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1. Introduction

Owing to the high abundance and easy 
availability of sodium reserves, sodium-
based electrochemical energy storage tech-
nologies, particularly sodium-ion batteries 
(SIBs), have attracted intensive research 
interest and achieved significant pro-
gress during the past decades.[1,2] Beyond 
SIBs, state-of-the-art sodium-ion capaci-
tors (SICs) have now emerged, which 
the motivation is to combine the advan-
tages of both SIBs (i.e., low-cost and high 
energy density) and supercapacitors (i.e., 
high power density and long lifespan) to 
simultaneously achieve high energy and 
power density.[3,4] Although strides have 
been made in the device design and con-
struction of SICs, the development of 
high-performance SICs still faces some 
challenges and drawbacks that have to be 
overcome, especially with respect to the 
anode.[5,6] Since the anode in SICs and 
its corresponding sodium storage mecha-
nism are exactly the same as that in SIBs, 
SICs are also suffering from similar chal-

lenging issues arising from the anode as currently faced with 
SIBs, for example, the large volume expansion of the anode 
and the sluggish sodium diffusion kinetics in the anode.[7] 
Particularly due to the sluggish sodium diffusion kinetics, 
the diffusion rate of sodium ions in the battery-type anode is 
much lower than the adsorption/desorption and/or redox reac-
tion rate of anions in the capacitor-type cathode at a high cur-
rent density.[8,9] As a result, the non-matched transport rate 
of cations (i.e., sodium ions) and anions in SICs will lead to 
the unsatisfied capacity and rate capability of SICs.[10] There-
fore, developing advanced battery-type anode materials plays a 
pivotal role in achieving SICs with high energy density, high 
power density, and long-termed cyclability.

Given the high theoretical capacity arising from the mul-
tiple electron transfer per metal center, transition metal oxides 
(TMOs) are of great interest as anodes for SIBs,[10–12] and some 
studies also have been carried out on TMOs as anodes for 
SICs. However, similar problems of serious volume changes, 
slow redox kinetics, inferior reversibility, and poor conduc-
tivity are present.[13] To this end, binary transition metal oxides 
(BTMOs, such as MCo2O4, M = Ni, Mn, Zn; MMoO4, M = Ni, 
Co) and transition metal compounds with multiple anions 
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more than the single-oxide ion (e.g., transition metal oxy-
sulfides,[14] oxynitrides,[15] and oxycarbides[16]) have been syn-
thesized and explored as anodes for SIBs as well as potentially 
for SICs. Compared with TMOs, BTMOs possess significantly 
improved theoretical capacity and electronic conductivity but 
their sodium storage capability is still limited by the sluggish 
sodiation/desodiation reaction kinetics as well as the large 
volume changes during the charge–discharge processes.[17] 
With respect to transition metal compounds with multiple 
anions beyond single-oxide ion, they also have higher elec-
tronic conductivity and higher reversible capacity than those 
of TMOs, and more importantly, anion substitution enables 
manipulating the cation band and thus offers the new opportu-
nity to tune the redox potential of anodes.[18,19] However, due to 
the difference in anion radius and charge, the intricate short-
range atomic ordering will cause the lattice distortion in the 
bulk phase, resulting in the fragile structure of the disordered 
crystalline material.[20] As a result, the transition metal com-
pounds with multiple anions beyond single-oxide ion still face 
a tough challenge in cyclability due to their fragile structure. 
Therefore, a comprehensive strategy has to be further devel-
oped for rectifying the limitations of TMO-based anode for 
sodium storage.

Note that creating vacancies in TMOs has been dem-
onstrated as an efficient strategy to optimize the sodium 
storage capability of TMOs as anode.[10,12,17,21] On the one 
hand, the introduction of vacancies in TMOs is a benefit 
to increasing their electronic conductivity.[21] On the other 
hand, the vacancies in the crystal would generate intercon-
nected diffusion channels to facilitate sodium ions’ diffusion 
during the charge–discharge processes.[22] Pauling pointed 
out that there will be an open structure in a complex crystal 
consisting of various ions with different radii when not all 
of the close-packed positions are occupied by ions.[20] The 
missing of ions at some of the close-packed positions means 
the existence of vacancies in the crystal structure, which 
should be the reason to form an open structure.[23] Such 
an open structure arising from the vacancies might also be 
advantageous to accommodate the volume change in the 
sodiation/desodiation process.

Out of the above considerations, herein nickel-cobalt oxy-
sulfide (NiCo2O3S, depicted as NCOS) nanowires with a core-
shell-like structure have been synthesized and demonstrated 
as high-performance anode for SICs. Structural analysis indi-
cates considerable vacancies on the surface of NCOS nanowires 
which arise from the deficiency of sulfur atoms at some of 
the close-packed positions in the crystal structure of NCOS. 
Electrochemical characterizations demonstrate that the abun-
dant vacancies on the surface of NCOS nanowires enable to 
efficiently accommodate the volume expansion in the sodia-
tion/desodiation processes, and at the same time promote the 
rapid sodium ions diffusion in NCOS. Further in-situ X-ray dif-
fraction (XRD) characterizations together with density function 
theory (DFT) calculations reveal the mechanism of NCOS for 
improving the sodium storage capability and cycling stability of 
NCOS as SICs anode. Finally, the assembled SICs with NCOS 
anode and B, N co-doping carbon nanotubes (BCN) cathode 
possess high energy density, impressive power density, and 
excellent cycling lifespan.

2. Results and Discussion

The synthesis process of NCOS is illustrated in Figure  1a. 
Densely ordered Ni–Co precursor nanowires were first prepared 
on plasma-treated carbon fibers by a hydrothermal method. After 
the high-temperature sulfidation treatment process, the Ni–Co 
precursors were further transformed into Ni–Co oxysulfides 
(i.e., NCOS) through the anion exchange reaction. Compared 
to Ni–Co precursor nanowires (Figure S1, Supporting Informa-
tion), there are no obvious changes in morphologies of NCOS 
nanowires and the vertically aligned features have been well 
preserved (Figure 1b), but NCOS nanowires have a unique core-
shell-like nanoarchitecture with a tube-like open end (Figure 1c). 
The core-shell-like characteristic of NCOS nanowires was fur-
ther identified with the high-angle annular dark-field scanning 
transmission electron microscope (HADDF-STEM), as shown 
in Figure  1d. Clearly, NCOS nanowire has a uniform outer 
shell with some nanoparticles randomly dispersed in the inner 
region of the NCOS nanowire. Some voids can also be found 
among these dispersed nanoparticles, which are formed along 
with the release of some gases (e.g., CO2 and H2O) generated 
during the sulfidation treatment of Ni–Co precursor at the high 
temperature.[5] These voids should be advantageous for accom-
modating the volume expansion during the sodiation/desodia-
tion processes.[24] The transmission electron microscopy (TEM) 
image (Figure  1e) again reveals the core-shell-like structure of 
NCOS. According to the high-resolution TEM (HRTEM) image 
(Figure  1f), the nanoparticles dispersed in the inner region of 
NCOS nanowire are highly crystalline with the size of about 
10 nm, while the outer shell is an obvious layer with a thickness 
of ≈30 nm. The enlarged TEM image of the outer shell shows 
the clear lattice fringes with an average interlayer spacing of 
0.27 nm, corresponding to the (220) plane of hexagonal NiCo2O4 
(Figure 1g),[25] which also implies that NCOS maintains the hex-
agonal structure of NiCo2O4 after partial substitution of oxygen 
atoms in NiCo2O4 with sulfur atoms. More importantly, many 
defects are found in the outer shell from the high-resolution 
TEM image (Figure 1g). These defects are caused by the anion 
exchange, and should be as active sites for improving the elec-
trochemical performance of NCOS.[14] The energy-dispersive 
spectroscopy (EDS) analysis (Figure S2 and Table S1, Supporting 
Information) indicates that the atom ratio of oxygen and sulfur 
in NCOS is ≈3:1, which is consistent with the inductively cou-
pled plasma optical emission spectro scopy (ICP-OES) test result 
(Table S2, Supporting Information), suggesting the composition 
of NCOS to be NiCo2O3S. Furthermore, the relevant EDS map-
ping images demonstrate the even distributions of the Ni, Co, 
O, and S elements of the NCOS (Figure S3, Supporting Infor-
mation). For comparison, both NiCo2O4 (NCO) and NiCo2S4 
(NCS) nanowires were also synthesized from the same Ni–Co 
precursor nanowires by controlling the conditions of thermal 
annealing and anion exchange processes, and their morpholo-
gies and compositions were also carefully characterized with 
SEM and EDS (Figures S2 and S4, Supporting Information).

XRD analyses were employed to characterize the crystallinity 
and phase identification of NCOS as well as NCO and NCS. Note 
that the cobalt target was engaged in order to clearly characterize 
the crystal structure of the samples. As shown in Figure 2a, the 
peak at 29.76° in all the samples is assigned to the (002) plane 
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of carbon cloth, while the peak at 44.51° appearing in both NCO 
and NCOS corresponds to the (311) plane of NiCo2O4 (JCPD 
card No. 20–0781).[5] The peak at 65.25° in both NCS and NCOS 
can be assigned to the (440) plane of NiCo2S4 (JCPD card No. 
20–0782),[26,27] again suggesting the successful partial substitution 
of oxygen atoms with sulfur atoms in NCOS. In Raman spectra 
(Figure  2b), the vibration peak at 517 cm−1 is ascribed to the 
T2g modes in Ni–Co based composites.[28] The vibration peaks 
between 100 and 450 cm−1 in the Raman spectrum of NCS are 
attributed to the stretching of S atoms toward the tetrahedral site 
Ni atom, the bending of SNi bonds, and the SONi bonds.[29] 
In addition, Fourier transform infrared spectra (Figure S5, Sup-
porting Information), further confirmed the presence of the Ni/
CoOS (870 cm−1) in the NCOS.[30]

The surface oxidation and electronic states of all samples 
were evaluated by electron paramagnetic resonance (EPR) and 
X-ray photoelectron spectroscopy (XPS). As shown in Figure 2c, 
all samples show a special EPR signal with a certain g-value 
of about 2.002, indicating electrons trapped by surface oxygen 
vacancies.[5] The highest electron spin resonance intensity of 
NCOS indicates the presence of massive oxygen vacancies on 
the surface, and thus an improved electrochemical performance 
shall be expected.[31] Figure S6a, Supporting Information pre-
sents the survey spectra of the samples which prove the exist-
ence of C, O, Co, and Ni elements in NCO and an additional S 

peak in NCOS and NCS. The elemental compositions obtained 
from XPS results are in accordance to the EDS analysis 
(Table S2, Supporting Information). As shown in Figure 2d–e, 
the Ni 2p and Co 2p spectra can be fitted with two and three 
spin-orbit characteristic peak and relevant shake-up satellites 
(identified as “Sat.”).[13] In detail, the peaks at 856.8, 855.6, and 
853.5 eV for Ni 2p3/2 spectrum correspond to the Ni2+, NiOS, 
and Ni3+, respectively.[29] Similarly, the Co 2p spectrum is fitted 
with the spin orbit characteristic of Co2+, CoOS, Co3+, and 
relevant shake-up satellites (Figure 2e). With respect to the O 1s 
spectra of NCO and NCOS (Figure 2f), the peak at 529.9 eV is 
ascribed to typical metal-oxygen bonds and the peak at 530.7 eV 
is generally associated with oxygen defects.[5] The ratio of the 
oxygen defects to metal-oxygen bonds in NCOS is obviously 
higher than that of NCO, suggesting a high content of oxygen 
defects.[32] The S 2p spectrum of NCOS and NCS (Figure  2g) 
is corresponding to the 2p1/2 and 2p3/2 peak, while the peak at 
162.8 and 161.8 eV are attributed to the metal-sulfur bonds.[33] 
Note that the metal-sulfur bonds are believed to be favorable for 
the sodiation/desodiation process.[19]

The sodium storage performance of NCOS was first evalu-
ated by assembling half-cell SIBs. Figure 3a shows the initial 
five cyclic voltammetry (CV) curves of NCOS electrode at a 
scan rate of 0.2  mV s−1 in a potential range of 0.01–3.0  V. The 
nearly overlapped CV curves after the first cycle demonstrate 

Figure 1. a) Schematic illustration of the fabrication procedure of NCOS with core-shell-like nanoarchitecture; SEM images of NCOS on carbon fabric 
under low magnification (b) and high magnification (c); the HADDF image of the NCOS (d); TEM images of the NCOS samples in low-magnification 
(e) and high-resolution (f), and the corresponding high-resolution TEM image (g).
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the excellent reversibility for sodiation/desodiation of the NCOS 
electrode. Broad peaks at 1.18 and 0.76 V are observed for the ini-
tial discharge, which can be ascribed to the stepwise sodiation of 
NiCo2O3S to NaxNiCo2O3S alloys and the formation of a solid-
electrolyte interface (SEI) film, respectively,[24] while the peak at 
1.92  V in the anodic scans corresponds to the dealloying and/
or conversion reactions. The typical charge–discharge curves of 
NCOS electrode for the first five cycles at 0.1 A g−1 are presented 
in Figure 3b. The plateau regions in the charge/discharge profiles 
are consistent with the CV curves. As can be seen in Figure 3b, 
the initial Columbic efficiency is 73.2%, and this capacity loss can 
be ascribed to irreversible processes in the first charge–discharge 
cycle, such as side reactions and SEI film formation.[34] For com-
parison, CV curves and charge/discharge profiles of NCO and 
NCS electrodes indicate the low capacity and rate capability of 
NCO and NCS electrodes (Figure S7, Supporting Information).

The rate capability of NCOS, NCO, and NCS electrodes were 
tested by charging–discharging at increasing current densities. As 
shown in Figure 3c, NCOS delivers the capacities of 1468.5, 1015.0, 
531.3, and 320.5  mAh  g−1 at 0.1, 1.0, 5.0, and 10.0  A  g−1, respec-
tively, which are higher than those of NCO and NCS at all cur-
rent densities, especially at high rates. Note that before the rate 
performance measurement, a one-cycle CV test was conducted 
for the as-assembled batteries to ensure these were working 
well. After cycling at different current densities, the capacity of 
NCOS recovers 1363 mAh g−1 when the current density resets to 
0.1  A  g−1, which is higher than that of NCO (493  mAh  g−1) and 
NCS (1130  mAh  g−1), demonstrating the excellent rate perfor-
mance of NCOS. Furthermore, the cycling performance are also 

compared (Figure 3d). Even after 1000 cycles at 2.0  A  g−1, the 
capacity of NCOS electrode remains 90.5%, while 48.2% for NCO  
electrode and 32.4% for NCS electrode. In addition, the charge 
and discharge efficiency of NCOS electrode remains nearly 100% 
even after 1000 cycles, and there are no significant structural 
changes of the NCOS electrode (Figure S8, Supporting Informa-
tion). Note that the cycling performance and specific capacity of 
NCOS are among the best one of transition metal oxides/sulfide 
electrodes reported in the literatures (Table S3, Supporting Infor-
mation). Moreover, the Nyquist plot of the NCOS electrode shows 
a smaller semicircle in the high frequency and larger slop in the 
low frequency than that of NCO and NCS (Figure S9, Supporting 
Information), suggesting the higher conductivity and faster ion 
diffusion ability of NCOS electrode.[35]

Generally, the pseudocapacitive storage mechanism can be 
revealed by the dependence of the current (i) on scan rate (v) 
obeying the power law i = avb, where a and b are appropriate 
values.[15] From the obtained b value, the electrochemical reac-
tions between the diffusion-controlled insertion processes 
(b  = 0.5) and surface capacitive (b  = 1) can be classified. As 
shown in Figure 3e, the cathodic and anodic b values are 0.86 
and 0.88 from the CV curves of NCOS (Figure S10, Supporting 
Information), respectively, indicating the combined diffusion-
controlled insertion process and surface capacitive reaction, 
and that the surface capacitive reaction is dominant. More 
specifically, the contributions of surface capacitive and diffu-
sion-controlled insertion reactions can be quantitatively sepa-
rated.[36] It can be calculated that the capacitive contribution is 
about 70.1% of the total capacity of NCOS anode at 0.8 mV s−1 

Figure 2. Structure characterizations of the Ni–Co based samples. a) XRD patterns; b) Raman spectra; c) EPR spectra; and the high-resolution XPS 
spectra of d) Ni 2p, e) Co 2p, f) O 1s, and g) S 2p.
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(Figure 3e), and the ratio of capacitive contribution is enhanced 
with the scan rate increased (Figure  3f). The high capacitive 
contribution of NCOS anode could be attributed to the core-
shell-like nanostructure with missives active sites that facilitate 
sodium ion intercalation/deintercalation.[37]

To further make insight into the kinetic behavior of Na ion 
in NCOS anode, the operando XRD characterizations were per-
formed (Figure 3g). It is obvious that the densities of two peaks 
of MOx and MSx (M = Ni, Co) located at 31.4° and 36.7° decrease 
during the discharge process in the first cycle, which means the 
NCOS has participated in the sodiation reaction. Nevertheless, 
these peaks do not return to its initial position in the charge 
state, indicating the irreversible reaction. The peak of interme-
diate product (NazMOxSy) at 67.9° is also detected in the discharge 
process of first cycle,[38] which confirms the small lattice spacing 
expansion and contraction of partial sodiation product NazMOxSy 

caused by the insertion and extraction of sodium ions, the rel-
evant intercalation reaction of NCOS is proposed as following:[12]

( )+ + − → =+ −O S Na e Na O S Ni,CoM z z M Mx y z x y  (1)

Notably, the peaks at 39.2° (Na2O) and 49.5° (Na2S) appear 
and become much stronger in the sodiation and desodiation 
process, the relevant conversion reaction of the these stages of 
evolution could be described as the following equation:

First cycle:

( ) ( )
( )

+ + + + →
+ + + =

+ −2 O S 2 Na 2 e

O S Na O Na S Ni,Co2 2

M x y x y

M M x y M
x y

x y
 (2)

Second cycle and beyond:

Figure 3. Electrochemical properties of NCOS. a) CV curves of the NCOS electrode at a scan rate of 0.2 mV s−1; b) GCD profiles of the NCOS at 0.1 A g−1; 
c) rate performance at various current densities; d) cycling performance at 2.0 A g−1; e) separation of capacitive and diffusion current at 0.8 mV s−1, 
inset shows the measurement of b-value; f) contribution ratios of the capacitive process at different scan rates; and g) in-situ XRD patterns of NCOS 
electrode during discharge/charge process. h) Schematic illustration of the sodium storage mechanism of the NCOS during the energy storage process.

Adv. Energy Mater. 2021, 11, 2100408



www.advenergymat.dewww.advancedsciencenews.com

2100408 (6 of 9) © 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

+ + − ↔ ++ −O 2 Na 2 e Na O2M x x M xx  (3)

+ + − ↔ ++ −S 2 Na 2 e Na S2M y y M yy  (4)

Based on the above analysis, Figure 3h illustrates the corre-
sponding reaction schematic of sodium storage mechanism in 
NCOS, involving the intercalation reaction and the bimetallic 
conversion reaction which the bimetallic conversion is the 
dominant one.

DFT calculations were further performed in order to compre-
hensively understand the effect of mix-anions on the electron 
properties and the internal Na+ storage mechanism of NCOS. 
According to EPR, XPS, and TEM results, some oxygen vacan-
cies are introduced in NCOS when O atoms are replaced by S  
atoms with the ratio of O/S = 3/1. Besides NCOS with vacancies, 
we also design defect-free NCOS (depicted as NCOS-p) for com-
parison. Ideally, no vacancy will be generated when one oxygen 
atom of NCO (the encircled area in Figure 4a) is exactly sub-
stituted with one sulfur atom (the encircled area in Figure 4f). 
But in the case of NCOS, oxygen vacancies (the encircled area 
in Figure  4k) are formed due to the incomplete substitution 

of oxygen atoms in NCO by insufficient sulfur atoms. Com-
pared with the crystal structure of NCO (Figure  4a), there is 
no obvious structural distortion in the crystal structure of both 
NCOS-p (Figure  4f) and NCOS (Figure  4k), although there is 
an obvious oxygen vacancy in NCOS (marked in Figure  4k).[5] 
As shown in Figures  4b, 4g  and  4l, the charge densities of 
NCO, NCOS-p, and NCOS are obviously different. For NCOS 
and NCOS-p, the charge around the sulfur atom increases sig-
nificantly compared with that of NCO, indicating its enhanced 
electronegativity and then further improved conductivity of 
NCOS.[13,39] To investigate the effect of S doping on the elec-
tronic structures of NCOS, the partial density of states (PDOSs) 
was also calculated. It can be seen from Figures  4i and  4n 
that NCOS-p and NCOS introduce a much wider S 3p impu-
rity state near the Fermi level that mixes with O 2p states, 
resulting in the lower bandgap of NCOS-p (0.19 eV, Figure 4h) 
and NCOS (0.20  eV, Figure  4m) than that of NCO (0.91  eV, 
Figure 4c). In addition, after S atoms have partially substituted  
O atoms, the state density of NCOS displays a slight delocali-
zation (Figure  4i,n). Due to the higher electronegativity and  
longer bond length of Ni/CoS and Ni/CoOS bonds than 
those of Ni/CoO bonds, the attraction for 3d electrons of 

Figure 4. The calculation models of the NCO (a), NCOS-p (f) and NCOS (k), charge-density differences of the NCO (b), NCOS-p (g) and NCOS (l), 
the red, yellow, light blue, and dark gray spheres for oxygen, sulfide, nickel, and cobalt atoms, respectively; the calculated bandgap structures (c,h,m) 
and partial density of states (d,i,n) for NCO, NCOS-p, and NCOS; the energy minimum diffusion pathway of a Na+ on the e) NCO, j) NCOS-p, and 
o) NCOS structures; inset shows the calculation models of Na ion inserting into the structures lattices for the initial states (IS, site 1), the transition 
states (TS, site 1.5), and the final states (FS, site 2), respectively.
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Co3+/Co2+/Co+ or Ni3+/Ni2+/Ni+ in NCOS is weakened, and 
the energy in the electron transport redox reaction is reduced, 
thus the reaction kinetics could be greatly improved.[40] These 
results again identify that the conductivity of NCOS is further 
improved after S atoms being introduced.

The outstanding sodium ion storage performance of the 
NCOS is also related to the localized migration energy barriers 
of Na+ ions. Periodic structures of NCO, NCOS, and NCOS-p 
are shown in Figures  4a, 4f, and  4k. The diffusion path for 
Na+ is evaluated by the nudged elastic band method and cor-
responding migration energy barriers are obtained.[39] The 
migration pathway of the three models is from a hollow site 
1 to a nearby spaced hollow site 2, as shown in Figures 4e, 4j, 
and  4o, the diffusion energy barrier of Na+ in NCO, NCOS-p, 
and NCOS are 2.46, 1.87, and 0.46  eV, respectively, indicating 
the highest mobility of Na+ in NCOS. The detailed calculation 
process is shown in Table S4 and Experimental Methods, Sup-
porting Information. After Na+ reaction, the corresponding 
formation energy (Ef) values of NCO (−2.49  eV), NCOS-p 
(−2.97  eV), and NCOS (−3.41  eV) indicate that Na+ on NCOS 
is the most stable. This result confirms that NCOS possesses 
much stronger binding with Na+, corresponding with the 
increased specific capacity.[39]

To further evaluate the potential of NCOS as SIC anode, 
SICs were assembled by employing NCOS as anode and BCN 
as cathode (Figure 5a). Note that BCN grown on carbon cloth 
was designed to enlarge the voltage window of the device.[41] 

NCOS electrode was preso diated to 0.8  V by directly con-
tacting with sodium metal in the electrolyte before assembling 
the device.[42,43] Meanwhile, according to the charge balancing 
theory, Q+ m+  =  Q− m−,[5] the mass loading of the electrodes 
has undergone a series of adjustments to achieve the best 
electrochemical performance. The electrochemical properties 
of BCN electrode was tested in Na+ half-cell in the potential 
range of 2.0–4.5  V (versus Na/Na+) which is characterized in 
the Figure S11, Supporting Information. Furthermore, the BCN 
electrode delivers outstanding capacitance and cycling perfor-
mance, as shown in Figure S11, Supporting Information, which 
also identifies that the BCN electrode is an excellent poten-
tial SIC cathode. As predicted, the operation window for SICs 
reached 0−4.5 V (Figure 5b). Figure 5c displays the GCD pro-
files of the NCOS//BCN device. The shapes of charging and 
discharging curves are almost symmetric under varied current 
densities, revealing the high reversibility. A similar phenom-
enon can also be observed from the capacitances versus scan 
rate and current density; the capacitance can also be retained. 
As shown in Figure  5d, the capacitance of SIC is 73.2 F g−1 
at 50  mA g−1, and the capacitance remains 37.5 F g−1 when 
increasing the current density up to 10 A g−1. More importantly, 
the capacity of the NCOS//BCN SIC retains of 90.0% after 
10 000 cycles at 10 A g−1 (Figure 5e), which implies the excellent 
cycling stability.

The Ragone plot (Figure  5f) shows that the assem-
bled NCOS//BCN SIC delivers a high energy density of 

Figure 5. Electrochemical performance of NCOS//BCN SICs. a) Schematic of the assembled SIC device (inset shows diagram of the operation poten-
tial range for configuration); b) CV curves at various current densities; c) GCD curves at increasing current densities; d) capacitances as a function of 
scan rate and current density; e) cycling performance, insert shows GCD curves before and after cycle; f) Ragone plots in comparison with other SICs 
reported in literature; and g) shows the image of commercial LEDs powered by the fabricated SICs.
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205.7  Wh kg−1 at a power density of 125 W kg−1 based on 
the total mass of both electrodes. Even at the power density 
up to 22  500 W kg−1, it still delivers a high energy density of 
85.7 Wh kg−1. The energy and power densities of NCOS//BCN SIC 
are higher than those of many other state-of-the-art SICs such as  
VO2//Na3V2(PO4)3,[44] NiSx@PCM//AC,[45] NanNiCo2O4//AC,[46] 
Ti2C3-TiO2-RGO//POPC,[47] NiCo2O4@rGO//AC,[17] NiCo2O4 
hollow sphere//AC,[48] NiCo2O4//AC,[49] and Fe1−xS//NCN 
devices[50] (Figure  5f and Table S5, Supporting Information). 
In addition, the SICs device also displays a high areal energy 
density of 58.11 μWh cm−2, as shown in Figure S12, Supporting 
Information. Furthermore, a fully charged NCOS//BCN SIC 
device could power 24 commercial light-emitting diode (LED) 
lights (Figure  5g) in a proof-of-concept experiment. Overall, 
these merits of the NCOS//BCN SIC device with high-voltage 
output, excellent energy and power density, as well as cycling 
life, show great potential for future electrochemical energy 
storage applications.

3. Conclusion

In summary, core-shell-like NCOS nanowires were synthesized 
as the superior anode for SICs. The massive vacancies, multiva-
lent metal cations, and ample voids in NCOS endow to achieve 
an excellent sodium storage performance with an ultrahigh revers-
ible specific capacity of 1453 mA h g−1 at 100 mA g−1. The interca-
lation and conversion reaction mechanism of sodium storage in 
NCOS was identified via in-situ XRD analysis during the revers-
ible reaction process. The DFT calculation results proved that the 
weakened bond energy of Ni/CoOS bonds in the NCOS can 
decrease the electron transport energy during the energy storage, 
then further improve the reaction kinetics. Finally, the NCOS-
based SICs were assembled and exhibited a high energy storage 
capability, that is, an energy density of 205.7  Wh kg−1, a power 
density of 22.5 kW kg−1, and an excellent cycle stability. This work 
gives insights into the design of metal oxide-based electrodes with 
a satisfying energy and power density for next-generation SICs.

4. Experimental Section
Preparation of NiCo-Based Composites: Nickel chloride hexahydrate 

(2.5  mm), cobalt hexahydrate (5  mm), and urea (9  mm) were dissolved 
in 32 mL DI water, then the air plasma-treated carbon cloth was put into 
the above solution for 20 min. Thereafter, the solution together with the 
carbon cloth were transferred to a Teflon-lined stainless autoclave (40 mL) 
and heated at 130 °C for 6 h. The as-prepared precursors grown on carbon 
cloth carbon were washed several times with DI water and ethanol, and 
dried overnight at 80 °C. Finally, the prepared sample was further placed 
in a 50 mL Teflon-lined stainless-steel autoclave with a solution containing 
40  mL of 0.1 m sodium sulfide, and the autoclave was sealed and 
maintained at 120 °C for 2 h, to prepare a NiCo2O3S composite (NCOS). 
As a comparative sample, the NiCo precursor was annealed at 350 °C 
for 2 h in Ar atmosphere to obtain a NiCo2O4 sample (NCO), and the 
NiCo precursor was placed in a same sodium sulfide solution, heated 
at 120 °C for 6 h to obtain a binary transition metal sulfide sample (NCS).

Fabrication of Sodium-Ion Capacitors: The presodiated NCOS anode 
and BCN cathode were directly used as self-supporting electrode. The 
device was assembled into coin-type test cell (CR2032) in an argon-filled 
glove box. The electrolyte was 1 m NaClO4 in in ethyl carbonate)/dimethyl 

carbonate (DMC) + fluoroethylene carbonate (FEC) (EC:DMC = 1:1 by 
volume ratio, 5 wt% FEC) and glass microfiber filter as the separator. In 
the assembled SIC device with optimal performance, the mass loading 
of the negative and positive electrodes were ≈1.0 and 3.0  mg cm−2, 
respectively. The thickness of the electrode (including carbon cloth) was 
about 3.1 μm, and the total area of the device was 3.14 cm−2.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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