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WSe2 onionswere synthesized using a homemade chemical vapor deposition (CVD)method. The formation

of a very fine particle size and spherical microstructure was attributed to the fast cooling rate and reduction

of the surface energy of two-dimensional (2D) WSe2 after nucleation and growth during the synthesis

process. A specific capacity of 205 mA h g�1 at 10 A g�1 vs. sodium ions can be reached, representing

the best sodium ion rate capability ever reported for WSe2. An exceptionally high capacitive contribution

showed that fast intercalation kinetics were present, which were attributed to the intrinsic properties and

the unique microstructure of WSe2. Sodium ions could be stored faster than lithium ions throughout

WSe2 due to the different intercalation mechanisms, as concluded from electrochemical investigations

and simulation. The sodium ion capacitors (SICs) delivered superior energy/power densities (the

maximum energy density is 123.1 W h kg�1 and the maximum power density is 14.1 kW kg�1),

demonstrating that WSe2 is a promising alternative for SICs that could rival lithium ion capacitors (LICs)

and shedding new light on novel 2D material design of SICs with high energy/power densities.
1. Introduction

Massive improvements in the performance of electrochemical
energy storage (EES) devices have stimulated research interest
into electrochemical capacitors, which are important in a range
of applications, from consumer electronics to national grids.1,2

Understanding the operating mechanism of electrochemical
capacitors is key to the development of qualied electrode
materials.3,4 Electrochemical capacitors, or electrical double-
layer capacitors (EDLCs), deliver extremely high power densi-
ties through reversible ion adsorption at the interface between
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the electrode and electrolyte, while suffering from a limited
charge capacity. To improve the energy density while main-
taining a high power output, an alternative energy-storage
mechanism for battery-supercapacitor hybrid devices, namely
metal ion capacitors (MICs), has been developed and widely
investigated.5–7 Lithium ion capacitors (LICs) have attracted
great attention owing to the compelling energy/power densities
they can produce in one cell and their long service life. Nor-
mally, LICs consist of a battery-type anode and EDLC-type
cathode that are operated through combined mechanisms of
lithium ion intercalation/deintercalation at the anode and
anion double-layer adsorption/desorption at the cathode.8,9

However, the performance of the battery-type anode is usually
limited by solid-state diffusion, resulting in a kinetic mismatch
with respect to the cathode. This kinetic barrier inuences the
charging/discharging time (power density) of LICs, eventually
resulting in inferior batteries.10–13 Therefore, anode materials
that afford high rate capabilities will boost the development of
high-performance LICs.

Various strategies have been used to develop superior anode
materials with respectable rate behaviors, including nanoscale
tailoring of the microstructure, doping, and integrating with
carbonaceous additives.14–18 Indeed, much progress has been
made using these techniques, denoted as the external factor.
However, the intrinsic properties of the materials, denoted as
the internal factor, should not be neglected. A well-known
intrinsic property is pseudocapacitance, which mainly relies
J. Mater. Chem. A, 2018, 6, 21605–21617 | 21605
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on charge transfer at or near the redox active material surface
(such as RuO2$H2O, MnO2, and Nb2O5) or ion intercalation
without phase transformation. As the charge transfer and storage
process is independent of electrode solid-state diffusion, pseu-
docapacitive materials usually deliver high rate capabilities.19,20

Dunn et al. reported using mesoporous MoS2 as an anode
material for lithium ions, which afforded a specic capacity of
140 mA h g�1 in a charging/discharging time of 20 s and showed
a superior cycle life at this lithium capacity. A detailed electro-
chemical analysis claried the pseudocapacitive energy storage
mechanism, making MoS2 a promising anode for EES.21

Inspired by this, many battery-type materials, usually
exhibiting clearly separated redox peaks in cyclic voltammo-
grams, have been evaluated to explore their analogous proper-
ties.22–24 For example, Xiong et al. reported graphene-coated
TiO2 nanoparticles as anodes for sodium storage that could
deliver a specic capacity of up to 101 mA h g�1 at a current rate
of 60C in which a surface-induced capacitive process provided
an important contribution.25 Shen et al. reported a new type of
TiNb2O7@carbon electrode for LICs that showed a superior rate
performance that was also affected by the capacitive process.26

This capacitive inuence on the charge storage mechanism
indicated a fast kinetics, leading to facial ion insertion/
extraction and an exceptional rate capability. Undoubtedly,
this feature is benecial for MICs.

Using transition metal dichalcogenides (TMDs), such as
MoS2, as two-dimensional (2D)materials has received signicant
attention. Compared with graphene, TMDs (formula: MX2,
where M is a transition metal element, such as Mo, W, Ti, Pt, or
Hf, and X is a chalcogen, such as S, Se, or Te) with striking
physical and chemical properties exhibit versatile applications,
particularly in EES.27,28 TMDs possess 2D layered structures with
weak van der Waals interactions and rich electronic properties,
which are generally benecial for lithium ion diffusion and
transport. Meanwhile, the exible 2D structure could alleviate
the strain derived from volume changes during the lithiation/
delithiation process.29 Similar to MoS2, tungsten diselenide
(WSe2) has a 2D layered structure that can achieve an interlayer
spacing of 6.50 Å, which is larger than that of graphite (3.35 Å),
and a theoretical capacity of 314 mA h g�1 and density of
9.32 g cm�3. Although few reports onWSe2 have been published,
it is clearly a potential candidate for lithium ion storage.30–34

However, the intercalation mechanism of WSe2 and its capaci-
tive effect for capacitive storage remains mostly unexplored.

In addition to LICs, sodium ion capacitors (SICs) have drawn
considerable interest because sodium is the most appealing
alternative to lithium. Other than the larger ionic radius and
atomic mass of sodium, sodium ion chemistry could benet
from the developed lithium ion system.35–38 The development of
SICs with power/energy comparable to LICs through the
rational design of electrodes and other components will main-
tain the sustainable development of electrical energy and
decrease the economic and geopolitical impact. Herein, we have
scrutinized WSe2 as an anode for SICs and evaluated the
intercalation mechanism with sodium ion chemistry.

In this work, WSe2 onions were synthesized using a home-
made chemical vapor deposition (CVD) method. A unique
21606 | J. Mater. Chem. A, 2018, 6, 21605–21617
onion-like morphology with an average particle size of 70 nm
that provided sufficient active sites and short diffusion path for
ions was obtained. Specic capacities of 211 and 205 mA h g�1

at 1.6 and 10 A g�1 were reached, corresponding to lithium and
sodium ions, respectively. More importantly, a very high
capacitive contribution ratio was obtained, indicating fast
intercalation kinetics for both lithium and sodium ion reac-
tions. Furthermore, sodium ions could be stored faster
throughout WSe2 than lithium ions, which was attributed to
their different intercalation mechanisms. Detailed electro-
chemical investigations and simulations were performed. Both
LICs and SICs were assembled using WSe2 onions as the anode
and activated carbon (AC) as the cathode, with SICs delivering
energy/power densities comparable to LICs. This demonstrated
WSe2 as a promising alternative for SICs that could rival LICs.

2. Results and discussion

WSe2 onions were synthesized through a CVD process in which
W(CO)6 and pure selenium were used as W and Se precursors,
respectively. Schematic illustrations are shown in Fig. 1a and S1
(ESI†), and experimental details are provided in the Experi-
mental section. Selenium was always used in excess to obtain
a mixture of WSe2 and Se without W that was difficult to remove
post-synthesis. As shown in Fig. 1b, in addition to the diffrac-
tion pattern of WSe2, obvious diffraction peaks corresponding
to Se were observed (JCPDS no. 73-0465). Aer subsequent heat-
treatment under H2, Se was fully eliminated, leaving pure phase
WSe2 (JCPDS no. 38-1388).39 Raman spectroscopy was used to
identify the purity of the as-synthesized WSe2. As shown in
Fig. 1c, dominant characteristic peaks at around 249 cm�1 were
assigned to the E1

2g (in-plane) mode, while the A1g (out of-plane)
mode peak was not obvious due to the small energy difference
between A1g and E1

2g, which was consistent with previous
reports.40,41

The valence state and surface elemental composition of as-
synthesized WSe2 were determined by X-ray photoelectron
spectroscopy (XPS), with the large survey spectrum shown in
Fig. S2 (ESI†). Corresponding high resolution spectra of W 4f
and Se 3d are shown in Fig. 1d. Characteristic peaks located at
54.9 and 54.1 eV with a spin-energy separation of 0.8 eV corre-
sponded to Se 3d3/2 and Se 3d5/2, respectively. The W 4f spec-
trum showed two main peaks centered at 34 and 31.9 eV with
a spin-energy separation of 2.1 eV, corresponding to W 4f5/2
andW 4f7/2, respectively. Accordingly, the valence states of W(IV)
and Se(II) were conrmed, demonstrating that pure phase WSe2
had been obtained.42,43

The morphology and microstructure of the WSe2 nano-
particles were observed by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). As shown in
Fig. 1e and f, spherical WSe2 nanoparticles with an average size
of around 70 nm and uniform distribution were observed.
Considering the synthetic process (Fig. S1, ESI†), active W and
Se precursors preferred to aggregate in the cooled chamber,
which restricted the grain growth ofWSe2 due to the fast cooling
rate, resulting in a ne particle size. TEM images gave insight
into the inner structure. As shown in Fig. 1h–j, WSe2 showed an
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) Schematic formation of WSe2 nanoparticles. Characterization of the as-prepared WSe2 nanoparticles: (b) XRD patterns, (c) Raman
spectrum, and (d) XPS spectra of Se 3d, W 5p, and W 4f. Morphology and structure of the as-prepared WSe2 nanoparticles: (e and f) SEM images,
(g) corresponding particle size distribution, (h and i) TEM images, and (j) high-resolution TEM image and (inset) SAED pattern.
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onion-like structure with abundant edges, in which the layered
structure was clearly observed. Spherical structure formation
might be due to the reduction of surface energy in 2DWSe2 aer
nucleation and growth. A lattice fringe with interplanar spacing
of 0.64 nm corresponded to the (002) plane of the hexagonal
WSe2 phase, which was consistent with the XRD results. The
selected area electron diffraction (SAED) pattern was obtained,
as shown in the inset of Fig. 1j. The WSe2 phase with poly-
crystalline structure caused a group of diffraction rings corre-
lating to the (002), (100), (102), and (106) planes of the WSe2
phase, respectively, conrming the pure phase and unique
structure of WSe2 obtained under our experimental conditions.

Together with morphological analysis, the electrochemical
behavior of WSe2 using lithium and sodium ion chemistry was
evaluated. Fig. 2a shows the representative cyclic voltammo-
gram (CV) curves of WSe2 in the lithium ion half-cell during the
This journal is © The Royal Society of Chemistry 2018
initial four cycles at a scan rate of 0.1 mV s�1 in the potential
range 0.01–3.0 V (vs. Li+/Li). The rst cycle was distinctly
different from subsequent cycles. The strong peak at around
0.79 V (vs. Li+/Li) in the rst cycle might be due to structure
rearrangement and formation of the solid-electrolyte interphase
(SEI) layer. In the following three cycles, another two cathodic
peaks at 1.97 and 1.86 V (vs. Li+/Li) were obtained instead of the
original peak, which was attributed to the intercalation of
lithium ion into WSe2 and eventual formation of LixWSe2. The
anodic peak was observed at around 2.28 V (vs. Li+/Li), which
was ascribed to lithium ion extraction and reversible conversion
back to WSe2.31,32 Meanwhile, CV curves for the 2nd cycle
showed a negligible change, indicating good electrochemical
reversibility. Fig. 2b shows the corresponding galvanostatic
charge/discharge proles of the 1st, 2nd, 10th, 30th, and 50th

cycles at a current density of 100 mA g�1. A at plateau at
J. Mater. Chem. A, 2018, 6, 21605–21617 | 21607
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Fig. 2 Electrochemical characterization of WSe2 vs. lithium and sodium. CV curves vs. (a) lithium and (d) sodium at a scan rate of 0.1 mV s�1;
galvanostatic charge/discharge profiles vs. (b) lithium and (e) sodium at a current density of 100 mA g�1; and rate performance vs. (c) lithium and
(f) sodium.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
7 

O
ct

ob
er

 2
01

8.
 D

ow
nl

oa
de

d 
by

 F
ud

an
 U

ni
ve

rs
ity

 o
n 

12
/2

8/
20

18
 6

:3
5:

44
 A

M
. 

View Article Online
around 2.0 V with two sloping voltage curves was observed from
the 2nd cycle onward, while a at plateau was observed at
around 1.0 V in the 1st cycle. Specic capacities of 476.4 and
546.3 mA h g�1 were delivered in the 1st and 50th cycles,
respectively, exhibiting good reversibility. The initial coulombic
efficiency was about 83%, but as the cycle number increased, the
coulombic efficiency was nearly 100% (Fig. S3a, ESI†). The cor-
responding electrochemical impedance spectroscopy (EIS)
proles (1st, 2nd, 10th, 30th, and 50th cycles) are shown in Fig. S3b
(ESI†). All Nyquist plots consisted of a semicircle and an oblique
line, corresponding to charge transfer resistance (Rct) and lithium
ion diffusion into the electrode.44 The decreased Rct indicated
efficient charge transfer at the interface between the electrode
and electrolyte, which might be attributed to renement of the
WSe2 crystalline structure shortening the lithium ion diffusion
path aer the lithiation/delithiation process. WSe2 delivered
a specic capacity of 439 mA h g�1 at a current density of
100mA g�1, while, the specic capacity remained at 250mAh g�1

at a current density of 800mA g�1. When the current rate reached
3.2 A g�1, a specic capacity of 140 mA h g�1 was obtained,
indicating a good rate capability with respect to lithium ions.
Meanwhile, a specic capacity of 350 mA h g�1 was achieved as
the current density was reset back to 100 mA g�1, demonstrating
a good electrochemical reversibility (Fig. 2c).

For sodium ion chemistry, the same evaluation was per-
formed in the sodium ion half-cell. CV curves ofWSe2 during the
initial four cycles at a scan rate of 0.1 mV s�1 in the potential
range 0.01–3.0 V (vs. Na+/Na) are shown in Fig. 2d. In contrast to
the lithiation/delithiation process, the cathodic (1.41 V and 1.85
V) and anodic (1.81 V and 2.13 V) peak positions changed
dramatically aer the 1st sodiation/desodiation process. Mean-
while, two sets of cathodic and anodic peaks were observed,
indicating the multistep electrochemical reaction of WSe2 with
sodium ions and different mechanism of sodiation/desodiation
compared with that of lithiation/delithiation (respective
21608 | J. Mater. Chem. A, 2018, 6, 21605–21617
mechanisms will be discussed later). Fig. 2e shows the typical
galvanostatic charge/discharge proles of the 1st, 2nd, 10th, 30th,
and 40th cycles at a current density of 100mA g�1. A relatively at
plateau at around 0.5 V was observed in the 1st cycle. Subse-
quently, an oblique curve in the range 1.3–2.1 V, corresponding
to the potential plateau, was obtained from the 2nd cycle onward.
Specic capacities of 478.1 and 383.0 mA h g�1 were obtained in
the 1st and 40th cycles, respectively, exhibiting a good revers-
ibility. The initial coulombic efficiency was about 81.9% and
reached nearly 100% as the cycle number increased (Fig. S3c,
ESI†). EIS plots indicated the decreased Rct aer cycles,
demonstrating microstructure rearrangement in the sodiation/
desodiation process, analogous to that in the reaction with
lithium ions (Fig. S3d, ESI†). Interestingly, WSe2 exhibited an
even better rate capability and reversibility in the sodium ion
half-cell compared with the lithium ion half-cell. Specic
capacities of 403 and 330 mA h g�1 were obtained at current
densities of 100 and 800 mA g�1, respectively (Fig. 2f). When the
current rate reached 10 A g�1, the specic capacity was still
214 mA h g�1, and when the current rate was reset back to
100 mA g�1, a comparable specic capacity of 404 mA h g�1 was
obtained. Taking into account the larger ionic radius and atomic
mass of sodium, using WSe2 as the anode in sodium ion half-
cells could achieve even better performance than a lithium ion
anode. The remarkable rate performances for sodium ions were
the best reported to date, as shown in Table S1.† In contrast,
commercial WSe2 was also applied as the anode under lithium
ion and sodium ion conditions. The SEM images and rate
performance are shown in Fig. S4,† exhibiting an inferior
performance. The unique microstructures that provided abun-
dant insertion channels and short diffusion length resulted in
the WSe2 onions presenting superior rate behavior. The results
for the WSe2 onions demonstrated the importance and advan-
tages of our homemade CVD method, which offers a novel
model for the synthesis of other 2D materials.
This journal is © The Royal Society of Chemistry 2018
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The electrochemical kinetics of WSe2 with respect to lithium
and sodium ion chemistry were examined using CV measure-
ments. CV curves at various scan rates from 0.1 to 2.5 mV s�1 are
shown in Fig. 3a and b, corresponding to lithium and sodium,
respectively. Insets show the CV curves obtained at faster scan
rates. All CV curves exhibited negligible distortion, demon-
strating a superior voltammetric response. Notably, WSe2 vs.
sodium ions afforded a fast scan rate of up to 100 mV s�1 with
small potential separation and a distinct current peak (Fig. 3b
inset). Meanwhile, WSe2 vs. lithium ions exhibited a relatively
closed CV curve at a scan rate of up to 25 mV s�1 (Fig. 3a inset),
indicating the smaller ohmic and/or diffusion constraints of
WSe2 vs. sodium ions at a high scan rate and with superior ion
transport efficiency. The derived log(v) � log(i) data obeys
a power law relationship:
Fig. 3 Electrochemical kinetics analysis: CV curves at various scan rates v
current) vs. (c) lithium and (d) sodium; contribution ratio of capacity at var
(g) dependence of capacitive discharge capacity (q(v)) on scan rate�1/2, (
dependence of capacitive discharge capacity (q(v)) on scan rate�1/2, (j) dep
time vs. lithium and sodium.

This journal is © The Royal Society of Chemistry 2018
i ¼ avb (1)

where i is the peak current and v is the scan rate. Typically, b ¼
0.5 represents a diffusion-controlled intercalation process,
while b ¼ 1.0 suggests a surface capacitive process.20 With
respect to lithium ions, WSe2 exhibited b values of between 0.68
and 0.73, implying a diffusion-controlled mechanism accom-
panied by a surface-induced capacitive process (Fig. 3c). For
sodium ions, b values of between 0.80 and 0.86 were obtained,
demonstrating the intercalation reaction was signicantly
affected by the surface capacitive process and the superior rate
behavior (Fig. 3d).

Considering that both energy storage mechanisms are
coupled with various degrees of the capacitive process, the
capacitive contribution should be determined to give insight
s. (a) lithium and (b) sodium; dependence of log(scan rate) on log(peak
ious scan rates vs. (e) lithium and (f) sodium; Trasatti analysis vs. lithium:
h) dependence of 1/q(v) on scan rate1/2; Trasatti analysis vs. sodium: (i)
endence of 1/q(v) on scan rate1/2; and (k) stored charge as a function of

J. Mater. Chem. A, 2018, 6, 21605–21617 | 21609
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into the electrochemical kinetics vs. lithium and sodium. Two
methods were employed in this study, with the rst making use
of the relation between the response current at a xed potential
and scan rates according to the equation:

i(V) ¼ k1v + k2v
1/2 (2)

where k1 and k2 can be determined using CV currents at
different scan rates.25,45,46 Fig. 3e and f show the capacitive
contributions at various scan rates from 0.1 to 1 mV s�1, cor-
responding to lithium and sodium, respectively. WSe2 vs.
sodium ions exhibited a higher capacitive contribution at every
scan rate compared with WSe2 vs. lithium ions, with capacitive
contributions of 81.5% and 90.6% at scan rates of 0.1 and 1 mV
s�1 vs. sodium ions compared with 76.7% and 86.3% vs. lithium
ions. Meanwhile, the capacitive contribution gradually
increased with increasing scan rate, indicating that the surface
capacitive process dominated the electrochemical reaction.
Fig. S5a and b (ESI†) show the potential regions where capaci-
tive contributions occur in the CV curves at 1 mV s�1 vs. lithium
and sodium ions. These results indicated that the kinetics were
strongly inuenced by the capacitive process throughout
potential range. More importantly, even higher capacitive
contribution occurred in WSe2 vs. sodium ions, which was
consistent with the results shown in Fig. 3a and b.

The second method was Trasatti analysis, which denes the
diffusion-controlled and capacitive charge storage processes
according to the equations:

q(v) ¼ qcapacitive + a(v�1/2) (3)

1

qðvÞ ¼
1

qtotal
þ a

�
v1=2

�
(4)

where q(v) is the total voltammetric charge obtained from CV
curves, qcapacitive is the capacitive charge, qtotal is the total
charge, and a and v are the constant and scan rate, respectively.
Therefore, using eqn (3), qcapacitive was calculated by extrapo-
lating q(v) to v ¼ N in the plot of q(v) vs. v�1/2. Furthermore,
using eqn (4), qtotal was obtained by extrapolating q(v) to v¼ 0 in
plots of 1/q(v) vs. V1/2.21,47,48 As shown in Fig. 3g and h, the values
of qcapacitive and qtotal were 367 mA h g�1 and 467 mA h g�1,
respectively (vs. lithium ions). The total charge was in good
agreement with the maximum specic capacity (447.7 mA h g�1)
obtained at 0.1 mV s�1. The ratio of the capacitive charge to the
total charge was 78.5%. Similarly, the qcapacitive and qtotal were
330 mA h g�1 and 395 mA h g�1, respectively (vs. sodium ions),
as shown in Fig. 3i and j. The derived ratio of the capacitive
charge to the total charge was 83.5%. As expected, these values
were in good agreement with the results obtained using the rst
method (Fig. 3e and f; 76.7% and 81.5% at 0.1 mV s�1 for
lithium and sodium ions, respectively).

Extremely high capacitive contribution ratios were conrmed
for both lithium and sodium intercalation reactions, showing
that these lithium and sodium ion intercalation processes were
more capacitive-dominated throughout the potential range.
Furthermore, we speculated that the stored lithium or sodium
ions were derived from both surface/near-surface reactions and
21610 | J. Mater. Chem. A, 2018, 6, 21605–21617
interior intercalation with WSe2. As the intrinsic 2D layered
structure ofWSe2 with large interlayer spacing could facilitate ion
diffusion, the unique onion-like structure provided more edges
for ion insertion/deinsertion. These structural factors afforded
a kinetically facile intercalation process in WSe2. Renement of
the structure aer insertion/deinsertion further shortened the
ion diffusion path. Furthermore, decreased charge transfer
resistance alleviated the ohmic constrain of the electrode,
leading to an extremely high capacitive contribution.

Meanwhile, sodium ions are expected to be stored in WSe2
faster than lithium ions due to the higher capacitive contribution
ratio. Therefore, the time dependence of the stored charge
capacity was compared, as shown in Fig. 3k. Both lithium and
sodium ion storage were distinctly time dependent. Notably,
48.6% of the total amount of charge could be stored for the initial
30 s, corresponding to sodium ions exhibiting an exceptionally
fast charging ability. As the charging time reached at 120 s, 69.7%
of the total amount of charge was delivered vs. sodium, while only
55.7% was obtained vs. lithium, demonstrating the high effi-
ciency of sodium ion storage over lithium ion storage.

The interesting electrochemical behavior diversity, particu-
larly the highly efficient sodium ion storage capability
compared with that of lithium ions, must be associated with the
insertion/deinsertion mechanism. The lithiation/delithiation
mechanism was analyzed in detail by Yang et al.32 The reac-
tion was as follows: WSe2 + 4Li

+ +4e�4W+ 2Li2Se. Specically,
during the discharge process, lithium ions intercalate with
WSe2, forming Li2Se and W, where W is embedded in the Li2Se
matrix, namely LixWSe2. Subsequently, during the charging
process, lithium ions are extracted from LixWSe2 and WSe2 is
recovered reversibly. This reported mechanism is consistent
with those of MoS2 and MoSe2.49–52 We also investigated the
lithiation/delithiation mechanism of WSe2 by ex situ XRD and
ex situ Raman, as shown in Fig. S6 (ESI†), which was also
consistent with a previous report.32 However, the sodiation/
desodiation mechanism remains controversial. Accordingly,
ex situ XRD, ex situ Raman, and ex situ TEM with respect to the
sodiation/desodiation process were performed. Fig. 4a and
b show the ex situ XRD patterns of WSe2 obtained during the
initial two charge/discharge cycles in the potential range 0.01–
3.0 V at a current density of 50 mA g�1. Ten typical stages were
selected during the charge/discharge process, as shown in
Fig. 4a. All measured electrodes were protected by a preservative
lm in the glovebox, avoiding the effect of oxidation under
ambient conditions. As shown in Fig. 4b, the XRD pattern of the
open circuit voltage (OCV) state (point 1) electrode was mainly
indexed to WSe2. Characteristic peaks around 22� and 23� were
attributed to the preservative lm, as conrmed in Fig. S7
(ESI†). For the discharge process at 1.0 V (point 2), no obvious
change in WSe2 was observed. Aer the rst potential plateau at
0.25 V (point 3), the WSe2 characteristic peaks disappeared and
new diffraction peaks at around 21� and 37� were detected and
assigned to the Na2Se phase. Another peak at around 35� might
be due to the SEI layer. Aer the discharge process, in the
charge process at 1.2 V (point 4) no obvious change was iden-
tied except for the slightly weaker Na2Se peaks, indicating
sodium ion extraction from Na2Se. At the end of the charge
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Mechanism analysis of sodiation/desodiation: (a) Initial two discharge/charge curves. Numbers one to ten refer to different potential
stages corresponding to ex situ XRD patterns, ex situ Raman spectra, and TEM images; (b) ex situ XRD patterns; (c) and (d) ex situ Raman spectra
collected at the points one, nine, and ten; (e) TEM image, (f) high resolution TEM image, and (g) SAED pattern collected at point nine; (h) TEM
image, (i) high resolution TEM image, and (j) SAED pattern collected at point ten.
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processes at 2.2 and 3.0 V (points 5 and 6), the Na2Se peaks had
fully disappeared, indicating that desodiation had nished.
Notably, the pristine peaks attributed to WSe2 could not be
detected, suggesting that WSe2 with a high degree of crystal-
linity could not be conrmed or WSe2 could not be recovered
completely. During the subsequent discharge/charge process,
the same phenomenon was obtained, namely, the Na2Se phase
was formed in the discharge process (sodiation) and dis-
appeared during the charge process (desodiation), demon-
strating good electrochemical reversibility. To further
determine the sodiation/desodiation mechanism, ex situ
Raman spectroscopy was conducted, as shown in Fig. 4c and d.
A characteristic peak at 249 cm�1 was assigned to pristine WSe2
in the OCV state. For the discharge state at 0.01 V (point 9), no
obvious signal was detected in the Raman shi range of 100–
400 cm�1, while a peak at 236 cm�1 indexed to the chain-
structured Se molecules was identied.53 This result indicated
that Se was converted aer the desodiation process. The inner
This journal is © The Royal Society of Chemistry 2018
structure of the electrode material at different charge/discharge
stages was determined by TEM, as shown in Fig. 4e–j.
Compared with pristine WSe2, the electrode in the discharge
state at 0.01 V (point 9) exhibited a more ne framework
(Fig. 4e), indicating rearrangement aer initial sodiation/
desodiation. Very ne particles with average sizes of 3 nm and
amorphous features were observed and corresponded to sepa-
rated and condensed amorphous W clusters (Fig. 4f). Lattice
fringes with interplanar spacings of 0.39 and 0.34 nm corre-
sponded to the (111) and (200) planes of Na2Se phase (Fig. 4g),
respectively, which were consistent with the XRD results. The
corresponding SAED pattern was obtained, as shown in the
inset, which was relevant to the (002), (220), and (400) planes of
Na2Se phase, respectively. For the charge state at 3.0 V (point 10)
(Fig. 4h–j), no obvious phase with a relatively high degree of
crystallinity was observed, and the separated W nanoparticles
maintained the initial state, indicating reversible Na2Se des-
odiation and irreversible WSe2 formation. Furthermore, the
J. Mater. Chem. A, 2018, 6, 21605–21617 | 21611
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structural evolution of the electrodes aer cycling with respect
to both lithium and sodium ions was observed, as shown in the
SEM images (Fig. S8, ESI†). Combined with the XRD, Raman,
and TEM results, a sodiation/desodiation mechanism was
proposed in this study, in which the reactions proceed via two
steps, namely, intercalation and conversion reactions, which
can be expressed using the following reaction equations:

WSe2 + 4Na+ +4e� / W + 2Na2Se

Na2Se 4 Se + 2Na+ + 2e�

In the initial sodiation process (discharging), sodium ions
intercalate with the interlayers of WSe2, forming WNaxSe2.
WNaxSe2 then decomposes into W and Na2Se. During the des-
odiation process (charging), the conversion reaction occurs in
Na2Se. Sodium ions are extracted step-by-step, starting from
Na2Se, and converting to Na2�xSe and eventually Se. The as-
formed Se was kinetically stable and did not react with
separated W to recover pristine WSe2. Next, sodium ions react
with the transformed Se reversibly during the subsequent charge/
discharge process. This multistep reaction is also consistent with
the reported sodiation/desodiation mechanism of bare Se.54

Reconsidering the above CV and galvanostatic charge/discharge
proles vs. sodium ions (Fig. 2d and e) in the 1st CV curve, the
reduction peak at 0.46 V was associated with the intercalation
reaction and as-decomposed Na2Se. The oxidation peaks at 2.13
and 1.81 V were attributed to the gradual conversion of Na2Se
into Se. The conversion reactions are highly reversible, as shown
starting from the 2nd CV scan. In the galvanostatic charge/
discharge proles, the potential plateau of the 1st discharge
process differed from the subsequent charge/discharge, while
two obvious potential plateaus were observed, proving the
segmented conversion reactions of Na2Se to Se. The proposed
sodiation/desodiation mechanism was well depicted by the
Fig. 5 (a) Calculated convex hull of Nax(WSe2)1�x for candidates obtaine
thermodynamic stability. (b) Structures of relatively stable phases of Na2
configurations. Calculated crystal orbital Hamilton population (COHP), fo
Na2WSe2 and Na3.75WSe2 with different constituent elements/compoun

21612 | J. Mater. Chem. A, 2018, 6, 21605–21617
electrochemical behavior, but was distinctly different to the
lithiation/delithiation mechanism.32 Furthermore, the diffusion
rate of lithium and sodium ions through the electrode were
calculated, as shown in Fig. S9 (ESI†). The higher slope suggested
a faster diffusion rate for sodium ions than for lithium ions,
which might be due to conductivity enhancement from the
separated metallic W in the electrode.

The sodiation/desodiation mechanism was proposed based
on experimental results, but to gain further insight into the
intrinsic mechanism of sodiation/desodiation, we also per-
formed extensive structural searching starting from sodium and
WSe2 (NaxWSe2) using USPEX and CALYPSO codes within
density functional theory. Interestingly, our structure searches
uncovered two relatively stable phases of Na2WSe2 and
Na3.75WSe2 (Fig. 5a), of which Na3.75WSe2 was the most ener-
getically favorable on the convex hull. Furthermore, structural
examination of these two phases showed that Na atoms had
a strong affinity for Se atoms, such that W atoms are pushed out
to form cluster-like congurations in the host material (irreg-
ular W4 tetrahedron in Na3.75WSe2 and W4 rhombohedra in
Na2WSe2, as shown in Fig. 5b), which was consistent with the
TEM observations. This result indicated that the Na3.75WSe2
could be obtained at the beginning of phase transformation
during the sodiation process. The calculated crystal orbital
Hamilton population (COHP) curves (Fig. 5c and d) showed
a large W–Se antibonding region around the Fermi level in both
Na2WSe2 and Na3.75WSe2, suggesting their metastable nature,
which was due to the larger separation of W atoms in the host
structures. Although Na2WSe2 and Na3.75WSe2 were energeti-
cally favorable, both were inclined to decompose immediately
during sodiation, which might explain the difficulty in their
observation during the discharge process due to the metastable
behavior of the phase. Based on this speculation, the global
energy differences for every possible constituent, namely Na, W,
d from structural searching, with the phases on the lines indicating its
WSe2 (left) and Na3.75WSe2 (right), containing irregular W4 cluster-like
r (c) Na2WSe2, (d) Na3.75WSe2, and (e) the global energy comparison of
ds.

This journal is © The Royal Society of Chemistry 2018
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Se, WSe2, Na2Se, NaSe, and NaSe2, were calculated in compar-
ison with those of metastable Na2WSe2 and Na3.75WSe2. The
energetic competitions shown in Fig. 5e suggested that the
previous most stable Na3.75WSe2 would decompose into two
potential routes, namely, Na2Se + WSe2+W (�2.42 eV f.u.�1) and
Na2Se + Se + W (�2.32 eV f.u.�1). The presence of Na2Se was in
agreement with the obtained XRD and TEM results, in which
the corresponding characteristic peaks were identied. Mean-
while, there was no signal belonging to Se detected in the
Raman spectra at the end of the sodiation process, which
inferred that Na3.75WSe2 could decompose to Na2Se + WSe2 + W
during the sodiation process. The as-decomposed WSe2 might
still intercalate with subsequent sodium ions until the end of
the sodiation process. At this stage, the nal products were
Na2Se and W. W atoms with low crystallinity tend to condense
in the host material, which is difficult to identify by XRD.
During the desodiation process, intercalated sodium ions were
extracted, leaving Se and W individually, rather than recovering
the pristine phase of WSe2, which was consistent with the
identied characteristic peaks of Se in the Raman spectra at the
end of the desodiation process. Our calculations agreed well
with experimental observations, providing further support for
the proposed sodiation/desodiation mechanism.
Fig. 6 (a) Schematic illustration of proposed sodiation/desodiation me
profiles of SICs full-cell based on the WSe2 anode and AC cathode, (d) Ra
1000 mA h g�1.

This journal is © The Royal Society of Chemistry 2018
Furthermore, the lithiation/delithiation process was also
performed using the method shown in Fig. S10.† Based on the
lithiation, two relatively stable phases of Li3.667WSe2 and
Li6WSe2 could be obtained (Fig. S10a†). Notably, W atoms in Li–
WSe2 were dramatically different to those in Na–WSe2
(Fig. S10b†). W atoms in Na–WSe2 were condensed into local-
ized W–W chains. In contrast, W atoms in Li–WSe2 formed
a monoatomic metal layer with longer W–W separation. The
calculated ICOHP (integrated crystal-orbital Hamilton pop-
ulation) value showed that the bonding strength of W–W pairs
in Na–WSe2 was stronger than for those in Li–WSe2, especially
in Na3.75WSe2 (Table S2†). Therefore, during the desodiation
process, the localized metal chains and strong W–W bonding in
Na–WSe2 were considered to restrict WSe2 recovery, whereas the
WSe2 phase could be recovered, except for the structural
renement during the delithiation process, which was in stark
contrast to the abovementioned lithiation/delithiation mecha-
nism. These results also supported the better rate capability of
WSe2 vs. sodium ions.

The proposed lithiation/delithiation and sodiation/
desodiation mechanisms are shown in Fig. S11a† and 6a.
Compared with the reversible conversion and structure rene-
ment of WSe2 based upon lithiation/delithiation, amorphous or
chanism of WSe2, (b) CV curves, (c) galvanostatic charge/discharge
gone plots, and (e) cyclic stability of SICs full cell at a current density of

J. Mater. Chem. A, 2018, 6, 21605–21617 | 21613
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nanostructured W was separated and condensed rather than
reacted with desodiated Se to recover pristine WSe2 aer the
initial sodiation/desodiation process, leading to conductivity
enhancement of the electrode. As such, sodium ions make
a higher capacitive contribution than lithium ions in WSe2.
Accordingly, SICs and LICs were assembled to evaluate their
potential for practical applications. WSe2 and AC were used as
the anode and cathode, respectively. The cathode to anodemass
ratio should be balanced and the typical performance of AC was
selected based on our previous reports.55,56 SICs with a 3 : 1 ratio
exhibited an optimized performance (Fig. 6b–e) (electro-
chemical performances of LICs are shown in Fig. S11b–e, ESI†),
which strongly depended on the measured potential window.
Therefore, the CV curves at various potential windows were
measured, as shown in Fig. S12a.† A suitable potential window
of 1.0–3.4 V was determined, otherwise a minor distorted CV
shape would deteriorated the SIC performance due to possible
side reactions between electrode and electrolyte. The typical CV
curves at various scan rates and the corresponding galvano-
static charge/discharge proles at various current densities in
the potential range of 1.0–3.4 V are shown in Fig. 6b and c,
respectively. The plots exhibit a segmented feature with
different slopes (Fig. 6c), demonstrating the integrated mech-
anisms of EDLCs and batteries. The maximum specic capaci-
tance (81 F g�1) of as-assembled SICs was obtained at a current
density of 30 mA g�1 (Fig. S12b†). The SICs exhibit superior
energy/power densities, as shown in the Ragone plots (Fig. 6d).
Specically, the maximum energy density of 123.1 W h kg�1 at
the power density of 66.0 W kg�1 was achieved, and the energy
density decreased slightly with increasing power density. When
the powder density was increased to 7.0 and 14.1 kW kg�1,
energy densities of 54.0 and 31.3 W h kg�1 were maintained.
These results outperformed several previous reports in the
Ragone Plots (Fig. 6d), such as MoSe2/G//AC,57 Nb2O5@C/rGO//
msp-20,58 MoO2/MoSe2-G//AC,59 SnS2/GCA//AC,60 TiO2@
CNT@C//BAC,61 NaTi2(PO4)3//G,62 Na2Ti3O7–C//GF,63 NaTi2
(PO4)3//AC,64 TiO2@G//AC,65 and E-MoS2/carbon ber//AC,66

demonstrating the great potential as the anode for SICs.
Furthermore, the LICs could deliver a maximum energy density
of 80.1 W h kg�1 at a power density of 66.0 W kg�1 and
a maximum power density of 14.1 kW kg�1 at an energy density
of 2.7 W h kg�1. This inferior performance compared with the
SICs was attributed to the dramatically different intercalation
mechanism, demonstrating that WSe2-based SICs could deliver
a superior energy/power output over LICs. Fig. 6e exhibits the
cycling stability of the SICs, demonstrating a capacitance
retention of 75% aer 2000 cycles at a current density of
1000 mA g�1 with a nearly 100% coulombic efficiency, whereas
the LICs delivered a 91.5% capacitance retention aer 10 000
cycles (Fig. S11e, ESI†). The degraded cyclic stability of SICs can
be ascribed to the signicant structure change derived from the
sodiation/desodiation process and larger ionic radius of
sodium ion. Considering the high theoretical density of WSe2
(9.32 g cm�3), the WSe2 anode also has promising applications
in SICs with high volumetric performances. According to the
systematic characterizations, the WSe2 anode for SICs exhibits
superior performance that could rival LICs, providing new
21614 | J. Mater. Chem. A, 2018, 6, 21605–21617
insight into novel 2D TMD design for SICs with the high energy
and power densities.
3. Conclusions

In summary, onion-like WSe2 nanoparticles were synthesized
using a homemade CVD method. The very ne particle size and
unique microstructure were attributed to the fast cooling rate
and reduction in surface energy of 2D WSe2 aer nucleation and
growth. Superior electrochemical performances were obtained
under the evaluation of both lithium and sodium ion chemis-
tries. An exceptionally high ratio of capacitive contribution that
ensured fast intercalation kinetics was identied, which was
attributed to the intrinsic properties and the unique micro-
structure of WSe2. Sodium ions were stored faster throughout
WSe2 than lithium ions, which was due to the different interca-
lation mechanisms that were concluded by electrochemical
investigation and simulation. The SICs delivered superior energy/
power densities, demonstrating WSe2 as a promising alternative
for SICs that could rival LICs and shedding new light on novel 2D
TMD design for SICs with high energy and power densities.
4. Experimental section
Synthesis of WSe2 nanoparticles

W(CO)6 and pure selenium were used as W and Se precursors,
respectively. The carrier gas (high purity argon) was passed
through a heated bubbling unit containing W(CO)6 at an evap-
oration temperature of 120 �C. The homemade dual-
temperature zone reactor is shown in Fig. S1.† The quartz boat
containing pure Se powder was placed in the low-temperature
zone in advance. The low-temperature zone was maintained at
a temperature of 430 �C to evaporate Se. The mixed gas con-
taining W and Se precursors passed through the high-
temperature zone, where W reacted with Se in the gas phase at
950 �C. The resultant product was deposited and collected in the
water-cooled chamber. Se was always in excess throughout the
experiment. To remove excess Se, the as-prepared powder was
heat-treated in a hydrogen gas ow at a temperature of 570 �C to
obtain the nal WSe2 nanoparticles. Commercial WSe2 (Aladdin
Ltd.) was purchased as the control sample.
Characterizations

Powder XRD (Bruker D8-focus X-ray powder diffractometer)
with Cu Ka radiation (l ¼ 1.5406 Å) was used to analyze the
crystalline phase of the material in the 2q range of 8� to 80� at
room temperature. The sample morphology and microstructure
were observed using eld emission scanning electron micros-
copy (FESEM, JEOL JSM-7100F) and transmission electron
microscopy (TEM, Tecnai LaB6). The crystalline structure of the
as-prepared sample was determined using high-resolution TEM
(HRTEM). The chemical or electronic state of the elements was
measured at room temperature using X-ray photoelectron
spectroscopy (XPS, Thermo Scientic ESCALAB 250XI Probe
system). Raman spectra were measured using a spectrometer
This journal is © The Royal Society of Chemistry 2018
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(inVia Reex, Renishaw, UK) with a laser excitation wavelength
of 532 nm in the range of 100–500 cm�1.
Electrochemical measurements

All types of half cells and full cells were assembled using coin
cells (CR2032) in an argon-lled glove box. The as-synthesized
WSe2 nanoparticles (75 wt%), super P (15 wt%), and binder
(10 wt%) (carboxymethyl cellulose (CMC)) were mixed and dis-
solved in DI water to form a slurry, which was uniformly coated
on copper foil and dried at 60 �C for 12 h to afford the anode. The
mass density of the active material in each electrode was 1.2–
1.8 mg cm�2. The cathode was fabricated by mixing commercial
activated carbon (AC) (80 wt%), super P (10 wt%), and poly-
vinylidene uoride (PVDF, 10 wt%) binder in N-methyl-2-
pyrrolidone (NMP) and coating uniformly on carbon-coated Al
foil. For lithium ion half cells, lithium foil, polypropylene lm
(Celgard 2400), and a solution of 1.0 M LiPF6 in ethylene
carbonate/diethyl carbonate/dimethyl carbonate (1 : 1 : 1, v/v/v)
were used as the counter and reference electrodes, separator,
and electrolyte, respectively. Glass ber and a solution of 1.0 M
NaClO4 in ethylene carbonate/diethyl carbonate (1 : 1, v/v) with
5 vol% uoroethylene carbonates were selected as separator and
electrolyte for the sodium ion half cells. Sodium foil was used as
both the counter and reference electrode. For LIC and SIC full-
cell measurements, the as-prepared AC electrode was used as
cathode. The WSe2 anode was pretreated aer two cycles at
a current density of 100 mA g�1 in each half cell. The predis-
charged WSe2 anodes were disassembled and reassembled with
AC cathode into the LIC and SIC full cells in an Ar-lled glove box.
Commercial WSe2 was used in the same test procedure. Cyclic
voltammetry (CV) was performed at various scan rates in
a potential range of 0.01–3 V using an electrochemical worksta-
tion (Ametek, Princeton Applied Research, Versa STAT 4). Elec-
trochemical impedance spectroscopy (EIS) was conducted in the
frequency range of 100 KHz to 0.01 Hz. Galvanostatic charge/
discharge measurements were performed at different current
rates (0.1–0.8 A g�1) using a multichannel battery testing system
(Neware BTS4000) in the potential range of 0.01–3.0 V. All
potentials were vs. Li+/Li for lithium ions and Na+/Na for sodium
ions. The cutoff potentials were set as 3.0–4.5 V, 1.0–3.4 V vs. Li+/
Li, and 1.0–3.4 V for the AC cathode, LIC full cells, and SIC full
cells, respectively. All electrochemical measurements were per-
formed at room temperature. The following formula,

Cs ðF g�1Þ ¼ I � Dt
3600�m

¼ C ðmA h g�1Þ � 3600
dV

; was used to

convert the specic capacity into specic capacitance, where I (A)
is the constant current, Dt (s) is the discharge time, m (g) is the
mass of activematerials, C (mA h g�1) is the specic capacity, and
dV (mV) is the potential window. The energy density (E, W h kg�1)
and power density (P, W kg�1) of the LIC and SIC full cells
were calculated using the following equations:

E ¼ Ð t2
t1
IVdt ¼ 1

2
CðVmax þ VminÞðVmax � VminÞ ¼ DV � I

m
� t; P ¼

E
t
¼ DV � I

m
;DV ¼ Vmax þ Vmin

2
; where Vmax and Vmin are the

initial and nal discharge potentials (V) andm is the total mass
of active materials in the anode and cathode.
This journal is © The Royal Society of Chemistry 2018
Ab initio calculations

USPEX and CALYPSO codes were used to search for low-
enthalpy structures with compositions of NaxWSe2 and Lix-
WSe2.67,68 Structure relaxations were conducted using density
functional theory (DFT) within the generalized gradient
approximation (GGA) of Perdew–Burke–Ernzerhof (PBE) as
implemented in the VASP code.69,70 The all-electron projector
augmented wave scheme (PAW) was adopted with valence
electrons of Na (2p63s1), W (6s25d4) and Se (4s24p4).71,72 A plane–
wave kinetic energy cutoff energy of 600 eV and Brillouin zone
sampling grid with a resolution of 2p � 0.03 Å�1 was tested to
ensure the enthalpy calculations converged well within 1 meV
per atom. Crystal-orbital Hamilton population (COHP) analyses
were calculated using the LOBSTER program.73–75
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