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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Few-layer MoSe2 is embedded in an N/P 
co-doped carbon (NPC) matrix. 

• The 2D feature of MoSe2@NPC/rGO fa
cilitates ultrafast Na storage. 

• Theoretical calculations confirm the 
rapid mobility of Na on the surface of 
MoSe2. 

• MoSe2@NPC/rGO nanosheets exhibit 
excellent rate capability even at 50 A 
g− 1.  
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A B S T R A C T   

Sodium-ion batteries have been considered a cost-effective alternative to lithium-ion batteries because of the 
cheap and abundant sodium reserves. However, the sluggish kinetics arising from the slow ion and electron 
transport, particularly at high rates, is the main bottleneck of fast sodium storage. Here, few-layer MoSe2 
encapsulated by nitrogen/phosphorus (N/P) co-doped carbon and reduced graphene oxide (MoSe2@NPC/rGO) 
composites are fabricated through a simple polymerization reaction followed by selenization. The two- 
dimensional composite nanosheets effectively shorten the ion diffusion length while the few-layer MoSe2 ex
poses a large surface area to the electrolyte. The NPC/rGO sheets intercalated within the composites function as 
channels for fast electron transfer and surface reactions. First-principles calculations show quick Na transport 
rates on the surface of MoSe2, and quantitative kinetics analysis reveals a pseudocapacitance-dominated Na+

storage mechanism at high rates. Thanks to the ameliorating functional features and highly reversible conversion 
reactions, the MoSe2@NPC/rGO electrode delivers a reversible capacity of ~340 mA h g− 1 after 500 cycles at 
0.5 A g− 1 with a high contribution by surface capacitance. It also possesses a high reversible capacity of ~100 
mA h g− 1 even at an extremely high current density of 50 A g− 1, presenting potential application as anodes for 
high-power sodium-ion batteries.   
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1. Introduction 

Due to the ever-increasing use of energy and the ensuing environ
mental pollution and global warming, the development of new energy 
storage devices with a long lifespan and low cost has triggered signifi
cant R&D efforts worldwide [1]. Lithium-ion batteries (LIBs) are 
currently the predominant devices powering portable electronics and 
electric vehicles [2–4]. However, the limited and uneven distribution of 
lithium (Li) resources and their high cost limit the application of LIBs in 
large-scale energy storage [5]. Considering the abundance of sodium 
(Na) in the earth’s crust, sodium-ion batteries (SIBs) have been exten
sively explored as a promising alternative to LIBs [6,7]. However, Na is 
heavier than Li (23 vs. 6.9 g mol− 1) and has a higher redox potential 
(− 2.71 and − 3.04 V, respectively, versus standard hydrogen electrode). 
In addition, the larger ionic radius of Na results in a slower reaction 
kinetics and more significant volume expansion of active materials than 
Li ions [8–10]. As a result, SIBs suffer from poorer long-term cyclic 
stability with both lower energy and power densities than LIBs. 

Although graphite is a well-developed anode for LIBs with a theo
retical capacity of 372 mA h g− 1 [2], it failed to work in SIBs due to the 
unfavorable thermodynamics [6,11,12]. While a variety of carbon ma
terials such as hard carbon [13], hollow carbon sphere [14], carbon fi
bers [15], have been explored as the potential anode materials, most of 
them presented low capacities (<250 mA h g− 1) with large initial ca
pacity losses. Recently, considerable interest has been paid to the 
development of layer-structured transition metal dichalcogenides 
(TMDs) because of their large interlayer distances and high specific 
capacities [16]. For example, MoS2, an extensively studied material for 
both LIBs and SIBs, has an interlayer distance of 6.2 Å and a high 
theoretical capacity of 670 mA h g− 1 [17–21]. MoSe2 is analogous to 
MoS2, having an even wider interlayer distance of 6.4 Å and a narrower 
bandgap of ~1.1 eV [22]. A larger spacing implies better diffusion, 
while a lower bandgap contributes to an improved electronic conduc
tivity. Therefore, MoSe2 is a promising material for fast Na storage. 
However, the electronic conductivity of MoSe2 still needs further 
improvement for faster charging. Besides, the structural instability and 
agglomeration of MoSe2 should be resolved to prevent rapid capacity 
decay. 

Nanostructured MoSe2/carbon (MoSe2/C) composites were con
structed to improve the electrochemical performance of MoSe2, taking 
advantage of the ameliorating effect of carbon substrate [22–27]. To 
date, various MoSe2/C hybrids, including MoSe2@porous hollow carbon 
spheres [28], carbon-stabilized interlayer-expanded MoSe2 nanosheets 
[24], fullerene-like MoSe2 nanoparticles-embedded CNT balls [27], and 
MoSe2 nanosheets vertically grown on graphene [22], have been re
ported. The size reduction of anode materials not only reduces the 
length of ion/electron transfer but also alleviates the strain arising from 
repetitive discharge/charge cycles. Meanwhile, carbon modification 
effectively enhances the electronic conductivity and structural integrity 
of composites during Na insertion/extraction. Nevertheless, these 
MoSe2/C composites also have limitations because the MoSe2 active 
material was either covered by amorphous carbon or directly grown on 
the surface of CNTs or graphene. If these nanocarbon materials act 
alone, it may be difficult to achieve both short-range electron transfer 
paths and long-range conductive networks. Moreover, the carbon 
matrices without heteroatoms, such as N-, P-, or S-doping, showed 
relatively low electronic conductivities and electrochemical reactivities 
[29,30]. This means that the design of anode materials requires proper 
modification of nanosized MoSe2 to accelerate the mass transport and 
electron transfer rate. 

With the aforementioned backdrop in mind, few-layer MoSe2 nano
sheets embedded in N/P co-doped carbon/graphene composites 
(MoSe2@NPC/rGO) were prepared by in-situ polymerization and sub
sequent selenization. The MoSe2@NPC/rGO composites had the 
following advantages: (i) the 2D structure had large surface reaction 
sites and short ion diffusion lengths; (ii) the graphene sheets intercalated 

in the composites acted as both the channel for fast electron conduction 
and the substrate for rapid surface reactions; (iii) the few-layer MoSe2 
nanosheets are in-situ embedded in N/P co-doped porous carbon, pre
venting the agglomeration of MoSe2 during electrochemical cycles and 
enhancing the structural stability of MoSe2. The kinetics analysis 
revealed that the MoSe2@NPC/rGO nanosheets had faster reaction ki
netics than MoSe2@NPC nanospheres. The first-principles calculations 
also confirmed the faster mobility of Na on the surface of MoSe2 nano
sheets than in the bulk counterparts and the ameliorating effect of N/P 
co-doped carbon matrix. As a result, the MoSe2@NPC/rGO anode has 
shown excellent Na storage performance with high reversible capacities, 
ultrafast Na storage capability, and high cyclic stability. 

2. Experimental section 

2.1. Synthesis of MoSe2@NPC/rGO, MoSe2@NPC, and MoSe2/rGO 

The GO dispersion was prepared through the modified Hummers’ 
method [31]. Specifically, 10 mL of GO suspension (1.0 mg mL− 1) was 
mixed with a phosphomolybdic acid solution (2.19 g phosphomolybdic 
acid (PMo12) in 90 mL of deionized water) by ultrasonication. Then, a 
pyrrole (Py) solution (420 μL in 25 mL of ethanol) was slowly added into 
the mixture and stirred continuously for 12 h at RT. The precipitate 
(PPy-PMo12/rGO) was collected and washed with ethanol several times 
and dried at 60 ◦C. 

To obtain MoSe2@NPC/rGO, PPy-PMo12/rGO (100 mg) and Se 
powders were placed in porcelain boats at the downstream and up
stream of a tube furnace. The furnace was heated to 650 ◦C and kept for 
3 h under Ar(95%)/H2(5%) flow, producing MoSe2@NPC/rGO com
posites. For comparison, MoSe2@NPC composites were also synthesized 
using the same method without GO during the polymerization. 

The preparation of MoSe2/rGO followed the previous study [25]. 
Specifically, 158 mg of Se was dissolved in 5 mL of N2H4⋅H2O via 
vigorous stirring at 80 ◦C. Then, 10 mL of GO suspension (1.0 mg mL− 1) 
was mixed with Na2MoO4 solution (242 mg Na2MoO4⋅2H2O in 20 mL 
deionized water). The Se–N2H4 solution was slowly added to the above 
solution and the resulting mixture was transferred to a 50-mL 
Teflon-lined autoclave and heated at 200 ◦C for 24 h. After cooling to 
RT, the black precipitate was separated by centrifugation and washed 
with deionized water and pure ethanol several times. The powders were 
dried at 60 ◦C in air and annealed at 650 ◦C for 3 h under Ar 
(95%)/H2(5%) flow, and the final product was designated as 
MoSe2/rGO. 

2.2. Material characterizations 

The XRD patterns were obtained using a Philips PW1830 diffrac
tometer with Cu Kα radiation at a scanning rate of 5◦ min− 1. The 
morphology and structure of synthesized materials were studied using 
field emission SEM (FE-SEM, JSM-7100, JEOL) and TEM (JEOL 2010F). 
The nitrogen adsorption/desorption isotherms, and the BET surface area 
were measured with a Micromeritics ASAP 2020 analyzer. The Raman 
spectra were collected using a Raman spectrometer (HORIBA Labram 
HR Evolution) equipped with a 532 nm Ar-ion laser. The XPS mea
surements were recorded using an ESCALAB 250Xi (Thermo Fisher) 
instrument with a monochromatic Al Ka source. For the ex-situ XPS 
characterization, the MoSe2@NPC/rGO anodes were rinsed with 
dimethyl carbonate (DMC) and dried in an Ar-filled glove box (Mbraun) 
before transferring to a vacuum chamber. 

2.3. Electrochemical measurements 

We prepared the electrodes by mixing the active materials (either 
MoSe2@NPC/rGO or MoSe2@NPC), carbon black, and sodium carbox
ymethyl cellulose at a weight ratio of 7:2:1 in deionized water to form a 
homogeneous slurry. The slurry was coated onto an aluminum foil and 
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dried in a vacuum oven at 100 ◦C for 12 h. Subsequently, the electrodes 
were punched into circular discs with a diameter of 12 mm and a loading 
of 1.0–1.2 mg cm− 2. The electrochemical performance of MoSe2@NPC/ 
rGO in SIBs was evaluated by assembling CR2032-type coin cells in an 
Ar-filled glove box with Na metal foil and glass microfiber (Whatman, 
GF/D) as the counter electrode and separator, respectively. 1 M NaClO4 
in propylene carbonate (PC) with 5 vol% fluoroethylene carbonate 
(FEC) was selected as the electrolyte. The electrochemical performance 
was measured on a battery testing system (Land 2001A) for a voltage 
range from 0.01 to 3 V at various current densities ranging from 0.2 to 
50 A g− 1. CV measurements were performed using an electrochemical 
workstation (VSP-300, Biologic) between 0.01 and 3 V at a scan rate of 
0.1 mV s− 1. EIS were carried out using the same workstation in the 
frequency range from 10 mHz to 100 kHz. 

2.4. Computational methods 

All spin-polarized DFT calculations were performed under the gen
eral gradient approximation (GGA) using the Perdew-Burke-Ernzerhof 
(PBE) functionals as implemented in the Vienna ab initio simulation 
package (VASP) [32,33]. The core-electrons were treated with the pro
jector augmented wave method. The electrons in 2p63s1, 4p65s14d5, 
3s23p4, 2s22p2, 2s22p3, and 3s23p3 states were treated as valence elec
trons for Na, Mo, S, C, N, and P, respectively. We also used the vdW-D3 

functional to treat exchange and correlation, including a self-consistent 
van der Waals (vdW) correction [34]. The kinetic cutoff for plane-waves 
was set at 520 eV. For bulk calculations, a 3 × 3 × 1 supercell with the 
Mo18Se36 composition was used. For the surface calculations, a slab 
model with a 20 Å vacuum was employed to avoid self-interaction. The 
Brillouin zones of the bulk and surface calculations were sampled with 3 
× 3 × 3 and 3 × 3 × 1 k-points, respectively. For each structural 
relaxation, both the ion positions and the lattice parameters were 
allowed to change until the Hellman-Feynman forces on each ion 
dropped below 0.02 eV Å− 1. The energy, Ead, required to adsorb a Na 
atom on the surface or at the interlayer of MoSe2 was calculated using: 

Ead =Esurface/bulk+Na − Esurface/bulk − ENa (1)  

where Esurface/bulk+Na is the total energy of an isolated Na atom either on 
the surface or at the interlayer of MoSe2, Esurface/bulk is the energy of 
MoSe2 with the exposed (001) surface or the bulk MoSe2, and ENa is the 
energy of an isolated Na atom. The diffusion barrier of Na ions on the 
(001) surface or at the (001) interlayer was calculated using the CINEB 
method [35]. To predict the charge products, the formation energy, ΔE, 
of different oxidation products was estimated by DFT calculations using: 

ΔE =Eproduct − Ereactant (2)  

where Eproduct is the energy of MoSe2 or Mo + Se, and Ereactant is the 

Fig. 1. (a) The preparation process of MoSe2@NPC/rGO, (b) SEM image of PMo12-PPy/rGO precursor, (c, d) SEM images, (e, f) TEM images, and (g) SAED pattern of 
MoSe2@NPC/rGO. 
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energy of Mo + Na2Se. We also performed the AIMD simulations at 600 
K under the NVT ensemble with the Nosé thermostat to control the 
temperature [36,37]. The total simulation time was 30 ps with a time 
step of 1 fs? The MSD of Na was calculated using the following expres
sion [37]: 

MSD(Δt)=
1

NNa

∑n

i=1
|ri(t + Δt) − ri(t)|2 (3)  

where NNa is the total number of Na atoms in the MoS2 supercell and ri 
is the trajectory of Na atoms. 

3. Results and discussion 

3.1. Characterization of MoSe2@NPC/rGO 

Fig. 1a schematically illustrates the synthesis process of 
MoSe2@NPC/rGO nanosheets. A Py solution was slowly added into a 
GO-phosphomolybdic acid dispersion under magnetic stirring. Then, the 
above mixture was stirred at room temperature (RT) for 20 h to obtain 
the PPy-PMo12/rGO precursor. After gas selenization at 650 ◦C for 3 h, 
the MoSe2@NPC/rGO nanosheets were obtained. As shown in the 
scanning electron microscopy(SEM) image, the PPy-PMo12/rGO pre
cursor had a sheet-shaped structure, resulting from the polymerization 
of phosphomolybdic acid and Py on the surface of GO which functioned 
as 2D substrate (Fig. 1b). Upon simultaneous selenization and carbon
ization, the MoSe2@NPC/rGO presented a similar sheet structure with a 
thickness of ~55 nm, as shown in https://www.nature.com/articles/nc 
omms11204 Fig. 1c. The energy-dispersive X-ray (EDX) spectrometer 
elemental maps exhibited uniformly distributed MoSe2 on the N/P co- 
doped carbon matrix (Fig. S1). The transmission electron microscopy 
(TEM) image shown in Fig. 1e verified the sheet structure of 
MoSe2@NPC/rGO composites. The MoSe2 featured a few (<5) layers 
with a lattice spacing of ~0.7 nm corresponding to the (002) crystalline 
plane (Fig. 1f). The selected area electron diffraction (SAED) pattern 
presented in Fig. 1g indicates that MoSe2@NPC/rGO had a 

polycrystalline structure. However, in the absence of GO sheets, the PPy- 
PMo12 precursor and MoSe2@NPC featured a typical spherical structure 
with a uniform diameter of ~70 nm (see Fig. S2). 

The X-ray diffraction (XRD) patterns of MoSe2@NPC/rGO and 
MoSe2@NPC are shown in Fig. 2a. Interestingly, the (002) characteristic 
peak at 13.7◦ is relatively weak in MoSe2@NPC/rGO, indicating the 
existence of thin-layer MoSe2. Another three peaks at 31.42◦, 37.88◦, 
and 55.92◦ can be indexed to the (100), (103), and (110) planes of the 
hexagonal MoSe2 (JCPDS 29–0914). Both the Raman spectra of 
MoSe2@NPC/rGO and MoSe2@NPC in Fig. 2b displayed a distinct peak 
at 237.6 cm− 1, corresponding to the A1g mode of MoSe2 [25,38,39]. 
Another two peaks centered at ~1360 and 1591 cm− 1 are attributed to 
the D- and G-bands of carbon, respectively, exhibiting much stronger 
intensities in the former than the latter composites due to the presence of 
rGO in MoSe2@NPC/rGO [2,10]. The loadings of MoSe2 in the two 
composites, as determined by the TGA analysis, were ~76 and 78 wt%, 
respectively, as shown in Fig. S3. The MoSe2@NPC/rGO nanosheets had 
a Brunauer-Emmett-Teller (BET) specific surface area of 133 m2 g− 1, 
which is more than 3 times the MoSe2@NPC nanospheres (38 m2 g− 1), 
see Fig. 2c. Notably, the specific surface area of MoSe2@NPC/rGO was 
larger than most reported MoSe2-based nanomaterials, such as MoSe2/G 
(52 m2 g− 1) [22], MoSe2@CoSe/N-doped C (35.42 m2 g− 1) [26], 
MoSe2/P–C@ TiO2 nanospheres (14.2 m2 g− 1) [38], and ZnSe/Mo
Se2@C (70.1 m2 g− 1) [40]. The large surface area is certainly advanta
geous because more sites are available for electrochemical reactions [41, 
42]. 

The surface chemical state of MoSe2@NPC/rGO was investigated by 
X-ray photoelectron spectroscopy (XPS) analysis. The survey XPS spec
trum (Fig. 2d) confirmed the presence of Mo, Se, C, N, and P elements. 
The deconvolved Mo 3d spectrum (Fig. S4a) has peaks at 232.1 and 
229.0 eV, corresponding to Mo4+ 3d3/2 and Mo4+ 3d5/2 in MoSe2, 
respectively [25]. The Se 3d spectrum (Fig. S4b) presents two peaks 
located at 54.5 and 55.3 eV, attributed to Se 3d5/2 and Se 3d3/2, 
respectively [26]. The C 1s spectrum (Fig. S4c) can be fitted by three 
peaks: the main peak at 284.8 eV corresponds to sp2-bonded C–C, and 
the two peaks at 285.2 and 286.5 eV relate to C–P/sp3-bonded C–C and 

Fig. 2. (a) XRD patterns; (b) Raman spectra; and (c) N2 adsorption/desorption isotherms of MoSe2@NPC and MoSe2@NPC/rGO composites; XPS spectra of 
MoSe2@NPC/rGO: (d) survey scan, deconvoluted (e) N 1s, and (f) P 2p spectra. 
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C–N/C–O, respectively [43]. Moreover, the high-resolution spectra of N 
1s and P 2p were also obtained where the N and P doping concentrations 
were measured to be ~3.4 and ~3.5 wt%, respectively. The N 1s XPS 
spectrum (Fig. 2e) indicates the existence of pyridinic-N (398.6 eV), 
pyrrolic-N (400.3 eV), and graphitic-N (401.2 eV) in the 
MoSe2@NPC/rGO hybrid nanosheets [44]. The P 2p spectrum (Fig. 2f) 
displays two peaks at 132.6 and 135.4 eV, which are attributed to P–C 
and P––O bonds, respectively [45,46]. 

3.2. Electrochemical performance 

Cyclic voltammetry (CV) measurements of the MoSe2@NPC/rGO 
electrode were carried out between 0.01 and 3.0 V at a scan rate of 0.1 
mV s− 1. As shown in Fig. 3a, the first cathodic scan had two sharp peaks 
at 0.5 and 0.25 V. The reduction peak at 0.5 V can be attributed to the 
intercalation of Na+ into the lattice of MoSe2 to form NaxMoSe2 [47]. 
The other peak at 0.25 V can be correlated with the conversion reaction 
from NaxMoSe2 to Mo metal and Na2Se along with the formation of a 
solid electrolyte interphase (SEI) layer [48]. These two reactions can be 
described by:  

MoSe2 + xNa+ + xe− → NaxMoSe2                                                  (4)  

NaxMoSe2 + (4-x)Na+ + (4-x)e− → 2Na2Se + Mo                              (5) 

The sharp peak observed at 1.7 V in the following anodic scan cor
responds to the oxidation of Mo [23,24]. From the second cycle and 
onwards, the reduction and oxidation scans nearly overlapped, indi
cating high reversibility of the reactions taking place in the 
MoSe2@NPC/rGO electrode. Fig. S5 shows the galvanostatic charge/
discharge (GCD) profiles for the initial three cycles obtained at a current 
density of 0.2 A g− 1. The initial discharge and charge capacities of the 
MoSe2@NPC/rGO electrode were 563.2 and 438.5 mA h g− 1, corre
sponding to an initial Coulombic efficiency (CE) of 78%. The capacity 
loss during the first cycle was mainly due to the formation of SEI film 
[10]. The rate capability of the MoSe2@NPC/rGO electrode is displayed 
in Fig. 3b. As the current density was increased from 0.2 to 0.5, 1, 2, 5, 
10, 20, 40, and 50 A g− 1, its reversible capacity gradually decreased 
from ~415 to 380, 360, 350, 310, 280, 220, 150, and 100 mA h g− 1, 
respectively. In comparison, the reversible capacities of the 
MoSe2@NPC electrode were much lower, namely ~70 and 35 mA h g− 1 

at 40 and 50 A g− 1, respectively. The cyclic performance of both elec
trodes was measured at 0.5 A g− 1, see Fig. 3c. The MoSe2@NPC/rGO 

Fig. 3. (a) CV curves of MoSe2@NPC/rGO half-cell scanned at 0.1 mV s− 1. (b) Rate capabilities measured at current densities ranging from 0.2 to 50 A g− 1; (c) cyclic 
performance measured at 0.5 A g− 1; and (d) schematic illustrations of geometric features and electron/ion transport in the MoSe2@NPC/rGO and 
MoSe2@NPC electrodes. 
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electrode delivered a reversible capacity of 340 mA h g− 1 with 94% 
retention after 500 cycles, whereas the MoSe2@NPC counterpart 
exhibited 75% capacity retention after 500 cycles. Also, the electro
chemical performance of MoSe2/rGO was also examined to compare 
with MoSe2@NPC/rGO. As shown in Fig. S6, the cyclic stability and rate 
capability of MoSe2/rGO were much worse than MoSe2@NPC/rGO, 
implying the positive effect of N/P co-doping of carbon matrix via 
enhanced electron transfer. Therefore, the much better rate capabilities 
and cyclic stability of the MoSe2@NPC/rGO electrode can be attributed 
to the interconnected electron conduction paths through the NPC and 
rGO components, abundant active sites for Na+ storage, and fast trans
port of Na+, and these ameliorating features are schematically illus
trated in Fig. 3d. The comparison of rate capabilities of the current 
MoSe2@NPC/rGO electrode with state-of-the-art results reported for 
similar MoSe2-based electrodes in SIBs (Fig. S7) indicates that the ca
pacities of the MoSe2@NPC/rGO electrode were among the best, 
particularly at high current densities of 10 A g − 1 and beyond. 

3.3. Kinetic analysis 

Further, CV measurements were conducted to study the reaction 
kinetics. The MoSe2@NPC/rGO electrode had much smaller peak shifts 
in both cathodic and anodic scans than the MoSe2@NPC electrode, as 
shown in Fig. 4a and b, indicating less polarization in the former elec
trode. Fig. 4c displays the voltage hysteresis when the scan rate was 
increased from 0.2 to 10 mV s− 1, which measures the voltage difference 
between cathodic and anodic peaks. The hysteresis in the MoSe2@NPC/ 
rGO electrode increased from 0.35 to 0.85 V, whereas the corresponding 
values were 0.6 and 1.4 V for MoSe2@NPC. Therefore, it can be said that 
MoSe2@NPC/rGO has faster reaction kinetics than MoSe2@NPC. The 
charge storage behavior was analyzed according to the power-law 
relationship [49]: 

i = avb (6)  

where i is the peak current (mA), v is the scan rate (mV s− 1), and a and b 
are the adjustable parameters. The b value can be obtained by fitting the 
line, log (i) versus log (v). There are two well-defined conditions: (i) b =
0.5 indicates a diffusion-controlled charge storage mechanism indica
tive of a battery reaction process; (ii) b = 1 implies a capacitive process. 
The b values were 0.95 and 0.90, respectively, for the cathodic and 
anodic peaks of the MoSe2@NPC/rGO electrode, as shown in Fig. 4d. In 
contrast, the corresponding b values of the MoSe2@NPC counterpart 
were 0.87 and 0.82, much lower than those of the former electrode 
(Fig. S8), signifying a higher and pseudocapacitance-dominated 
contribution in the MoSe2@NPC/rGO electrode. Specifically, the pseu
docapacitive contribution to the current response can be quantitatively 
separated based on Equation (7) [50]: 

i(V) = k1(V)⋅v + k2(V)⋅v1/2 (7)  

where k1 and k2 are the functions of potential, and k1(V)∙v and k2(V)∙v1/ 

2 correspond to the pseudocapacitance- and the diffusion-controlled 
contributions, respectively. Approximately 96% of total capacity was 
attributed to capacitance at a scan rate of 10 mV s− 1, as shown in Fig. 4e, 
while Fig. 4f shows the pseudocapacitive contributions at different scan 
rates. It is seen that the capacitive component increased from ~78% to 
~96% with increasing scan rate from 0.2 to 10 mV s− 1, similar to recent 
reports on MoS2/C [10] and SnS2/graphene-CNT aerogel anodes [51]. 
This implies that the superior high-rate performance can be ascribed to 
the pseudocapacitance originating from the 2D architecture with the 
enhanced specific surface area. 

The improved Na+ reaction kinetics of the MoSe2@ NPC /rGO 
electrode is further supported by the smaller charge transfer resistance 
(Rct) than that of the MoSe2@ NPC electrode. The electrochemical 
impedance spectra (EIS) reported in Fig. S9a were fitted by the equiv
alent circuit (inset of Fig. S9a). The Rct values of the MoSe2@NPC/rGO 
and MoSe2@NPC electrodes were 51.9 and 109.2 Ω (Table S1), 
respectively, signifying faster electrochemical kinetics of the former 

Fig. 4. CV curves of (a) the MoSe2@NPC/rGO and (b) MoSe2@NPC electrodes at different scan rates ranging from 0.2 to 10 mV s− 1. (c) Summary of voltage 
hysteresis of MoSe2@ NPC/rGO and MoSe2@NPC; and the corresponding (d) log (i) versus log (v) plots at cathodic and anodic peaks. (e) Capacitive contribution (red 
area) of MoSe2@NPC/rGO at 10 mV s− 1; and (f) the percentage of capacitive contributions at scan rates ranging from 0.2 to 10 mV s− 1. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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electrode than the latter. The Z’ vs. ω− 1/2 (ω = 2πf) curves in the low- 
frequency region are shown in Fig. S9b. The Na+ diffusion coefficient 
(DNa

+ ) of the MoSe2@NPC/rGO electrode was twice higher than the 
MoSe2@NPC (see the details in SI), consistent with the voltage hyster
esis (Fig. 4c) and Rct values (Table S1). 

3.4. First-principles calculations 

According to previous studies, downsizing the active materials has a 
positive impact on the electrochemical performance of the electrodes 
due to the improved ionic diffusion, surface areas, and fracture tough
ness [52,53]. We combined the density functional theory (DFT) and ab 
initio molecular dynamics (AIMD) calculations to study the Na adsorp
tion and diffusion on the (001) surface and along the interlayer of 
MoSe2. The adsorption energies of an isolated Na atom in the two 
models were calculated according to Equation (1). The structure corre
sponding to an isolated Na atom adsorbed on the surface or intercalated 
is shown in Fig. 5a and the adsorption energies are reported in Table S2. 
The results confirm that the surface sites preferably host Na atoms, 
giving rise to a higher adsorption capacitance. Fig. 5b and c shows the 
charge density differences of an isolated Na adsorbed at the TopMo site 
on the surface and the Oh site in the interlayer, respectively. The 

adsorption energies obtained for the two configurations were − 1.22 
(TopMo site) and − 0.92 eV (Oh site), respectively, indicating a stronger 
Na adsorption on the surface of MoSe2 than that in the interlayer. The 
charge density difference in Na adsorption process was calculated by Δρ 
= ρ(MoSe2+Na)-ρ(MoSe2)-ρ(Na), where ρ(MoSe2+Na), ρ(MoSe2), and 
ρ(Na) are the total charges of the system, MoSe2, and Na atom, respec
tively. The yellow and cyan surfaces correspond to the charge gain and 
loss regions, respectively. 

We also used the climbing image nudged elastic band (CINEB) 
method to estimate the Na diffusional barriers for the two configura
tions, and the results are given in Fig. 5d. The energy barrier, 56.5 meV, 
for Na hopping on the (001) surface was much smaller than that along 
the (001) interlayer, indicating a much higher Na mobility on the sur
face. These findings were compared quantitatively with those obtained 
by AIMD simulations. The mean-squared displacement (MSD) values 
obtained by AIMD simulations are shown in Fig. 5e. The diffusion co
efficients DNa

+ on the MoSe2 surface and at the interlayer determined at 
600 K were 2.56 × 10− 4 and 1.94 × 10− 9 cm2 s− 1, respectively. In 
agreement with the CINEB results, the mobility of Na atoms on the 
surface was consistently higher than that in the interlayer. 

To verify the ameliorating effect of N/P co-doping of carbon matrix, 
the electronic interactions of MoSe2 with NPC and pure C were 

Fig. 5. (a) Schematic illustration of Na adsorption sites on the (001) surface and in the (001) interlayer; Charge density difference plots of an isolated Na on the (001) 
surface (b) and at the (001) interlayer (c). (d) Na diffusion energy profiles on the (001) surface and at the (001) interlayer. The inset pictures show the corresponding 
Na diffusion paths; and (e) Na MSD in (001) interlayer and on (001) surface. Charge density difference plots of relaxed MoSe2 on (f) N/P co-doped carbon (NPC) and 
(g) pure C. 

J. Wu et al.                                                                                                                                                                                                                                      



Journal of Power Sources 476 (2020) 228660

8

compared. N/P co-doped and pristine graphene sheets were used to 
model the NPC and pure C, as shown in Fig. 5f and g, respectively. There 
was significant electron transfer from NPC to MoSe2, whereas the 
interaction between MoSe2 and pure C was relatively weak. Na2Se is the 
discharge product of MoSe2 formed after a conversion reaction, see 
Equation (5). Therefore, the adsorption of Na2Se on carbon matrix is 
essential because it would affect the uniform distribution of discharge 
products. As shown in Fig. S10, the adsorption energies of Na2Se on 
NPC, and pure C were evaluated. The NPC substrate presented a much 
higher Na2Se adsorption energy of − 1.51 eV than − 0.79 eV of pure C, 
corroborating better adsorption and reversible reaction of Na2Se on the 
former than the latter surface. To confirm its stability, we analyzed the 
MoSe2@NPC/rGO composite SEM and TEM characterizations after 100 
charge and discharge cycles at 0.5 A g− 1. Thanks to the strong coupling 
between the NPC substrate and MoSe2, the material structure and 
nanosheet morphology are preserved (Figs. S11a and b). Also, the EDS 
elemental maps of the cycled MoSe2@NPC/rGO electrode (Fig. S11c) 
suggest that each element is homogeneously distributed through the 
samples, further demonstrating the excellent structural stability. 

3.5. Sodium storage mechanism 

To analyze the reaction mechanism between Na+ and MoSe2, ex-situ 
XPS and TEM were performed to elucidate the phase change of MoSe2 
during the sodiation/desodiation process. We tried to identify the 
discharge and recharge products of MoSe2@NPC/rGO composites with 
XRD but failed to find any viable information, probably due to the poor 
crystallinity of the products. Therefore, ex-situ TEM analysis was used to 
investigate the charge and discharge products. As shown in Fig. 6a, the 
lattice spacings indexed to Mo (200) and Na2Se indicate that a complete 
conversion reaction occurred when the composite was discharged to 
0.01 V. The SAED pattern confirmed the diffraction rings of both Mo 
(200) and Na2Se (111) (Fig. 6b), in agreement with the literature. After 
full recharging to 3.0 V, the few-layer MoSe2 nanosheets were identified 
from the high-resolution TEM image (Fig. 6c), which are verified by the 
diffraction rings in the SAED pattern (Fig. 6d). Ex-situ deconvoluted Mo 
XPS spectra of MoSe2@NP/rGO at fully charged and discharged states 
are shown in Fig. 6e. Upon discharging to 0.01 V, the peaks located at 
228.2 and 232 eV are assigned to Mo4+. The peaks at 226 and 230.5 eV 
correspond to elemental Mo0, indicating the reduction of MoSe2 to Mo 

metal during discharge [54]. When the battery was recharged to 3 V, 
only the peaks of Mo4+ were observed, confirming the reversibility of 
conversion reactions. The Se 3d spectrum at a charged state is shown in 
Fig. S12, exhibiting two peaks at 54.1 and 55.1 eV, which are assigned to 
Se2− instead of elemental Se [55]. It is noticed that after recharging to 3 
V both the Mo 3d and Se 3d peaks down-shifted by about 0.3 eV, a 
reflection of the change in electron environment caused by donation of 
electrons from Na to MoSe2 [56–58], confirming again the reversible 
conversion reaction of MoSe2@NPC/rGO during the sodiation and 
desodiation cycles. Furthermore, the DFT calculations were applied to 
estimate the formation energies of two possible reactions, as shown in 
Table S3. The formation energy of MoSe2 was lower than that of Se, i.e., 
3.51 vs. 6.42 eV, indicating the charge product being more likely to be 
MoSe2 than Se. This result also agrees with the experiments. Given the 
consistent results of TEM, XPS, and DFT calculations, the reversible 
conversion reaction of MoSe2 during discharge and charge is verified 
(Fig. S13). 

4. Conclusions 

In conclusion, we synthesized the MoSe2@NPC/rGO nanosheet 
composites by a novel and simple two-step strategy, namely in-situ 
polymerization and high-temperature gas selenization. The 2D structure 
of MoSe2@NPC/rGO composites facilitated reduced ion diffusion 
lengths, and the few-layer MoSe2 exposed a large surface area for fast 
Na+ transportation. The NPC/rGO substrate improved the electrical 
conductivity and structural stability with a low charge transfer resis
tance, giving rise to enhanced Na storage kinetics. The ex-situ TEM, ex- 
situ XPS, and DFT calculations verified highly reversible conversion re
actions of MoSe2 nanosheets during the sodiation/desodiation cycles of 
the composite electrode. Benefiting from these ameliorating functional 
and structural features as well as high reversible conversion reactions, 
the MoSe2@NPC/rGO electrode delivered high reversible capacities, 
long cyclic stability, and an excellent rate capability in SIBs. 
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