm-1 ( G 

bands ). It is well known that the intensity ratio of D to G bands (ID/IG) was used to 

probe the ordered and disordered crystal structures of carbon [51]. The smaller the 

ID/IG ratio, the higher the degree of ordering in the carbon material [52]. The ID/IG 

values of GO, MoO2-Cu/C and MoO2-Cu/C/GR composites are 0.88, 0.94, and 1.48, 

respectively. The ID/IG for MoO2-Cu/C/GR is much larger than that for graphene 

oxide and MoO2-Cu/C, showing the transformation of graphene sheets from graphene 

oxide after the calcination treatment. Hence, the Raman results correspond to the 

formation of MoO2-Cu/C/GR composites. 

 

Fig. 2. (a) XPS survey scan of MoO2-Cu/C/GR nano-octahedrons. (b) High-resolution XPS 

spectra of the Cu2p peak.  

 

In order to explore the surface component of the products, XPS of porous 

MoO2-Cu/C/GR nano-octahedrons was measured (Fig. 2a). A single Cu2p3/2 peak 

appears at 932.5 eV (Fig. 2b) without a significant shoulder peak of 934.0 eV, 

indicating the nonexistence of Cu2+ [5, 53, 54]. It should be noted that Cu and Cu2O 

could not be resolved by this deconvolution because their binding energies are very 

close [5]. The presence of Cu0 can be confirmed by the above XRD patterns of 

MoO2-Cu/C/GR and the lattice fringes of metallic Cu(111) planes of HRTEM. The 

high-resolution Mo3d spectrum (Fig. S2a) can be further deconvoluted into four 

individual peaks which located at 236.0, 232.9, 231.2, and 229.7 eV, corresponding to 

the Mo(VI)3d3/2, Mo(IV)3d3/2, Mo(VI)3d5/2, and Mo(IV)3d5/2, respectively [55]. Two 
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peaks centered at 232.9 and 229.7 eV are attributed to the oxidation states of MoO2. 

Additionally, peaks at 236.0 and 231.2 eV are resulted from the slight surface 

oxidation of MoO2 in air [56]. The high-resolution C1s XPS spectrum (Fig. S2b) 

depicts that three distinct C configurations coexist, including graphic carbon (C-C), 

carbon in C-O, and carbonyl carbon (C=O), respectively [57]. The presence of MoO2 

nanoparticles is further confirmed by the strong O1s peak at 530.2 eV corresponding 

to oxygen species in MoO2 phase (Fig. S2c). Two small O1s peaks at 531.8 and 532.2 

eV indicates the presence of residual oxygen-containing groups bonded with C atoms 

in graphene [58]. 

 

Fig. 3. (a) Nitrogen adsorption-desorption isotherms of MoO2-Cu/C/GR and MoO2-Cu/C. (b) Pore 

size distribution of MoO2-Cu/C/GR and MoO2-Cu/C. 

 

The surface areas and pore structures of the porous MoO2-Cu/C/GR product 

were further investigated by N2 adsorption-desorption measurement. Fig. 3a exhibits 

the N2 adsorption/desorption isotherms of the porous MoO2-Cu/C/GR 

nano-octahedrons and porous MoO2-Cu/C nano-octahedrons. They all exhibit typical 

type-IV features of absorbents with a H2 hysteresis loop. The BET surface area is 

107.17 m2 g-1 for porous MoO2-Cu/C/GR nano-octahedrons and 15.6 m2 g-1 for 

porous MoO2-Cu/C nano-octahedrons. Obviously, the BET specific surface area of 

MoO2-Cu/C/GR is much higher than that of porous MoO2-Cu/C, indicating that the 

introduction of graphene improve the BET area. For MoO2-Cu/C nano-octahedrons, 

the primary pore size was mainly in the range of 7.3-24.1 nm, and the average pore 
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diameter is 15.94 nm (Fig. 3b). In contrast, the primary pore size of MoO2-Cu/C/GR 

composite was in a narrow range of 3.4-10.1 nm, and the average pore diameter is 4.5 

nm. This suggests that the graphene wrapped MoO2-Cu/C nano-octahedrons formed 

uniform pores and channels for the nanocomposite. The obviously improved surface 

area endows porous MoO2-Cu/C/GR nano-octahedrons with more lithium storage 

sites. It could be expected that the porous MoO2-Cu/C/GR nano-octahedrons delivers 

a higher reversible capacity compared to MoO2-Cu/C. 

 

Fig. 4. (a) SEM image of MoO2/C. (b) SEM image of MoO2-Cu/C. (c) SEM image of 

MoO2-Cu/C/GR. (d) TEM image of MoO2-Cu/C/GR. (e, f) HRTEM images of MoO2-Cu/C/GR. 

(g) Elemental mapping showing the uniform dispersion of C (yellow), O (blue), Mo (Pink) and Cu 

(green) elements in the nano-octahedrons.  

 

The morphologies and sizes of MoO2/C, MoO2-Cu/C and MoO2-Cu/C/GR  

nano-octahedrons were characterized by SEM. Fig. 4a and 4b exhibit the SEM images 

of the MoO2/C and MoO2-Cu/C nano-octahedrons. The as-synthesized product 

composed of graphene and MoO2-Cu/C octahedrons (Fig. 4c). It is clearly seen that 
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the octahedrons are wrapped between graphene. To further investigate the 

microstructure, the porous MoO2-Cu/C/GR product is characterized by TEM. TEM 

images of the porous MoO2-Cu/C/GR nano-ctahedrons are exhibited in Fig. 4d. TEM 

characterization further confirms the intimate contact between the graphene and 

porous MoO2-Cu/C octahedrons. HRTEM image of porous MoO2-Cu/C/GR clearly 

reveal the presence of nano-octahedrons (Fig. 4e). It should be noted that the 

MoO2-Cu nanoparticles labeled by a square are distributed in the carbon matrix. As 

shown in Fig. 4f, the presence of Cu nanocrystallites between MoO2-Cu/C/GR grain 

is identified by the lattice fringes with an interspacing of 0.21 nm that is ascribed to 

the (111) planes of metallic Cu (d111 = 0.21 nm). And the lattice fringes with an 

interspacing distance of 0.34 nm is ascribed to MoO2 [4]. The elemental mapping 

reveals the homogeneous distribution of C, O, Mo and Cu elements in the 

nano-octahedrons (Fig. 4g). The EDX results are consistent with those of XPS and 

further prove that the as-synthesized product is MoO2-Cu/C/GR. In order to further 

clarify the carbon contents in the as-prepared materials, the TG and ICP 

measurements were also done. As seen in Fig. S3, the carbon content is estimated to 

be 11.4 %. According to the Mo content of ICP results, the MoO2 content is about 

78.8 wt% in the porous MoO2-Cu/C/GR nano-octahedrons. Based on the above data, 

XRD, Raman, SEM, TEM, HRTEM, Elemental mapping, XPS, BET, TG and ICP, it 

can be concluded that the MoO2-Cu/C/GR nano-octahedrons have been successfully 

synthesized. 

3.2. Electrochemical performances of MoO2-Cu/C/GR  
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 Fig. 5. (a) Cyclic voltammogram profiles for porous MoO2-Cu/C/GR nano-octahedrons with the 

voltage range of 0.01-3 vs (Li/Li +) V at 0.1 A g-1.at 0.2 mV s-1 sweep rate. (b) The 1st and 2nd 

discharging-charging voltage profiles of porous MoO2-Cu/C/GR nano-octahedrons anode at 0.1 A 

g-1. 

 

    Fig. 5a exhibits the CV curves of MoO2-Cu/C/GR anode for LIBs. In the first 

cathodic scan, the cathodic peak at 0.95 V can be ascribed to a phase transition from 

orthorhombic to monoclinic phase upon Li insertion as suggested by Dahn [59-60], as 

well as the formation of a solid electrolyte interface (SEI) film [61-63]. During the 

second and third cycle, two pairs of cathodic/anodic peaks at (1.23/1.48 V) and 

(1.52/1.73 V) represents two stages of reversible electrochemical lithium 

intercalation/deintercalation between monoclinic phase and reversible phase transition 

of partially lithiated LixMoO2 [8, 9]. The Li+ intercalation/deintercalation into/out of 

MoO2 can be written as the following equ. 1 and 2 [8]. The peak current density was 

nearly unchanged in the 2nd and 3rd cycling, showing excellent capacity retentions. 

xLi+ + xe− + MoO2 ↔ LixMoO2 (0 ≤ x ≤ 0.98)  (1) 

Li 0.98MoO2 + 3.02Li ↔ 2Li2O + Mo         (2) 

    Fig. 5b shows the representative charge/discharge curves of porous 

MoO2-Cu/C/GR nano-octahedrons for the 1st and 2nd cycle with the voltage range of 

0.01-3 vs (Li/Li +) V at 0.1 A g-1. In the first cycle, one short discharge plateau at 

approximately 0.95 V was observed, which was well consistent with the CV results. 

The capacity of porous MoO2-Cu/C/GR nano-octahedrons depends on the total weight 
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including MoO2 and carbon. The theoretical capacity of (C) the hypothetical mixture 

of MoO2-Cu/C/GR is calculated as follows:  

C theoretical = CMoO2* mass of MoO2 + Ccarbon* mass of carbon + CCu* % mass of Cu 

= 838*78.8  + 372*11.2  + 0 *9.8  

= 702 mAh g-1     

 

    The porous MoO2-Cu/C/GR nano-octahedrons deliver initial discharge/charge 

capacities of 1343.3 mAh g-1 and 937.8 mAh g-1 with coulombic efficiency of 69.8%, 

respectively. This gravimetric capacity is higher than the theoretical capacities of both 

MoO2 (838 mAh g-1) and carbon (372 mAh g-1). This phenomenon is related to the 

larger electro-chemical active surface area of porous micro/nano-structures and the 

reversible growth of a polymer/gel-like layer on the surface of the MoO2-Cu/C/GR 

active material or an interfacial lithium-storage [64-66]. On the other hand, the 

generated nanopores of MoO2-Cu/C/GR could provide more active sites, which could 

increase the contact area between electrolyte and active materials, and improve the 

electron and ion transport. It should be noted that the first charge capacity is lower 

than that of discharge capacity. The capacity loss is ascribed to the irreversible 

reduction of MoO2 to Mo, the formation of SEI film, and the decomposition of 

electrolyte, which are consistent with previous reports [6-9].  

 

Fig. 6. (a) Cycling performances of MoO2-Cu/C/GR, MoO2-Cu/C, and MoO2/C as anodes for 

LIBs at 0.1 A g-1. (b) Rate capabilities of MoO2-Cu/C/GR, MoO2-Cu/C, and MoO2/C at different 

rates.  
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Cycle performance is an important parameter for LIBs applications. Fig. 6a 

shows the comparisons of cycle performances of the MoO2-Cu/C/GR, MoO2-Cu/C 

and MoO2/C samples at 0.1 A g-1. It can be easily seen that with the increase of cycle 

numbers, the differences between MoO2-Cu/C/GR, MoO2-Cu/C and MoO2/C sample 

became pronounced. At 100 cycles, the MoO2-Cu/C delivered a 699.7 mAh g-1 

discharge capacity with capacity retention of 53.8%, while the composite 

MoO2-Cu/C/GR still keep a discharge capacity of 1114.8 mAh g-1 with capacity 

retention of 82.9% compared to the initial discharge capacity. The data of this work 

are also higher than other reported MoO2 electrode materials (Table S1) [67-71]. On 

the other hand, the discharge capacity of MoO2/C at 100th cycle is about 629.1 mAh 

g-1, which is lower than that of MoO2-Cu/C composite (699.7 mAh g-1). This result 

indicats that the copper phase helps to constrain the volumetric change and 

aggregation of active materials, and hence improve the electron transfer and the cyclic 

performance, which is similar to previous reports [35, 38]. To verify the stability of 

the electrode materials, the porous MoO2-Cu/C/GR nano-octahedrons was 

characterized by SEM after 100 cycles at the current density of 0.1 A g-1 (Fig. 7). It 

can be clearly seen that the graphene and nano-octahedrons could retain original 

morphology and structure. These behaviors confirmed that the MoO2-Cu/C/GR 

sample possesses a highly reversible structure stability during the lithium storage 

processes. 

 

Fig. 7. (a, b) SEM images of porous MoO2-Cu/C/GR nano-octahedrons after 100 cycles at the 

current density of 0.1 A g-1. 
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In order to further investigate the roles of copper phase and graphene in the 

porous MoO2-Cu/C/GR nano-octahedrons, the rate capabilities of the porous 

MoO2-Cu/C/GR, MoO2-Cu/C, and the MoO2/C as anode materials for LIBs were also 

measured. As shown in Fig. 6b, the porous MoO2-Cu/C/GR nano-octahedrons deliver 

the highest specific capacity among these samples. It is obvious that with the increase 

of the current rate, the differences of porous MoO2-Cu/C/GR, MoO2-Cu/C, and 

MoO2/C became pronounced. The porous MoO2-Cu/C/GR nano-octahedrons exhibit a 

discharge capacity of 1151 mAh g-1 at low rate of 0.1 A g-1. When the 

charge-discharge rate increases to higher values of 1 A g-1and 2 A g-1, the discharge 

capacities maintained at 892.6 and 702.2 mAh g-1, respectively, which are still much 

higher than that of MoO2/C composite previously reported [4]. As comparison, the 

porous MoO2-Cu/C sample exhibits lower discharge capacities of 680.5 mAh g-1 at 1 

A g-1 rate and 400.4 mAh g-1 at 2 A g-1. While the porous MoO2/C product exhibits the 

lowest capacity. The superior rate behaviors of porous MoO2-Cu/C/GR 

nano-octahedrons can be attributed to the following aspects. Firstly, the highly 

conductive Cu additives could not only significantly improve the surface intercalation 

reaction and reduce the cell polarization, but also enhance the electrical conductivity 

of electrode materials and thereby improve the rate capability. Secondly, graphene in 

the presence of porous MoO2-Cu/C/GR nano-octahedrons not only accommodate the 

volume variations of MoO2 nanoparticles, but also improve the electron transport 

property of the electrode material, resulting in lower charge transfer resistance and 

fast lithium ion diffusion compared to porous MoO2-Cu/C nano-octahedrons [51].  
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Fig. 8. EIS spectra of MoO2-Cu/C/GR, MoO2-Cu/C, and MoO2/C applied as anode for LIBs after 

10th cycle. Inset shows the equivalent circuit. 

 

    For the purpose of further probing the rate capability, EIS were carried out using 

MoO2-Cu/C/GR, MoO2-Cu/C, and MoO2/C as anodes for LIBs after 10th cycle. Fig. 8 

shows their EIS spectra which all composed of a depressed semicircle and a sloping 

line in the high-frequency and low-frequency region, respectively. The impedance 

plots were fitted by using the equivalent circuit model (Fig. 8 inset), which includes 

the electrolyte resistance Rs, the SEI resistance Rf, the charge-transfer resistance Rct, 

the Warburg impedance (Zw) related to the diffusion of lithium ions into the bulk of 

the electrode materials, and two constant phase elements (CPE1 and CPE2) associated 

with the interfacial resistance and charge-transfer resistance, respectively. It can be 

seen that the charge transfer resistance of MoO2-Cu/C is much smaller than that of 

MoO2/C, showing that copper nanocrystallites could greatly reduce the 

charge-transfer impedance (Rct) of the electrode by forming a highly conductive 

network between metal oxide grains [35, 38]. In addition, the semicircle with the 

diameter of the porous MoO2-Cu/C/GR composites is smaller than that of porous 

MoO2-Cu/C. This result shows that the porous MoO2-Cu/C/GR composites behave 

the lowest charge transfer resistance between the electrode and electrolyte 

interface(Rs). It is because that the GR as efficient charge carrier could facilitate 

charge transfer at the interface leading to higher rate capability, proving that the 
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porous MoO2-Cu/C/GR nano-octahedrons possesses lower charge-transfer and 

contact impedance as anode for LIBs. These results are also in agreement with the 

superior rate capability of porous MoO2-Cu/C/GR nano-octahedrons since charge 

transfer process is the rate determining step for conversion reactions [33]. 

4. Conclusions  

In summary, porous MoO2-Cu/C/GR nano-octahedrons have been successfully 

prepared via a facile one-pot chemical precipitation method followed with thermal 

treatment. As an advanced anode for LIBs, the porous MoO2-Cu/C/GR 

nano-octahedrons deliver an excellent cycle performances (discharge capacity of 

1114.8mAh g-1 at 0.1 A g-1 after 100 cycles with capacity retention of 82.9%) and 

enhanced rate capability (892.6 mAh g-1 and 702.2 mAh g-1 discharge capacity at 1 A 

g-1 and 2 A g-1 rate, respectively). The obvious enhancement can be attributed to the 

positive synergistic effect of MoO2, carbon, copper phase and GR. This work 

highlights the advantages of the combination of MoO2, copper phase, carbon, and GR 

for the maximum utilization of rate capability and capacity retentions. This work also 

supplies a simple way to prepare porous MoO2-Cu/C/GR nano-octahedrons as an 

anode for high power LIBs. 
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Figure captions: 
 

Fig. 1. (a) XRD patterns of MoO2/C MoO2-Cu/C and MoO2-Cu/C/GR. (b) Raman 

patterns of GO, MoO2-Cu/C and MoO2-Cu/C/GR. 

 

Fig. 2. (a) XPS survey scan of MoO2-Cu/C/GR nano-octahedrons. (b) High-resolution 

XPS spectra of the Cu2p peak. 

 

Fig. 3. (a) Nitrogen adsorption-desorption isotherms of MoO2-Cu/C/GR and 

MoO2-Cu/C. (b) Pore size distribution of MoO2-Cu/C/GR and MoO2-Cu/C. 

 

Fig. 4. (a) SEM image of MoO2/C. (b) SEM image of MoO2-Cu/C. (c) SEM image of 

MoO2-Cu/C/GR. (d) TEM image of MoO2-Cu/C/GR. (e, f) HRTEM images of 
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MoO2-Cu/C/GR. (g) Elemental mapping showing the uniform dispersion of C 

(yellow), O (blue), Mo (Pink) and Cu (green) elements in the nano-octahedrons.  

 

Fig. 5. (a) Cyclic voltammogram profiles for porous MoO2-Cu/C/GR 

nano-octahedrons at 0.2 mV s-1 sweep rate. (b) The 1st and 2nd discharging-charging 

voltage profiles of porous MoO2-Cu/C/GR nano-octahedrons anode at 0.1 A g-1. 

 

Fig. 6. (a) Cycling performances of MoO2-Cu/C/GR, MoO2-Cu/C, and MoO2/C as 

anodes for LIBs at 0.1 A g-1. (b) Rate capabilities of MoO2-Cu/C/GR, MoO2-Cu/C, 

and MoO2/C at different rates.  

 

Fig. 7. (a, b) SEM images of porous MoO2-Cu/C/GR nano-octahedrons after 100 

cycles at the current density of 0.1 A g-1. 

Fig. 8. EIS spectra of MoO2-Cu/C/GR, MoO2-Cu/C, and MoO2/C applied as anode for 

LIBs after 10th cycle. Inset shows the equivalent circuit. 

 

 

 

 

 

Scheme caption 

 

Scheme 1. Schematic of the synthesis procedure of porous MoO2-Cu/C/GR 

nano-octahedrons.  
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Highlights: 

► A new porous MoO2-Cu/C/graphene nanocomposite was firstly synthesized. 

► MoO2-Cu/C/graphene nanocomposite delivers excellent rate capability. 

► Copper phase and graphene play an important role in rate capability. 

 


