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As advanced electrode materials for lithium ion batteries, the application of molybdenum dioxide 

(MoO2) is hampered by poor cycle stability and rate performance. In this work, a novel Mo/Cu metal 

organic framework (MOF) has been synthesized using nitrogen-rich folic acid (FA) as an organic 

ligand through liquid-phase method for the first time at room temperature. After a simple annealing 

treatment, MoO2-Cu@nitrogen-doped carbon (NC) nanomaterials derived from the Mo/Cu based MOF 

were obtained, which exhibit excellent performance as the anode material for lithium-ion batteries. The 

reversible discharge capacity of MoO2-Cu @NC nanocomposites exceeds 1000 mAh g-1 at 100 mA g-1, 

which remains 846 mAh g-1 after 100 cycles. Meanwhile, the obtained MoO2-Cu@NC nanocomposites 

also show good rate performance (580 mAh g-1 at 1000 mA g-1). 
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1. INTRODUCTION 

With the growing demands for energy and the strong call to reduce carbon emissions, the 

innovation has become a research hotspot in energy storage devices over the past few decades [1, 2]. 

Among clean energy devices, lithium-ion batteries have been considered to be attractive energy 

sources for electric transportation and portable electronic devices because of high energy density, a 

low decrease in capacity when not in use and no memory effect [3-5]. However, due to the low 

theoretical capacity, the developments of advanced LIBs are hindered by the commercial graphite 

electrodes. Consequently, it is necessary to develop novel high-capacity alternative electrode materials 

[6, 7]. 

Transitional metal oxides (TMOs) have become attractive candidates for their high theoretical 

specific capacity [8]. The high-energy advantages of TMO electrodes are mainly due to their full 
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utilization for redox reactions involving multiple electrons with lithium[9, 10]. As a representative 

transition metal oxide (TMO), MoO2 has attractive properties such as high theoretical capacity (838 

mAh g-1) and low resistivity (8.8 × 10-5 Ωcm at 300 K in bulk samples), natural abundance and 

environmentally friendly nature [11], so it is considered to be promising anode material. Therefore, the 

application of MoO2 based materials in lithium-ion battery has been widely explored in recent decades 

[12].  Nonetheless, the volume change and particle aggregation for MoO2 materials during 

charge/discharge process cause serious cycling problem and huge capacity loss[13, 14]. 

To address these issues, one common strategy is to construct nanostructured MoO2, such as 

nanoparticles [15], nanorods [16], nanosheets [17] and nanotubes [18], as it maximizes the contact 

surface area between the electrode and electrolyte. It also shortens the diffusion path of electrons and 

lithium ions, thereby improving the electrochemical performance. Nevertheless, due to volume 

changes during lithium insertion and extraction, nanostructured materials are still subject to capacity 

degradation over long periods of time. Surface modified carbon is another effective strategy to 

improve the electrochemical performances of MoO2 electrode. Carbon coating not only relieve the 

volume changes of active materials, but also enhances the electrical conductivity, thereby improving 

the reversibility and cycle performance of charge and discharge [19, 20]. 

In recent years, transitional metal oxide/carbon composites achieved through thermal 

decomposition of metal-organic frameworks  have attracted considerable attention because of their 

unique structural features [21, 22], as well as wide applications in catalysis [23] and lithium ion 

batteries [24, 25]. However, there are only a few reports on using metal-organic frameworks as a 

precursor to prepare MoO2/C composites for lithium ion batteries [26]. Chen group synthesized porous 

MoO2@C nano-octahedrons through directly calcinating the POMOF (NENU-5) precursor, which 

show superior capacity and stability (1442 mA h g-1 after 50 cycles at 100 mA g-1 [27]. The MOF 

derived hollow MoO2/C shows reversible capacities up to 810 mA g-1 even after 600 cycles at 1000 

mA g-1 [28]. Nevertheless, the organic linker of MOF derived from MoO2/C reported in the literature 

is only limited to 1, 3, 5-benzenetricarboxylic acids. The nitrogen-doped carbon can improve 

conductivity and enhance reaction kinetics. Therefore, the MoO2/N-C spheres have a reversible high 

specific capacity of 899 mAh g-1 at the current of  100 mA g-1 , improved rate capability and cycling 

performance [29]. In addition, the Cu nanoparticles are evenly dispersed in carbon skeleton to form a 

conductive network for fast charge transfer [30]. 

Inspired by above-mentioned strategies, herein, we explored a novel strategy using nitrogen-

rich folic acid (FA) as an organic ligand to synthesize Mo/Cu based MOF by liquid phase method at 

room temperature for the first time, which were converted into MoO2-Cu@NC nanocomposites after a 

thermal treatment. When used as lithium storage electrodes, the obtained MoO2-Cu@NC 

nanocomposites offered a high reversible capacity and excellent cycle stability. 

 

2. EXPERIMENTAL SECTION 

2.1. Materials preparation 

All reagents were of analytical grade and used without being purified. Mo/Cu-MOF was 

synthesized by liquid phase method at room temperature. In a typical synthesis, 0.2 g of Cu 
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(CO2CH3)2·H2O, 0.08 g of l-glutamic acid and 0.3517 g of ammonium molybdate tetrahydrate were 

dissolved in a certain amount of deionized water to form an uniform solution A with stirring for 30 

min, 0.2682g 97% folic acid was dissolved in 40ml ethanol solution to form an uniform solution B 

with stirring for 2 hours. Then solution A was added dropwise to the solution B and a green precipitate 

appeared immediately. The green precipitates were collected by centrifugal after being stirred at room 

temperature for 14 hours, washed with ethanol for several times and then were dried at 60 ℃ for 12 

hours to obtain Mo/Cu-MOF. 

To prepare MoO2-Cu@NC nanocomposites, Mo/Cu-MOF was placed in a tubular furnace, and 

then heated to 600℃ and maintained at this temperature for 2.0 h under argon gas flow. Finally, the 

MoO2-Cu@NC nanocomposites were obtained.  

 

2.2 Material characterization 

FTIR spectra were recorded on 330 FT-IR Thermo Nicolet instrument in the 4000–400 cm-1 

region. Thermogravimetric analysis (TGA) was carried out with a TA-Q600 instrument in a nitrogen 

atmosphere at a heating rate of 10 ℃ min-1. The crystalline phases of samples were determined by a 

Shimadzu XRD-7000 X-ray diffractmeter (XRD) with Cu Kα irradiation at a scanning rate of 6° min-1. 

Raman spectra were performed using a DXR Raman spectrometer (Thermo Inc. America) with a laser 

line of 532 nm. The morphology was investigated by field-emission scanning electron microscopy 

(FESEM, JSM-7100F). The obtained sample was characterized by a CHN elemental analyzer (an 

Elemental analyzer Vario EL cube). The contents of Cu and Mo were measured by an atomic emission 

spectrometer (ICP, Agilent ICPOES 720). Types and contents of component elements in the Micro 

region of the sample were recorded on an Energy Dispersive Spectrometer (EDS, INCA X-MAX 250). 

 

2.3 Electrochemical measurements 

The active material, superconducting carbon and polyvinylidene fluoride were mixed to 

prepare uniform slurry at the mass ratio of 7:2:1. Then the copper foil (collector) with size of 1 cm ×1 

cm was made. After pasting the above slurry on the copper foil (collector), the working electrode was 

dried at 80 °C for 24 h in a vacuum oven. The batteries were assembled in a glove box under an inert 

atmosphere with Li foil as the reference and counter electrode, Celgard (2300) as the separator and 1M 

LiPF6 solution in ethylene carbonate (EC)/dimethylcarbonate (DMC)/diethyl carbonate (DEC) (1 : 1 : 

1 in volume) as the electrolyte. The galvanostatic cycling tests of the electrode were carried out using 

CR2016 coin cells via a battery cycle testing system (Land CT2001A, China) with the charge-

discharge voltage range from 0.01 to 3.0 V (vs. Li+/Li). The electrochemical impedance spectroscopy 

(EIS) was measured by an electrochemical work-station (CHI660C, China) in the range of 0.1Hz~1.0 

× 105 Hz. Cyclic voltammetry (CV) were obtained on an electrochemical workstation (CHI660C, 

China) from 0.0–3.0 V (vs. Li+/Li) at a scanning rate of 0.2 mV s−1. 
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3. RESULTS AND DISCUSSION 

FTIR spectra of folic acid and Mo/Cu-MOF were recorded on 330 FT-IR Thermo Nicolet 

instrument in the 4000–400 cm-1 region, as shown in Fig. 1a. 

 

 
 

Figure 1. (a) FTIR spectrum of Mo/Cu-MOF and FA and (b) TGA-DSC curves of Mo/Cu-MOF 

nanocoposites in N2 

 

 

The main characteristic peaks of FA include 1609 cm−1 for NH bending vibration, 1487 cm−1 

for CH2 bending vibration, 1696 cm−1 for the C=O stretching vibration, and 3200–3500 cm-1 for the 

NH stretching vibration in NH2 and amide NH groups. However, in the FTIR spectrum of Mo/Cu-

MOF, most peaks disappeared or weakened in comparison with FA, which might indicate that the 

organic functional group in FA could be embedded into the internal cavities of Mo/Cu-MOF [31]. 

Especially, no peak at 1696 cm−1 was detected, suggesting the coordination of C=O in -COOH and the 

molybdenum/copper [32]. 

 

 
Figure 2. (a) XRD pattern of MoO2-Cu@NC nanocomposites and (b) Raman spectrum of MoO2-

Cu@NC nanocomposites 

 

Thermogravimetric analysis showed that the Mo/Cu-MOF underwent a weight loss of 8.03% 

from room temperature to 145 ℃, which is equivalent to the loss of all water molecules. When the 

experimental temperature was further increased, significant weight loss can be observed at about 343 

and 540 ℃, indicating the decomposition of Mo/Cu-MOF. During the annealing process, MoO2 
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formed. Meanwhile, a carbon matrix is obtained from FA ligands and Cu2+ is reduced to Cu. However, 

when the degradation temperature is further increased, MoO2 react with carbon to form molybdenum 

carbide [28]. Therefore, the degradation temperature is kept at 600 ℃ for 2 h to obtain MoO2-Cu@NC 

nanocomposites. 

The crystallographic structure of MoO2-Cu@NC nanocomposites is characterized by XRD 

analysis. It can be seen from Fig.2a that the main diffraction peaks can be indexed to the monoclinic 

MoO2 phase (JPCDS card no. 32-0671). While diffraction peaks widen suggest that the MoO2 particles 

is at the nanoscale, which is caused by the carbon matrix barrier [33]. Three peaks are observed at 43.4 

50.4, and 74.1, which is indexed to the crystal planes of Cu phase (JCPDS no. 3-1015), respectively. 

The peak from carbon is barely visible due to its amorphous nature. The carbon structure was 

characterized using Raman spectroscopy and the results are shown in Fig. 2b. Two peaks can be seen 

clearly from Fig. 2b. The peak at 1573 cm-1 (G-band) is usually associated with the vibration of sp2 

carbon atoms of the ordered carbon. The peak at 1345 cm-1 is usually related to the vibrations of 

disordered carbon (D band).This confirms the existence of carbon in MoO2-Cu@NC nanocomposites. 

It is a common sense that the intensity ratio of D to G bands was used to characterize the structural 

order of carbon materials [34-36]. The intensity ratios of the D to G band (ID/IG) are 1.25, which are 

higher than those of other reported carbon materials [15, 37]. This result demonstrates that the degree 

of graphitization of carbon is lower because of the low synthesis temperature. Moreover, higher ID / IG 

values indicate more defects and disorder, which is beneficial to enhance the electrical and ionic 

transport of the electrode [9]. 

 

 

 
 

Figure 3. FESEM images and elemental mapping images of MoO2-Cu@NC nanocomposites 
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The morphology of the MoO2-Cu@NC nanocomposites is investigated by FESEM, which is 

displayed in Fig. 3a.The image reveals that the synthesized MoO2-Cu@NC nanocomposite has a 

nanorod shape. MoO2-Cu@NC nanorod is about several micrometers in length and 100 nm in diameter. 

The nanorods are decorated with nanoparticles. The FESEM-EDX elemental mapping images are 

shown in Fig. 3b-f. The images show that Mo, C, O, N and Cu elements are well distributed in the 

synthesized MoO2-Cu@NC nanocomposites. In order to determinate the composition of MoO2-

Cu@NC nanocomposites accurately, the CHN element analysis and ICP measurements were also done. 

The content of C, H, N elements is 24.55, 1.18 and 6.04 wt% on element analysis, respectively. The 

results of ICP give percentage ratio of Cu, Mo element, which is about 26.7 wt% and 23.75 wt% in the 

prepared nanocomposites, respectively. MoO2 content is about 31.67 wt% according to the calculation 

of Mo percentage ratio. All test results demonstrate that the MoO2-Cu@NC nanocomposites have been 

successfully synthesized. 

 

 
 

Figure 4. (a) CV curves of MoO2-Cu@NC electrodes for the first three cycles at a scan rate of 0.2 mV 

s-1,(b) Discharge–charge curves of MoO2-Cu@NC electrodes at 0.1 A g-1, (c) Differential 

capacity versus voltage curves of MoO2-Cu@NC electrodes and (d) Magnified image of dQ/dV 

curves 

 

 

To gain insight into the lithium storage mechanism, the first three cyclic voltammetry (CV) 

curves of the MoO2-Cu@NC electrodes at 0.2 mV s-1 in a voltage ranging from 0.0-3.0 V were shown 

in Fig. 4a. During the first cathodic polarization process, a sharp peak at 0.992 V indicates the phase 

transition from monoclinic to orthorhombic phase [19]. A wide peak at around 0.5 V can be ascribed to 

the irreversible reduction of the electrolyte and the formation of a solid electrolyte interface (SEI) layer, 

which inevitably leads to the initial capacity loss [38]. Another peak at 2.158 V disappears in the 

subsequent cycles, which is related to the irreversible insertion of Li+ into superfine pores in the carbon 
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matrix or the side reactions on the electrode surface [39]. In subsequent cycles, two pairs of peaks at 

(1.247/1.474 V) and (1.534/1.736 V) represent reversible electrochemical lithium intercalation 

/deintercalation between MoO2 and partially lithiated LixMoO2 [40, 41]. After the first cycle, the CV 

curves overlap well, which indicates that the discharge-charge process of MoO2-Cu@NC electrodes is 

stable and reversible. 

Fig. 4b shows discharge–charge curves of the MoO2-Cu@NC electrodes at 0.1 A g-1. The 

discharge/charge capacities of the MoO2-Cu@NC electrodes in the first cycle are 1427.5 and 1011.6 

mAh g-1, and the Coulombic efficiency (CE) is 70.9%. The capacity loss may be mainly due to the 

irreversible capacity caused by SEI. In the 2nd, 10th 20th 30th and 50th cycles, the MoO2-Cu@NC 

electrodes exhibit reversible capacities of 1127.1, 973.9, 1025.4, 1045.6 and 989 mAh g-1, respectively, 

with coulombic efficiency up to ~98%. 

In addition to common CV and charge/discharge analyses, differential capacity analysis can 

also be used to obtain more information on the electrochemical behaviour of the MoO2-Cu@NC 

electrodes. This technique demonstrates the relationship between the capacity change dQ / dV and the 

voltage V. Fig. 4c displays the corresponding differential capacity curves of MoO2-Cu@NC electrodes 

in particular cycles, which are derived from charge/discharge curves in Fig. 4b. As shown, two pairs of 

reduction/oxidation peaks were observed due to the phase transitions of MoO2-Cu@NC electrodes 

during lithium insertion and extraction process, which is consistent with CV results except the redox 

peaks shift slightly to lower potential. It is obvious that the intensity of the differential capacity peaks 

decreases gradually with increasing numbers of cycles, (shown in Fig. 4d). Two pairs of 

reduction/oxidation peaks almost disappear after 30 cycles although the discharge capacity is still 

maintained at 1045.6 mAh g-1 in the 30th cycle. This phenomenon demonstrates that the lithiation 

mechanism of MoO2-Cu@NC electrode has changed during the cycle. It can be deduced from the 

dQ/dV curves that the main contribution in the total capacity maybe is electric double layer capacity 

with increasing cycle number. Further studies on mechanism of charging and discharging of MoO2-

Cu@NC nanocomposite electrode are in progress. 

 

 
 

Figure 5. (a) Cycle stability of MoO2-Cu@NC electrodes and (b) Rate capability test for the MoO2-

Cu@NC electrodes at various current densities 
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Cycling stability is crucial for LIBs applications. Fig. 5a displays the cycling stability of the 

MoO2-Cu@NC electrodes at 100 mA g-1. An initial charge capacity is 1427.5 mAh g-1 for MoO2-

Cu@NC electrodes. However, the discharge capacity is only 1127.1 mA h g-1 at the second cycle. The 

initial capacity loss was attributed to the decomposition of the electrolyte and the formation of the SEI 

film. Then, the discharge capacity gradually increases to 1074 mAh g-1 in the subsequent cycles. After 

100 cycles, the specific capacity remains 846.1 mAh g-1 with 78.8% capacity retention. After the first 

few cycles, the coulombic efficiency approaches 100%. The MoO2-Cu@NC electrodes also present an 

excellent rate performance. It can be seen from Fig. 5b that the average specific capacities of the 

MoO2-Cu@NC electrodes are about 1086, 1001, 810, and 580 mAh g-1 at 100, 200, 500, and 1000 mA 

g-1, respectively. The capacity of the MoO2-Cu@NC electrodes quickly recovers to as high as 1136 

mA h g-1 when the current density is reduced to 100 mA g-1. The electrochemical performance is 

higher in this work than that of most MoO2 electrode materials reported (Table 1) [42-49]. The 

improved performance may be due to the homogeneous carbon coating and the coexistence of Cu 

nanocrystallites，which improves electronic conductivity and relieves the volume change during 

lithium insertion extraction processes. Moreover, the presence of nitrogen in the MoO2-Cu@NC 

nanocomposites could increase the active sites and the electronic conductivity for Li 

insertion/extraction, further improving the electrochemical performance of MoO2-Cu@NC 

nanocomposites [50]. 

 

Table 1. Comparison of lithium-storage performance of different MoO2/carbon composites 

 

materials 
SC 

(mAh g-1) 

Cycle 

Number 

Current  

(mA g-1) 

Rate capability 

Ref. SC 

(mAh g-1) 

Current 

(mAg-1) 

Cu@MoO2@C 724 140 100 637 500 [42] 

MoO2/C 677.4 80 100 455 1000 [43] 

MoO2-Cu/C 699.7 100 100 830 500 [26] 

MoO2/C 784.7 60 100 707.7 200 [19] 

MoO2 780 40 100 673.8 500 [6] 

MoO2/Mo2CTx 820 100 100 561 2000 [44] 

MoO2/NC 692.4 100 500 610 1000 [45] 

MoO2/NC 708 100 100 678 500 [29] 

MoO2 NR 830 29 42 260 838 [46] 

MoO2/rGO 801 50 100 400 1000 [47] 

MoO2/C 800 300 100 700 500 [48] 

MoO2/Ni/C 618 50 100 463 1000 [49] 

MoO2-Cu@NC 846 100 100 
810 

580 

500 

1000 

This 

work 

Note: SC: specific capacity; rGO: reduced grapheme oxide; NC: nitrogen-doped carbon. 

 

 

4. CONCLUSION 

In summary, the MoO2-Cu@NC nanocomposites consisting of MoO2 nanoparticles, nitrogen-

doped carbon and Cu nanocrystallites have been successfully synthesized via a facile 

room temperature solution-phase route followed with simple thermal treatment. The Cu 

nanocrystallites can improve the electrical conductivity of the composite materials for fast charge 

transfer. Nitrogen-doped carbon can buffer the volume change and provide more active sites for Li 

http://www.so.com/link?m=aJpTGypSekkrCbCD48YdCqARTBVgY9C8ln2y%2FQ%2Fvf8KSVj1uHYjfiTFpJGMihxP77RcLIIMQI%2BRoDZmCEIZJVW5%2FbDo%2BYlV23Ctp%2Fg02xTWITfjOAY4EEs%2B12gYjlDl%2FZSHJF1Sd3YbkSZIpz
http://www.so.com/link?m=aJpTGypSekkrCbCD48YdCqARTBVgY9C8ln2y%2FQ%2Fvf8KSVj1uHYjfiTFpJGMihxP77RcLIIMQI%2BRoDZmCEIZJVW5%2FbDo%2BYlV23Ctp%2Fg02xTWITfjOAY4EEs%2B12gYjlDl%2FZSHJF1Sd3YbkSZIpz
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insertion/extraction. Benefiting from the unique structure, the MoO2-Cu@NC nanocomposites exhibit 

excellent cycling stability (846 mA h g-1 after 100 cycles at 100 mA g-1) and improved rate 

performance (580 mA h g-1 at 1000 mA g-1). Furthermore, differential capacity analysis demonstrates 

that the lithiation mechanism of MoO2-Cu@NC electrode has changed during the cycle for the first 

time. The work also proposes a facile synthetic strategy of metal oxide/carbon nanocomposite with co-

doping of Cu and nitrogen for high-capacity lithium ion batteries. 
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