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ABSTRACT

Sodium-ion storage devices are highly desirable for large-scale energy storage 

applications owing to the wide availability of sodium resources and low cost. Transition 

metal nitrides (TMNs) are promising anode materials for sodium-ion storage, while 

their detailed reaction mechanism remains unexplored. Herein, we synthesize the 

mesoporous Mo3N2 with nitrogen vacancy in the crystal structure. The sodium-ion 

storage mechanism of Mo3N2 is systematically investigated through in-situ XRD, ex-

situ experimental characterizations and detailed kinetics analysis. Briefly, the Mo3N2 

undergoes a surface pseudocapacitive redox charge storage process. Benefiting from 

the rapid surface redox reaction, the mesoporous Mo3N2 nanowires (Meso-Mo3N2-

NWs) anode delivers high specific capacity (282 mAh g−1 at 0.1 A g−1), excellent rate 

capability (87 mAh g−1 at 16 A g−1) and long cycling stability (a capacity retention of 

78.6% after 800 cycles at 1 A g−1). The present work highlights that the surface 

pseudocapacitive sodium-ion storage mechanism enables to overcome the sluggish 

sodium-ion diffusion process, which opens a new direction to design and synthesize 

high-rate sodium-ion storage materials.

Keywords: Surface pseudocapacitance; Sodium-ion storage; Nitrogen vacancy; 

Molybdenum nitride; High-rate



1. Introduction

Electrochemical energy storage (EES) devices, including various types of batteries 

and electrochemical capacitors, are extensively applied in people's daily lives, including 

portable electronics, electric vehicles (EVs) and grid storage [1,2]. The mature Li-ion 

batteries (LIBs) can deliver a high energy density of over 300 Wh kg−1 up to now, but 

their low-rate capability takes hours to recharge. The markets of LIBs are growing very 

fast, but the lithium resources are limited on earth. Suitable substitutes/supplements to 

the LIBs are highly desired. The sodium-ion storage devices, including sodium-ion 

batteries (SIBs) and capacitors (SICs) are regarded as potential alternatives for large-

scale energy storage because of the wide availability of sodium resources and low cost 

[3–7]. However, the ionic radius of Na+ (≈1.02 Å) are larger than that of the Li+ (≈0.76 

Å), usually resulting in slow diffusion kinetics [3]. Thus, the accessible sodium-ion 

storage mechanism and materials are in urgent demand to reach high-rate capability.

Electrostatic double-layer capacitors (EDLCs) are able to realize the charge or 

discharge processes in the order of minutes/seconds, however they usually store a 

limited energy density of ≈10 Wh kg–1. Pseudocapacitance [8], battery-like faradaic 

reactions that occur at capacitor-like high rates, includes redox reactions occurring at 

surface or near the surface (e.g. RuO2·nH2O [9] and VN [10]) and rapid non-diffusion 

controlled ion intercalation into bulk (e.g. T-Nb2O5 [11] and MoS2 [12]). For decades, 

many efforts have been devoted to developing suitable pseudocapacitive electrode 

materials [8]. Transition metal oxides and nitrides had been demonstrated to display 

pseudocapacitive behavior, whether they are intrinsic materials (such as T-Nb2O5 [11]), 



or extrinsic ones (exhibiting surface pseudocapacitance when their crystalline size 

down to several nanometers, such as V2O5 [13] and MoO3 [14]). 

Usually, except from RuOx, the pseudocapacitive transition metal oxides are poor 

electronic conductors, hindering their high-rate delivering [15]. Remarkably, TMNs 

(VN [10,16], TiN [17,18] and NbN [19]) showed the merits of high electrical 

conductivity, chemical stability and catalytic activity, which have attracted much 

attention as active materials for pseudocapacitors [20,21]. TMNs have been mostly used 

as electrodes for aqueous capacitors and delivered excellent rate capability [22,23]. As 

known, compared with aqueous electrolytes, the non-aqueous systems exhibit wider 

operation potential window and thus it is able to deliver higher energy density, 

according to the formula of E=  (where E is the energy density, C is the 0.5𝐶𝑉2

capacitance and V is the potential range) [9]. Some TMNs have been firstly investigated 

in non-aqueous lithium-based systems. For example, the Sn3N4 delivered a reversible 

lithium storage capacity of ≈1500 mAh g−1 at 0.1 A g−1 in 0.001−3 V (vs. Li+/Li), which 

went through a conversion reaction [24]. However, different charge storage 

performances/behaviors were found in non-aqueous sodium-based systems. The same 

Sn3N4 anode exhibited a much reduced capacity of ≈190 mAh g−1 at 0.05 A g−1 in 0.001 

to 3 V (vs. Na+/Na) [24]. Comparing their ex-situ X-ray diffraction (XRD) patterns 

under different tested conditions, broad reflections of Sn nanoclusters were observed 

after delithiation, but the diffraction peaks of Sn3N4 remained after desodiation. The 

above inconsistent behaviors indicated the sodium storage mechanism for Sn3N4 might 

be far different from that for lithium-based system. This kind of different 



electrochemical behaviors between lithium and sodium storage were also observed in 

VN [16], TiN [18] and MoP [25]. 

Recently, our group proposed a surface redox sodium-ion storage mechanism of 

transition metal nitrides (e.g. TiN [18]) and phosphides (e.g. MoP [25]), which 

explained the insight understandings of the electrochemical behaviors that high-stable 

closely-packed cubic (or hexagonal) crystal structure delivered the high-rate capability. 

The surface redox reaction came from their amorphous oxides layers on the nitrides or 

phosphides nanograins, while inner bulk remained unchanged. Crystal vacancies were 

used to generate extra host sites for alkalis-ion storage, leading to enhanced 

electrochemical performance (such as TiO2 with cation vacancies and MoO3-x with 

oxygen vacancies) [26–28]. Nitrogen vacancies could be introduced into the TMNs [20]. 

This raises a question that the TMNs with N-vacancies might affect the sodium-ion 

storage mechanism and their electrochemical behaviors. However, to the best of our 

knowledge, there are no works reported on this. 

Herein, we successfully synthesized the mesoporous Mo3N2 nanowires (Meso-

Mo3N2-NWs) by controlling the anion exchange process under annealing conditions in 

ammonia atmosphere. The Mo3N2 has a cubic crystal structure with nitrogen vacancy, 

as shown in Fig. 1(a). The sodium-ion storage behavior and mechanism of the Mo3N2 

in sodium-based non-aqueous electrolyte were systematically investigated by in-situ 

and ex-situ X-ray diffractions (XRD), ex-situ transmission electron microscopy (TEM) 

and detailed kinetics analysis. It was found that the sodium-ion storage mechanism of 

Mo3N2 is surface pseudocapacitive reaction. The delivered capacity is surface-

depended. The Meso-Mo3N2-NWs with high specific surface area exhibit remarkable 



high-rate and long-term sodium-ion storage performance.

2. Experimental

2.1. Synthesis of Meso-Mo3N2-NWs, mesoporous Mo3N2 particles (Meso-Mo3N2-Ps) 

and mesoporous MoN nanowires (Meso-MoN-NWs)

The Mo3O10(C6H5NH3)2·2H2O nanowires were prepared through co-precipitation 

process as reported before [29]. The Mo3O10(C6H5NH3)2·2H2O nanowires were 

converted to Meso-Mo3N2-NWs and Meso-MoN-NWs by annealing in NH3 flow (70 

sccm) at 500 oC for 6 h and 900 oC for 10 h with a heating rate of 5 oC min−1. The 

commercial MoO3 powder was converted to Meso-Mo3N2-Ps by annealing in NH3 flow 

(70 sccm) at 800 oC for 6 h with a heating rate of 5 oC min−1. 

2.2. Materials characterization

XRD data were collected by using a D8 Advance X-ray diffractometer with an area 

detector with Cu Kα radiation (λ=1.5418 Å) within the range of 10o−80o. The scanning 

electron microscopy (SEM) and TEM images were observed on JEOL-7100F and Titan 

G2 60-300 instrument with an image corrector, respectively. X-ray photoelectron 

spectroscopy (XPS) spectra were recorded using a VG MultiLab 2000 instrument. N2 

adsorption-desorption isotherms were measured by using a Tristar II 3020 instrument 

at liquid nitrogen temperature (77 K). The electrodes for ex-situ characterization were 

prepared by taking apart the coin cells in an argon-filled glove box. For ex-situ XRD 

tests, the electrode materials were washed with alcohol and dried in glove box. For ex-

situ TEM experiments, the electrode materials were washed with alcohol and then 

dispersed in alcohol through ultrasonication.



2.3. Electrochemical measurements

The electrochemical properties were characterized by using 2016-type coin cells 

with sodium metal foil as the counter electrode. The working electrode was composed 

of 85 wt% active material, 10 wt% acetylene black and 5 wt% carboxymethyl cellulose 

(CMC) binder. The slurry was casted on Al foil and dried in a vacuum oven at 120 °C. 

The active material loading was 1–1.5 mg cm−2. For in-situ XRD tests, the working 

electrode was obtained using 70% Meso-Mo3N2-Ps active material, 20% acetylene 

black and 10% poly tetrafluoroethylene (PTFE) binder. The electrode slices dried in a 

vacuum oven at 120 oC. The mass loading of the electrode was 2–2.5 mg cm−2. The 1 

M NaClO4 in ethylene carbonate/dimethyl carbonate (EC/DMC) (1:1 v/v) + 5% 

fluoroethylene carbonate (FEC) was used as electrolyte. The cells were assembled in 

argon-filled glove box. Galvanostatic charge/discharge tests were undertaken on a 

multi-channel battery testing system (LAND CT2001A) with a cutoff voltage of 0.01–

3 V (vs. Na+/Na). Electrochemical impedance spectra (EIS) and cyclic voltammetry 

(CV) were measured on electrochemical workstation (Autolab PGSTAT302N). All 

measurements were carried out at room temperature.

3. Results and discussion

3.1. Controlled synthesis of Mo3N2 materials

Mesoporous nanowires could provide easier electrolyte permeation, shorter ion 

diffusion distance and faster electron transfer along the axis direction, which are 

beneficial for obtaining excellent rate and cycling performance [2]. The 

Mo3O10(C6H8N)2·2H2O nanowires (Fig. S1) were used as precursor to synthesize the 

Meso-Mo3N2-NWs and Meso-MoN-NWs [29]. During annealing process, 



molybdenum nitrides were obtained through the escape of ammonia and water 

molecules, importantly, and following anion-exchange process (O2− to N3−) in ammonia 

atmosphere (Fig. 2(a)). Various annealing temperatures were controlled in the synthesis 

processes. The powder XRD patterns show that the pure cubic Mo3N2 in a Pm-3m space 

group (JCPDS No. 01-089-3712) was synthesized at 500 oC (Fig. 1(b)), while the pure 

closely-packed hexagonal-phase MoN in a P63mc space group (JCPDS No. 01-089-

5024) was obtained at 900 oC (Fig. S2(a) and (c)). The higher annealing temperature 

leads to a complete anion exchange process. Based on the Scherrer Formula, the 

average size of the Mo3N2 nanograins are ≈8.7, 17.2 and 19.9 nm for the Meso-Mo3N2-

NWs, Meso-Mo3N2-Ps and Meso-MoN-NWs. Further, the commercial MoO3 powders 

could be changed into Meso-Mo3N2-Ps as the control sample, while a high annealing 

temperature of 800 oC was needed (Fig. 1(b)). 

SEM and TEM were carried out to show the detailed morphology and 

microstructure. TEM images of Meso-Mo3N2-NWs (Fig. 2(b, c) and Fig. S3), Meso-

Mo3N2-Ps (Fig. 2(e) and (f)) and Meso-MoN-NWs (Fig. S2(b)) show that the samples 

consist of interconnected nanograins and inner pores. The creating of pores is owing to 

the escape of ammonia and water molecules and then strain releases by large lattice 

mismatch during the anion-exchange process [30,31]. The high-resolution TEM 

(HRTEM) images of Meso-Mo3N2-NWs (Fig. 2(d)) and Meso-Mo3N2-Ps (Fig. 2(g)) 

reveal lattice fringes with d-spacing of about 0.21 and 0.25 nm, corresponding to the 

(200) and (111) planes of Mo3N2 with cubic structure (space group: Pm-3m). The 

selected area electron diffraction (SAED) patterns further confirm the crystallization 

nature of the Meso-Mo3N2-NWs (inset of Fig. 2(d)) and Meso-Mo3N2-Ps (inset of Fig. 

2(g)). Interestingly, the nanograins in Meso-Mo3N2-NWs are almost iso-oriented and 



the [100] preferred orientation along the axial direction of nanowires has been 

demonstrated by the HRTEM image and SAED pattern (Fig. 2(d) and inset of Fig. 2(d)), 

resulting in the higher electronic transport [32]. The high-angle annular dark-field 

(HAADF) images and the corresponding elemental mappings of Meso-Mo3N2-NWs 

and Meso-Mo3N2-Ps show the existence of Mo, N and O (Fig. S4).

Nitrogen adsorption-desorption isotherms were further measured to characterize 

the mesoporous structure of the samples (Fig. 2(h) and Fig. S2(d)). The Brurauer-

Emmerr-Teller (BET) surface areas of Meso-Mo3N2-NWs, Meso-Mo3N2-Ps and Meso-

MoN-NWs are 55.2, 7.6 and 3.4 m2 g−1, respectively (Table S1). It is worth noting that 

the nitrogen adsorption-desorption isotherms of Meso-Mo3N2-NWs is a type-Ⅳ curve 

with an B hysteresis loop, which is related to slit-like mesoporous [33], consistent with 

the TEM observation (Fig. 2(c)). The Barrett-Joyner-Halenda (BJH) pore-size 

distribution curves show a narrow pore size of ≈4 nm for Meso-Mo3N2-NWs, while that 

is 4~18 and 20~65 nm for Meso-Mo3N2-Ps and Meso-MoN-NWs, respectively (Fig. 

S2(e) and Fig. S5). With the increasing temperature, the hollow space and BET surface 

areas of the as-obtained samples become much smaller owing to that the higher 

temperature accelerates the exchange rates of N3− with O2− anions and nanograins grow 

up and merge together [34]. XPS was measured to characterize the surface chemistry 

compositions of the products. After peak fitting, Mo 3d peaks of the samples exhibit 

complex signals that comprise the doublets of several oxidation states (Fig. 2(i) and 

Fig. S2(f)). Two peaks located at 229.2 and 232.0 eV are attributed to formation of 

Mo−N bond. The other two doublets at 229.9/232.6 eV (Mo 3d5/2/3d3/2) and 233.6/235.8 

eV (Mo 3d5/2/3d3/2) are assigned to high oxidation state of Mo (Mo4+ and Mo6+) owing 

to the fact that the formation of oxides layer at the nanograins’ surface when exposed 

in air [35–37]. Further, based on the ratios between the fitting areas of different Mo 



valance state (Table S2), the content of surface MoOx (Mo6+ and Mo4+) of Meso-

Mo3N2-NWs (60.1%) is about same as that of Meso-Mo3N2-Ps (57.3%) and Meso-

MoN-NWs (50.7%).

3.2. Sodium-ion storage performance of Mo3N2

The electrochemical performance of the Mo3N2 was investigated by assembling 

the coin cells (2016-type) with metallic sodium as the counter and reference electrode. 

Fig. 3(a) shows the CV curves of Meso-Mo3N2-NWs electrodes, measured in 0.01−3 V 

(vs. Na+/Na) at a scan rate of 0.2 mV s−1. At the first discharge cycle, a well-defined 

peak located at ≈1 V is possibly attributed to the formation of a solid electrolyte 

interphase (SEI) layer [18,38]. The galvanostatic charge-discharge curves of Meso-

Mo3N2-NWs, Meso-Mo3N2-Ps and Meso-MoN-NWs exhibit the slope line-like voltage 

response at a specific current of 0.1 A g−1 (Fig. 3(b) and Fig. S6(a)) and the first 

coulombic efficiency of Meso-Mo3N2-NWs is 80.4%. Rate capabilities for the samples 

were shown in Fig. 3(c) and Fig. S6(b). Remarkably, Meso-Mo3N2-NWs deliver a 

capacity of 87 mAh g−1 at the specific current up to 16 A g−1. The linear-like 

galvanostatic charge-discharge curves of Meso-Mo3N2-NWs at different rates remain 

well, indicating a capacitive charge storage behavior (Fig. 3(d)). When the rate returns 

to 0.5 A g−1, capacity could reversibly recover to about 229 mAh g−1. The Meso-Mo3N2-

NWs also display excellent long-term cycling performance at 1 A g−1, as shown in Fig. 

3(e). Compared to the Meso-Mo3N2-Ps and Meso-MoN-NWs (Fig. S6(c)), the Meso-

Mo3N2-NWs deliver a high reversible specific capacity of 272 mAh g−1, and a high 

capacity retention of 78.6% after 800 cycles is achieved. Fig. 3(f) displays the similar 



galvanostatic charge-discharge curves at different cycles, indicating a highly reversible 

charge storage process. To sum up, the rate capability of previous reported sodium-ion 

storage anode materials are shown in Fig. 3(g) and Table S3. The Meso-Mo3N2-NWs 

in this work display superior rate capability when compared to those of hard carbon 

[39], TiO2 [40], expanded graphite [41], MoS2-C [42], Na2Ti3O7 [43] and MXenes 

Ti2CTx [44]. 

3.3. Sodium-ion storage mechanism of Mo3N2

The high crystalline Meso-Mo3N2-Ps was first investigated by XRD measurements 

at various (de)sodiation states to further check the phase changes during the discharge 

and charge processes. The in-situ XRD patterns (Fig. 4(a)) and ex-situ XRD patterns 

(Fig. S7) of Meso-Mo3N2-Ps both display the unchanged diffraction peaks of Mo3N2 

during sodiation and desodiation, indicating a non-phase change process. The similar 

results were also detected on Meso-Mo3N2-NWs by ex-situ XRD tests (Fig. 4(c)). Ex-

situ TEM measurement was undertaken to confirm these phenomena as well. Based on 

the corresponding SAED patterns of sodiated Meso-Mo3N2-Ps (inset of Fig. 4(b)), the 

crystalline of Mo3N2 remains, which is consistent with the in-situ and ex-situ XRD 

results. The mesoporous structure of Meso-Mo3N2-Ps is retained after the first sodiation 

process (Fig. 4(b)). The ex-situ TEM images of Meso-Mo3N2-NWs when discharged to 

0.01 V (Fig. 4(d)) at first cycle and after 500 cycles (Fig. S8) were collected. The 

mesoporous nanowires are maintained well when discharged to 0.01 V, indicating 

robust structural stability during the sodiation process. The corresponding SAED 

pattern shows the diffraction spots corresponded to (200) and (111) planes of Mo3N2 



(inset of Fig. 4(d)), revealing the remain of crystallization nature of the Meso-Mo3N2-

NWs after sodiation. Noticeably, the crystal structure of Mo3N2 keeps the same based 

on the diffraction rings even after 500 cycles (inset of Fig. S8). The corresponding EDS 

mappings demonstrate the distribution of Mo, N, O and Na elements (Fig. S9(a) and 

(b)). EIS was measured to provide further insights. Fig. S10 displays the Nyquist plots 

for Meso-Mo3N2-NWs after different cycles, which are made up of a depressed 

semicircle (feature of charge transfer resistance, Rct) in the medium-frequency region 

and an oblique line (feature of ion diffusion resistance) in the low-frequency region 

[45]. The diameter of the depressed semicircle decreases sharply after activation, which 

is conducive to the capacity retention at high rates. Meanwhile, the retention of Rct even 

after 100 cycles suggests a formation of stable SEI films during cycles, which is 

beneficial for long-cyclic stability.

CV curves of Meso-Mo3N2-NWs (Fig. 5(a) and Fig. S11(a)) and Meso-Mo3N2-Ps 

(Fig. 5(b) and Fig. S11(b)) at scan rates ranging from 0.2 to 10 mV s−1 were 

characterized to analyze the diffusion kinetics process. A distinct pair of redox peaks 

located at about 0.3 and 0.6 V are observed, corresponding to the faradaic redox 

reaction of surface molybdenum oxides [46]. The currents of redox peaks enhance 

while the locations shift slightly as the scan rate increases, indicating excellent rate 

performance. A quantification analysis is taken to investigate the relationship between 

the peak current (i) and scan rate (v) bases on the Eq. (1) [9,47]:

                             (1)𝑖 = 𝑎𝑣𝑏

The parameter b is determined by plotting log (i) versus log (v). When b=0.5, the peak 



current is proportional to the square root of the sweep rate, indicating a semi-infinite 

diffusion-controlled charge storage, whereas b=1 represents a capacitance-dominated 

process. As displayed in Fig. 5(c), the b-values of Meso-Mo3N2-NWs and Meso-

Mo3N2-Ps are 0.95 and 0.90, which are close to 1, indicating capacitance-dominated 

charge storage. Further, the diffusion-controlled and capacitive contributions to total 

capacity at a fixed potential (V) were analyzed according to the Eq. (2) [9,47]:

                      (2)𝑖(𝑉) = 𝑘1𝑣 + 𝑘2𝑣1 2

Fig. 5(d) and Fig. S11(c) display CV curves of Meso-Mo3N2-NWs and Meso-Mo3N2-

Ps at 1 mV s−1 with shaded portions for the capacitive contributions, respectively. The 

capacitive contributions of Meso-Mo3N2-NWs (86%) and Meso-Mo3N2-Ps (66%) are 

obtained at the sweep rate of 1 mV s−1, indicating a relatively high capacitive response 

in the charge storage process. Usually, EDLC mainly depended on the specific surface 

area (SSA). Taking the consideration of areal capacitance of 10−20 μF cm–2 for EDLC 

[48] and the surface area of 55.2 m2 g–1 for Meso-Mo3N2-NWs, the capacity from 

EDLC is ≈25 mAh g–1, which is ≈0.09% of the delivered capacity. Thus, the charge 

storage of Mo3N2 is a capacitance-dominated process. 

According to previously reported sodium-ion storage mechanisms, intercalation-

type materials (such as Na2Ti3O7 [43], MXene-Ti2CTx [44], and NaTi2(PO4)3 [49]) 

underwent single-phase (solid-solution) or two-phase reactions, corresponding to the 

shift of XRD peaks under (de)sodiation. For conversion-type materials (such as 

NiCo2O4 [50], CoSx [51], Cu2Se [52] and Sb2O4 [53]), they underwent a dramatic 

amorphization process at the first cycle accompanied with the disappearance of XRD 



peaks. Herein, the crystal sizes of Meso-Mo3N2-NWs and Meso-Mo3N2-Ps are very 

small of ≈8.7 and 17.2 nm, which is very short ion diffusion distances. However, the 

Meso-Mo3N2-NWs delivered a capacity of 282 mAh g–1, much higher than that of 109 

mAh g–1 for Meso-Mo3N2-Ps. As confirmed by above in-situ and ex-situ XRD patterns, 

and ex-situ TEM observations (Fig. 4 and Fig. S7), there are no shifts of the XRD peaks 

and the Mo3N2 crystal structure remains the same during the (de)sodiation processes. 

This was very different from the normal intercalation or conversation reaction [5–7], 

which confirmed that the Mo3N2 with the N-vacancies did not provide the host sites for 

sodium-ion intercalation. The possible explanation is that the delivered capacity comes 

from the faradaic redox reaction of surface molybdenum oxides on Mo3N2 nanograins, 

while there are no changes in the bulk Mo3N2 phase. According to the XPS data, the 

surface MoOx content of Meso-Mo3N2-NWs (60.1%) and Meso-Mo3N2-Ps (57.3%) is 

close. Considering that XPS test is a near-surface characterization technology, the 

weight percentages of surface MoOx would increase when the inner Mo3N2 has much 

smaller nanograin size and higher surface area. The specific surface areas of Meso-

Mo3N2-NWs (55.2 m2 g–1) is much larger than that of Meso-Mo3N2-Ps (7.6 m2 g–1), thus 

leading to the enhanced specific capacity. Fig. 4(e) schematically displays the surface 

pseudocapacitive sodium storage mechanism. The surface molybdenum oxides on 

Mo3N2 undergo a pseudocapacitive surface redox reaction while the inner Mo3N2 is 

unreactive during sodiation/desodiation processes.

4. Conclusions

In summary, Mo3N2 with nitrogen vacancy in cubic crystal structure are 



successfully synthesized and investigated as the sodium-ion storage anode material for 

the first time. We deeply study the sodium-ion storage behavior and mechanism of 

Mo3N2 anode. Based on systematical in-situ and ex-situ XRD and TEM 

characterizations, it is proved that the sodium-ion storage mechanism of Mo3N2 is a 

surface redox reaction, that is the surface molybdenum oxides on Mo3N2 undergo a 

faradaic redox reaction while inner Mo3N2 is unchanged. Besides, the surface redox 

reaction is a capacitance-dominated charge storage process, which enables the high-

rate capabilities. As a result, Meso-Mo3N2-NWs with large surface area deliver 

excellent rate performance (282 mAh g−1 at 0.1 A g−1 and 87 mAh g−1 at 16 A g−1) and 

a long cyclic retention of 78.6% at 1 A g−1 after 800 cycles. The surface 

pseudocapacitance-dominated active materials with masterly nanostructural 

constructing are able to deliver comparable specific capacity than those of intercalation-

type materials (Fig. 3(g)), but importantly the former display better high-rate capability. 

Considering the present Mo3N2, MoN and previously reported TiN [18] and MoP [25], 

the surface redox sodium-ion storage mechanism is different from typically 

intercalation or conversion reactions. The deep understanding of surface 

pseudocapacitive sodium-ion characteristic provides an effective strategy to design and 

synthesize active materials for high-rate sodium-ion storage devices. 
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Fig. 1. (a) The cubic crystal structure of Mo3N2 with nitrogen vacancy; (b) XRD 

patterns of the Meso-Mo3N2-Ps and Meso-Mo3N2-NWs. The diffraction peaks of Meso-

Mo3N2-NWs exhibit the lower intensity and broad trend owing to the low calcination 

temperature.



Fig. 2. Synthesis strategy, morphology characterizations and surface chemical 
composition characterizations of Meso-Mo3N2-NWs and Meso-Mo3N2-Ps. (a) 
Schematic of the transformation from Mo3O10(C6H8N)2·2H2O nanowires to Meso-
Mo3N2-NWs, consisted of interconnected nanograins through the anion-exchange 
processes when annealing in ammonia atmosphere, providing effective electron&ion 
transport; TEM (b, c) and HRTEM (d) images of Meso-Mo3N2-NWs; inset of (d) is the 
related SAED pattern; TEM (e, f) and HRTEM (g) images of Meso-Mo3N2-Ps; inset of 
(g) is the related SAED pattern; nitrogen isotherm (h) and Mo 3d XPS spectra (i) of the 
Meso-Mo3N2-NWs and Meso-Mo3N2-Ps.



Fig. 3. Sodium-ion storage performance of Mo3N2. (a) The first two cycles of CV 
curves at a sweep rate of 0.2 mV s−1 of the Meso-Mo3N2-NWs; galvanostatic charge-
discharge curves at 0.1 A g−1 (b) and rate performance at different specific currents 
ranging from 0.1 to 16 A g−1 (c) of Meso-Mo3N2-NWs and Meso-Mo3N2-Ps; (d) 
corresponding galvanostatic charge-discharge curves of Meso-Mo3N2-NWs at different 
specific currents ranging from 0.1 to 16 A g−1; (e) long-term cycling performances at 1 
A g−1 of Meso-Mo3N2-NWs and Meso-Mo3N2-Ps; (f) corresponding galvanostatic 
charge-discharge curves of Meso-Mo3N2-NWs at different cycles at 1 A g−1; (g) rate 
capability for Meso-Mo3N2-NWs compared to other anodes in reported literature: hard 
carbon [39], TiO2 [40], expanded graphite [41], MoS2-C [42], Na2Ti3O7 [43] and 
MXenes Ti2CTx [44].



Fig. 4. Sodium-ion storage mechanism of Mo3N2. In-situ XRD patterns of Meso-

Mo3N2-Ps (a), ex-situ XRD patterns of Meso-Mo3N2-NWs (c) and corresponding 

galvanostatic charge-discharge curves at 0.1 A g−1 during the first cycle; TEM image 

of Meso-Mo3N2-Ps (b) and Meso-Mo3N2-NWs (d) when discharged to 0.01 V; inset of 

(b) and (d) are the related SAED patterns; (e) schematic of the sodium-ion storage 

mechanism for Mo3N2.



Fig. 5. CV curves of Meso-Mo3N2-NWs (a) and Meso-Mo3N2-Ps (b) at sweep rates 

ranging from 0.2 to 1 mV s−1; (c) analysis of b-value of Meso-Mo3N2-NWs and Meso-

Mo3N2-Ps by using the relationship between peak currents and scan rates; (d) CV curves 

of Meso-Mo3N2-NWs at 1 mV s−1 with hatched portions for the capacitive contributions.



Graphical Abstract

The mesoporous Mo3N2 nanowires exhibit a capacitance-dominated sodium-ion 

storage process, which enables the high-rate capabilities. Besides, the sodium-ion 

storage mechanism of mesoporous Mo3N2 nanowires is surface redox reaction.
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