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A B S T R A C T   

The sodium-ion storage property in two-dimensional transition metal dichalcogenides (TMDs) is still seriously 
confined due to the lacking of efficient pathways for Naþ insertion, which enlightens the construction of multi- 
dimensional ion channels a necessary. Herein, we prepared interlayer defect, sulfur vacancy-contained ReS2 
nanosheets on porous nitrogen-doped carbonized bacterial cellulose (dr-ReS2-x/NCBC). In such dual-defect 
configuration, the interlayer defects provide interconnected in-plane/interlamination channels for offering 
extra pathways of Naþ insertion/extraction and shortening ionic diffusion distance, while the sulfur vacancy 
could further enhance the electronic conductivity and induce more active sites for Naþ storage. Therefore, the dr- 
ReS2-x/NCBC anode displays an enhanced rate capacity (231.2 mAh g� 1 at 5 A g� 1) and a good cycling stability 
(187.3 mAh g� 1 at 5 A g� 1 after 500 cycles). Furtherly revealed by density functional theory calculations, the 
sodium-ion storage property is attributed to its negatively shifted binding energy for sodium ions (from � 0.771 
to � 1.791/-1.244 eV), and alleviated structural change (from 5.8% to 3.4%/-1.6%) during sodiation/desodiation 
processes. The dr-ReS2-x/NCBC anode was also assembled coupling with Na3V2(PO4)3 cathode as a sodium-ion 
full cell for practical applications. This work is expected to offer an in-depth understanding between dual- 
defect engineering in TMDs-based anodes and as-enhanced sodium-storage performance.   

1. Introduction 

Rechargeable batteries are considered as one of the most promising 
renewable energy storage systems to relieve the environmental pollu
tion and satisfy the increasing demand of sustainable energy resources 
owing to high energy density and effective energy conversion [1–5]. As 
compared with the widely used lithium-ion batteries (LIBs), sodium-ion 
batteries (SIBs) have obtained increasing attention for large-scale ap
plications based on abundant natural resources. However, a critical 
problem before the commercialization and practical deployment of SIBs 
is the lack of suitable and stable electrodes. Among various 

two-dimensional (2D) materials, transition metal dichalcogenides 
(TMDs) are regarded as one of the most promising frameworks for 
efficient sodium-ion storage owing to their high theoretical capacity, 
appropriate interlayer space and good mechanical properties [6–9]. In 
spite of these advantages in TMDs, there are still three bottlenecks 
impeding their wide applications as electrodes for sodium-ion storage: 
1) The larger ionic radius of Naþ (r ¼ 1.02 Å) would cause severe volume 
expansion in the stacked direction of TMDs layers during Naþ insertion, 
resulting in poor cycling stability without long-time usage [10,11]; 2) A 
perfect crystal structure in 2D TMDs would dramatically decrease the 
number of active edges with restricted channels for both Naþ
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insertion/extraction and diffusion; 3) The poor intrinsic conductivity of 
TMDs bulk brings out inferior electron transfer. These remaining chal
lenges in TMDs result in their sluggish kinetics, low capacity, and poor 
rate stability as electrodes for sodium-ion storage, particularly under 
high current rates [12,13]. 

According to previous researches, one of the feasible solutions is to 
construct efficient ion channels in active materials for fast transport of 
alkali metal ions, such as regulation of interlayer spacing [14–16], 
construction of nanofluidic structures [17–19], and introduction of 
multi-phase heterostructures [20,21]. For example, Yu et al. created 2D 
nanofluidic channels by stacking ultrathin Co3O4 nanosheets for 
lithium-ion battery, featuring selective and fast Li-ion transport [18]. 
Liang et al. synthesized bimetallic selenide heterostructure 
(CoSe2/ZnSe) with abundant phase boundaries, which shows fast 
diffusion kinetics and relieves the stress of Naþ insertion for sodium-ion 
storage [20]. These studies enlighten us to fully exploit the advantages 
of layered structure in terms of TMDs and improve their storage per
formance by preferentially introducing defect structures. Among various 
defect structures, one-dimensional (1D) interlayer defect (also denoted 
as “line defect”) could dig out additional channels as new pathways for 
ion insertion/extraction, and thus shorten the diffusion distance. 
Moreover, it is also highly desired to enhance the electron transport 
within each individual TMDs layers for high-rate capability, to circum
vent which another defect structure of vacancy (also denoted as “point 
defect”) is taken into consideration [22–28]. In detail, the as-introduced 
vacancy can not only manipulate the electronic structure, but also 
produce new active sites for efficient binding of alkali ions. For example, 
Ma et al. prepared MoS2 with sulfur vacancies towards sodium-ion 
storage, from both experimental and theoretical analyses of which 
proved that the sulfur vacancies simultaneously improved the electronic 
conductivity of MoS2 and endowed more active sites for Naþ adsorption 
[29]. However, the controllable dual-defect modulation and under
standing the mechanism between dual-defect engineering in 
TMDs-based anodes and their storage performance still remain chal
lenging with lacked models for detailed investigation. 

As a rising star toward sodium-ion storage among TMDs family, 
rhenium disulfide (ReS2) possesses disordered stacking layers that 
formed by covalent Re–S bonds and extremely weak interlamellar forces 
from van der Waals interactions. This weak interlayer coupling makes 
the deformation and interlayer sliding of atomic layers not only possible 
but also easy, which is beneficial to facilitating the mobility of sodium 
ions, and alleviating the irreversible expansion of ReS2 structure [30, 
31]. Thus, ReS2 could be regarded as an ideal model to investigate the 
relationship between dual-defect engineering (between interlayer defect 
and sulfur vacancy) and sodium-ion storage performance. It stands to 
reason that a synergic strategy combining controlled interlayer defect 
and vacancy engineering may work towards ReS2-based electrodes for 
sodium battery, whereas, the controllable dual-defect modulation and 
understanding the mechanism between dual-defect engineering in 
TMDs-based anodes and storage performance remain challenging 
without too much previous researches. 

Herein, we prepared interlayer defect, sulfur vacancy-contained 
ReS2 nanosheets on porous nitrogen-doped carbonized bacterial cellu
lose (dr-ReS2-x/NCBC) by regulating the ratio between ammonium 
perrhenate and thiourea precursors during the hydrothermal reaction, 
and annealing treatment in Ar/H2 atmosphere. From the individual as
pects of dual-defects in dr-ReS2-x/NCBC, the interlayer defect could 
provide interconnected ion transport channels for Naþ insertion/ 
extraction and shorten ionic diffusion distance, while the sulfur vacancy 
could not only enhance the electronic conductivity and ion binding 
ability, but also alleviate the volume change during sodiation/des
odiation processes. As a result, the dr-ReS2-x/NCBC delivers optimized 
pseudocapacitive effect and ion diffusion coefficient, leading to its high 
sodium storage capacity (421.2 mAh g� 1 at 0.2 A g� 1), good rate per
formance (231.2 mAh g� 1 at 5 A g� 1), and long-term cycling stability 
(187.3 mAh g� 1 at 5 A g� 1 after 500 cycles). As followed by density 

functional theory calculations, this enhanced electrochemical perfor
mance is attributed to its abrupt change of band structure from a 
semiconductor to conductors, negatively shifted binding energy for so
dium ions (from � 0.771 to � 1.791/-1.244 eV), and alleviated structural 
change (from 5.8% to 3.4%/-1.6%). Meanwhile, the assembled sodium- 
ion full cells also display extraordinary performance with stable cycle 
life (capacity retention of 96.3% after 100 cycles) and rate capability 
(186.4 mAh g� 1 at 5 A g� 1). 

2. Experimental section 

Synthesis of dr-ReS2-x/NCBC. Firstly, porous nitrogen-doped 
carbonized bacterial cellulose nanofibers (NCBC) were prepared ac
cording to the previous method [32–34]. Briefly, bacterial cellulose was 
soaked in 0.1 M NaOH solution for 6 h, and then washed with deionized 
water for several times to pH � 7. Subsequently, the hydrous bacterial 
cellulose was frozen by liquid nitrogen and freeze-dried to obtain dried 
bacterial cellulose. Then, the dried bacterial cellulose is heated up to 
800 �C with the assistance of urea (CH4N2O) in a nitrogen atmosphere 
with a heating rate of 5 �C min� 1, and maintained for 2 h to obtain NCBC 
nanofibers. Then, 1 mmol ammonium perrhenate (NH4ReO4) and 2.2 
mmol thiourea (C2H5NS) (Re: S molar ratio ¼ 1:2.2) were dissolved in 
40 mL H2O. After stirring for 30 min, 3 mmol hydroxylamine hydro
chloride (NH2OH⋅HCl) was added to form a homogeneous solution. 
Furthermore, 10 mg NCBC nanofibers was immersed in the above so
lution, which was transferred into 80 mL Teflon-lined autoclave and 
maintained at 200 �C for 24 h. After cooling to room temperature, the 
defect-rich ReS2 nanosheets with one-dimensional (1D) interlayer de
fects on NCBC (dr-ReS2/NCBC) was rinsed with distilled water and 
ethanol for several time, and dried in a vacuum oven overnight. To 
obtain interlayer defect, sulfur vacancy-contained ReS2 nanosheets on 
porous nitrogen-doped carbonized bacterial cellulose (dr-ReS2-x/NCBC), 
the dr-ReS2/NCBC was annealed at 450 �C for 2 h under Ar/H2 
(95%/5%) atmosphere. ReS2/NCBC was obtained via same process of 
dr-ReS2/NCBC, which the molar ratio of NH4ReO4 and C2H5NS ¼ 1:2. 
ReS2 bulk was prepared via the same steps as ReS2/NCBC without 
adding NCBC nanofibers. 

Electrochemical Measurements. The as-prepared active materials, 
carbon black and polyvinylidene fluoride (PVDF) were dispersed in N- 
Methyl pyrrolidone solvent (NMP) with a mass ratio of 7:2:1. Then, the 
slurry was pasted on the current collector of copper foil, which was dried 
in a vacuum oven at 80 �C for 12 h. The mass loading in a tablet (ϕ ¼ 12 
mm) of the working electrode is 0.5–1 mg cm� 2. The coin cell (CR2025) 
was assembled in Ar-filled glovebox. Li or Na foil was served as the 
counter electrode, and Celgard 2400 membrane and glass fiber were 
used as separators for lithium-ion batteries (LIBs) and sodium-ion bat
teries (SIBs), respectively. The electrolytes for sodium-ion and lithium- 
ion storages are 1 mL NaClO4 in EC/DEC (1:1 vol%) with FEC (5 vol 
%) and 1 mL LiPF6 in EC/DMC/EMC (1:1:1 vol%), respectively. The 
galvanostatic charge/discharge were performed on a Land CT-2001A 
(Wuhan, China) Instruments testing system at room temperature, 
while the mass specific capacity was calculated based on the mass of the 
anode materials. The cyclic voltammetry (CV) was conducted using an 
Arbin Instruments testing system (Arbin-SCTS). The Electrochemical 
impedance spectroscop (EIS) were recorded on an electrochemical 
workstation (CHI 760D) in the frequency range of 0.01 Hz–100 kHz with 
an AC amplitude of 5 mV. In addition, all the cells were held at open 
circuits and room temperature for 12 h before electrochemical tests. For 
the Li/Na full cell, the cathode was fabricated by casting a slurry of 
LiCo2O4 and Na3V2(PO4)3, carbon black, and PVDF with a mass ratio of 
7:2:1 in NMP solvent onto aluminum current collectors, which was dried 
in a vacuum oven at 80 �C overnight. The electrolyte and the separator 
performed in full cells were all the same as in half cells. 

Characterization. The morphology of the samples was observed by 
field-emission scanning electron microscopy (FESEM, Ultra 55) and 
high-resolution transmission electron microscopy (HRTEM, Talos 
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F200S). X-ray diffraction (XRD) patterns were measured using an X’Pert 
Pro X-ray diffractometer equipped with Cu Kα radiation (λ ¼ 0.1542 nm) 
at a current of 40 mA and voltage of 40 kV. X-ray photoelectron spec
troscopy (XPS) analyses were made with a VG ESCALAB 220I-XL device. 
The curve fitting of all XPS spectra was accomplished using XPS Peak 4.1 
software. All XPS spectra were calibrated according to the C 1s line at 
284.8 eV, while curve fitting and background subtraction were accom
plished using the RBD AugerScan 3.21 software provided by RBD En
terprises. Electron paramagnetic resonance (EPR) spectra were 
measured on an EPR spectrometer (JEOL JES-FA200) at 298 K. The X- 
ray absorption find structure spectra (Re L3-edge) were collected at 
BL14W1 beamline of Shanghai Synchrotron Radiation Facility (SSRF). 
The data were collected in fluorescence mode while the corresponding 
reference sample were collected in transmission mode using a Lytle 
detector. The sample were grinded and uniformly daubed on the special 
adhesive tape. The acquired EXAFS data were processed according to the 
standard procedures using the ATHENA module of Demeter software 
packages. The EXAFS spectra were obtained by subtracting the post- 
edge background from the overall absorption and then normalizing 
with respect to the edge-jump step. Subsequently, the χ(k) data of were 
Fourier transformed to real (R) space using a hanning windows (dk ¼
1.0 Å� 1) to separate the EXAFS contributions from different coordina
tion shells. To obtain the quantitative structural parameters around 
central atoms, least-squares curve parameter fitting was performed 
using the ARTEMIS module of Demeter software packages. 

The following EXAFS equation was used: 

χðkÞ¼
X

j

NjS2
0FjðkÞ
kR2

i
⋅ exp

h
� 2k2σ2

j

i
⋅ exp

�
� 2Rj

λðkÞ

�

⋅sin
�
2kRj þφjðkÞ

�
(1) 

The theoretical scattering amplitudes, phase shifts and the photo
electron mean free path for all paths calculated. S0

2 is the amplitude 
reduction factor, Fj(k) is the effective curved-wave backscattering 
amplitude, Nj is the number of neighbors in the jth atomic shell, Rj is the 
distance between the Xray absorbing central atom and the atoms in the 
jth atomic shell (backscatterer), λ is the mean free path in Å, φ j(k) is the 
phase shift (including the phase shift for each shell and the total central 
atom phase shift), σj is the Debye-Waller parameter of the jth atomic 
shell (variation of distances around the average Rj). The functions Fj(k), 
λ and φ j(k) were calculated with the ab initio code FEFF9. The addi
tional details for EXAFS simulations are given below. 

All fits were performed in the R space with k-weight of 2 while phase 
correction was also applied in the first coordination shell to make R 
value close to the physical interatomic distance between the absorber 
and shell scatterer. The coordination numbers of model samples were 
fixed as the nominal values. The obtained S0

2 was fixed in the subsequent 
fitting. While the internal atomic distances R, Debye-Waller factor σ2, 
and the edge-energy shift Δ were allowed to run freely. 

Computational Methods. Vienna ab initio simulation package 
(VASP) [35,36] was applied to perform all the first-principle density 
functional theory calculations with the Perdew-Burke-Ernzerhof gener
alized gradient approximation (GGA-PBE) [37,38]. The interaction of 
ion-electron is described by projected augmented wave (PAW) poten
tials [39]. The cutoff energy for the plane-wave expansion of electron 
wave function is set to be 600 eV in all the calculations. A 5 � 5 � 1 
k-point mesh is adopted for sample the surface, and the convergence 
threshold was set as 10� 5 eV in energy and 10� 2 eV/Å in force. 

3. Results and discussion 

Synthesis and structural characterization of the products. The 
synthetic process of interlayer defect, sulfur vacancy-contained ReS2 
nanosheets on porous nitrogen-doped carbonized bacterial cellulose (dr- 
ReS2-x/NCBC) is illustrated in Fig. 1a. Firstly, the bacterial cellulose (BC) 
hydrogel was undergone freeze-dried process to obtain the BC aerogel 
[40], which was further carbonized under a urea atmosphere to produce 

porous NCBC (Fig. 1b, Fig. S1). The defect-rich ReS2 nanosheets with 
one-dimensional (1D) interlayer defects on NCBC (dr-ReS2/NCBC) were 
obtained by regulating the ratio between ammonium perrhenate and 
thiourea precursors during the hydrothermal reaction. Attributing to the 
incorporation of three-dimensional (3D) NCBC substrate, the dr-ReS2 
nanosheets could distribute on its surface uniformly (Fig. S2) without 
obvious aggregation of ReS2 bulk (Fig. S3). Subsequently, the 
dr-ReS2/NCBC was annealed at 450 �C under Ar/H2 (95:5) atmosphere 
to incorporate sulfur vacancies, which is denoted as dr-ReS2-x/NCBC. 
The well-maintained morphology of dr-ReS2-x/NCBC (Fig. 1c) indicates 
the annealing process only occurs on an atomic level. Transmission 
electron microscopy (TEM) images of dr-ReS2-x/NCBC (Fig. 1d and e) 
demonstrate the uniform distribution of ultrathin dr-ReS2-x nanosheets, 
resulting in an integrity with average diameter of 80–100 nm. The 
diffraction ring in its selected area electron diffraction (SAED) pattern 
(Inset in Fig. 1d) is indexed to (100) planes of ReS2, indicating the 
polycrystalline characteristic of dr-ReS2-x nanosheets. Line-scan ener
gy-dispersive X-ray spectroscopy (LSEDS) persuasively proves that 
dr-ReS2-x nanosheets are homogenously coated on the outer surface of 
each individual porous carbon nanofiber (Inset in Fig. 1e), which is also 
confirmed by its EDS elemental mappings (Fig. 1f) with homogeneous 
distribution of each individual element (C, N, Re, and S) throughout the 
entire dr-ReS2-x/NCBC. As the high-resolution scanning transmission 
electron microscopy (HRTEM) image shown in Fig. 1g, the characteristic 
d-spacing in dr-ReS2-x/NCBC (0.65 nm) corresponds to the (100) lattice 
fringe of ReS2. The interlayer distance of dr-ReS2-x nanosheets in 
dr-ReS2-x/NCBC expands slightly to 0.65 nm as compared with that 0.61 
nm in pristine ReS2 bulk, which is in line with the X-ray diffraction 
(XRD) result (Figs. S4 and S5). More importantly, the successful gener
ation of 1D interlayer defect is confirmed by the discontinuous crystal 
fringes of dr-ReS2-x nanosheets along the lamellar dimension (Fig. 1h 
and i), while the possibly incorporated sulfur vacancies in dr-ReS2-x 
nanosheets (Fig. 1j) were further confirmed by the following 
measurements. 

Therefore, X-ray photoelectron spectroscopy (XPS), electron para
magnetic resonance (EPR), and synchrotron radiation technology were 
conducted for both dr-ReS2-x/NCBC and dr-ReS2/NCBC to determine 
their difference in electronic structures. Firstly, the characteristic 
element peaks of Re, S, C and N are observed in the XPS survey spectra of 
dr-ReS2-x/NCBC and dr-ReS2/NCBC (Fig. 2a). Meanwhile, negative 
shifts of 0.1 eV are observed in both S 2p1/2 and S 2p3/2 peaks of dr-ReS2- 

x/NCBC when compared to the dr-ReS2/NCBC sample (Fig. 2b), which 
can be ascribed to the successful introduction of sulfur vacancy [41–43]. 
As the EPR spectra shown in Fig. 2c, the dr-ReS2-x/NCBC shows a strong 
signal at g ¼ 2.002, which is caused by the trapped electrons from the 
sulfur vacancy in dr-ReS2-x nanosheets [44–46]. Furthermore, X-ray 
absorption fine structure (XAFS) spectroscopy was used to investigate 
the difference of local coordination structures owing to sulfur vacancy. 
The Re L3-edge X-ray absorption near edge structure (XANES) spectrum 
of the dr-ReS2-x nanosheets (Fig. 2d) shows slight difference as compared 
to that of the dr-ReS2 nanosheets, which was further verified by corre
sponding Fourier transform extended X-ray absorption fine structure 
(FT-EXAFS) spectra (Fig. 2e). In detail, the peaks at 2.24 Å correspond to 
the Re–S bonds in both dr-ReS2-x and dr-ReS2 nanosheets, where the 
peak intensity of dr-ReS2-x decreases significantly as compared to the 
dr-ReS2, originating from the formation of sulfur vacancy for the Re 
partial rearrangement. From the corresponding oscillation functions 
κ2χ(k) spectra (Fig. S8), the dr-ReS2-x presents slightly reduced oscilla
tion amplitude, suggesting correlative structural differences in the local 
atomic environment. The aforementioned results prove the highly 
incorporated sulfur vacancy in dr-ReS2-x once more, with more detailed 
quantitative coordination configurations of Re in the Supplementary 
information (Fig. S&S10, Table S1). The EXAFS data fitting results show 
that the coordination number of Re–S bond in dr-ReS2-x (N ¼ 1.55) is 
smaller than that in dr-ReS2 (N ¼ 3.57), which demonstrate that partial S 
atoms have been escaped successfully in the dr-ReS2-x crystal after 
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annealing under Ar/H2 atmosphere. Meanwhile, the sulfur vacancy in 
dr-ReS2-x can also be confirmed from its slightly reduced scattering in
tensity of Re–S bond, as shown in the wavelet transform (WT) of 
dr-ReS2-x and dr-ReS2 (Fig. 2f) [45,47,48]. The exact experimental 
chemical compositions of dr-ReS2-x/NCBC and dr-ReS2/NCBC were 
characterized by EDS (Table S2), manifesting segmental sulfur atoms 
were removed during the thermal annealing process. 

Electrochemical performance. In order to reveal the relationship 
between dual-defect structure (interlayer defect and sulfur vacancy) and 
sodium-ion storage performance, the dr-ReS2-x/NCBC, dr-ReS2/NCBC, 
ReS2/NCBC, and ReS2 bulk were prepared as anodes in Na-ion half de
vices. Fig. 3a shows the cyclic voltammetry (CV) profiles of dr-ReS2-x/ 
NCBC during its initial five cycles, where the potential window is be
tween 0.01 and 3 V (vs. Naþ/Na) with a scan rate of 0.1 mV s� 1. Two 
pronounced reduction peaks are detected at 1.21 and 0.42 V in the first 
cycle, which are caused from the sodiation reaction of ReS2 with the 
generation of Re and Na2S phases, as well as the formation of irrevers
ible solid electrolyte interphase (SEI) layer. In the following cycles, two 

distinct oxidation peaks at 1.45/1.95 V can be assigned to the stepwise 
desodiation reaction of formed Re and Na2S. Additionally, the reduction 
peaks observed at 1.91/0.87 V can be attributed to the conversion re
action from ReS2 to metallic Re and Na2S [49,50]. To be noted, the CV 
profiles after the first cycle show excellent reversibility, indicating the 
electrochemical reactions in dr-ReS2-x/NCBC are highly reversible. 
Fig. 3b shows the galvanostatic charge-discharge (GCD) profiles of 
various samples, where the dr-ReS2-x/NCBC exhibits not only elongated 
voltage platform but also much smaller polarization, proving its highly 
improved reversibility during sodiation/desodiation processes. The 
dr-ReS2-x/NCBC shows highest capacity among the four samples, which 
is calculated to be 421.2, 376.7, 323.1, and 276.4 mAh g� 1 as the current 
density increases from 0.2 to 2 A g� 1 (Fig. 3c), as well as a high capacity 
of 231.2 mAh g� 1 even at a high current density of 5 A g� 1. Markedly, 
the reversible capacity of dr-ReS2-x/NCBC can be recovered to 386.5 
mAh g� 1 when the current density returns to 0.2 A g� 1. The capacity at 
5 A g� 1 for dr-ReS2-x/NCBC is about 1.3, 1.8 and 7.6 times higher than 
those for dr-ReS2/NCBC, ReS2/NCBC and ReS2 bulk, respectively. 

Fig. 1. a) Schematic illustration of the synthesis process for dr-ReS2-x/NCBC. b) TEM image of NCBC. c) SEM image of dr-ReS2-x/NCBC. d) TEM image of dr-ReS2-x/ 
NCBC (Inset: SAED pattern). e) The line-scan TEM-EDS analysis for dr-ReS2-x/NCBC. f) HAADF-STEM image and corresponding element mappings for C, N, Re and S 
elements in dr-ReS2-x/NCBC. g) HRTEM image of dr-ReS2-x/NCBC. h, i) Cross-sectional HRTEM images of dr-ReS2-x/NCBC. j) Schematic illustration for one- 
dimensional interlayer defect and zero-dimensional sulfur vacancy in dr-ReS2-x. 
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Fig. 2. a) XPS survey spectra of dr-ReS2/NCBC and dr-ReS2-x/NCBC. b) High-resolution S 2p XPS spectra of dr-ReS2-x/NCBC and dr-ReS2/NCBC. c) EPR spectra of dr- 
ReS2 and dr-ReS2-x. d) XANES spectra for Re L3-edges, and e) its Fourier transformed (FT) spectra of dr-ReS2 and dr-ReS2-x. f) Wavelet transform (WT)-XAFS of dr- 
ReS2 and dr-ReS2-x. 

Fig. 3. Electrochemical performance of various anodes in sodium-ion half battery: a) CV curves for dr-ReS2-x/NCBC in the first five cycles at 0.1 mV s� 1. b) GCD 
profiles, and c) rate capability of dr-ReS2-x/NCBC, dr-ReS2/NCBC, ReS2/NCBC and ReS2 bulk. d) GCD profiles of dr-ReS2-x/NCBC at various current densities. e) 
Comparison of the sodium-ion storage performance of dr-ReS2-x/NCBC, as well as previously reported TMD-based materials. f) EIS curves, and g) cycling performance 
of dr-ReS2-x/NCBC, dr-ReS2/NCBC, ReS2/NCBC and ReS2 bulk in 5 A g� 1. 
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Moreover, the dr-ReS2-x/NCBC show better capacity retention (0.2–5 A 
g� 1) of 54.9% as compared to that of dr-ReS2/NCBC (51.9%) and 
ReS2/NCBC (44.2%), indicating its superior capability. The superior rate 
capability of dr-ReS2-x/NCBC can be confirmed from its well-preserved 
GCD curves (Fig. 3d) with inconspicuous capacity loss as the current 
density increases, which implies its ultrafast reaction kinetics even upon 
high charge/discharge rates. Notably, the rate capability of 
dr-ReS2-x/NCBC is better than those of previously reported TMDs-based 
materials for sodium storage (Fig. 3e, Table S3) [51–59]. Electro
chemical impedance spectroscopy (EIS) analysis of various samples 
(Fig. 3f) manifests that dr-ReS2-x/NCBC possesses much lower 
charge-transfer resistance (Rct ¼ 51.2 Ω) as compared to those of 
dr-ReS2/NCBC (Rct ¼ 53.8 Ω), ReS2/NCBC (Rct ¼ 79.3 Ω), and ReS2 bulk 
(Rct ¼ 204.1 Ω). In the low-frequency region, the higher slope gradient 
of dr-ReS2-x/NCBC implies its capacitive-like behavior and accelerated 
sodium ion diffusion, which are attributed to its enhanced electronic 
conductivity after the incorporation of the NCBC substrate and 
dual-defect structure engineering. For these same advantages, the 
dr-ReS2-x/NCBC displays a remarkably enhanced long-term stability 
(187.3 mAh g� 1 after 500 cycles under 5 A g� 1) as shown in Fig. 3g. 
More importantly, the dual-defect engineering, including interlayer 
defect and sulfur vacancy, also works towards other alkali-ion batteries 
(lithium-ion storage) with detailed discussion (Fig. S11). 

Up to now, the reaction kinetic behavior in a dual-defect contained 
TMDs-based anode still remains veiled, which is deeply investigated by 
using dr-ReS2-x/NCBC as a platform. Fig. 4a shows the CV curves of dr- 

ReS2-x/NCBC at different scan rates (0.1–0.5 mV s� 1). Notably, the redox 
peaks of the dr-ReS2-x/NCBC show much larger area and smaller po
larization than the other three electrodes (Fig. 4b, Fig. S12), indicating 
its faster reaction kinetics across the whole anode. When compared to 
the CV curve of dr-ReS2/NCBC at 0.5 mV s� 1, the oxidation peak in the 
CV curve of dr-ReS2-x/NCBC shifts from 1.61 to 1.56 V, while the 
reduction peak shifts from 0.72 to 0.76 V (Fig. 4c). This reduced po
tential difference in the CV curve of dr-ReS2-x/NCBC indicates its 
enhanced redox reaction kinetics due to the incorporation of abundant 
sulfur vacancies. As the linear relation between Ip and v1/2 shown in 
Fig. 4d, the slopes for dr-ReS2-x/NCBC are 1.14 (Peak 1) and � 0.92 
(Peak 3), respectively, which are much higher than those in dr-ReS2/ 
NCBC (Peak 1: 0.81, Peak 3: -0.58), ReS2/NCBC (Peak 1: 0.72, Peak 3: 
-0.49), and ReS2 bulk (Peak 1: 0.47, Peak 3: -0.39) (Fig. S13). According 
to the correlation between the peak current (i) and scan rate (v) obtained 
from the CV curves, the b value could be calculated by the following 
equations:  

i ¼ abv                                                                                          (2)  

log(i) ¼ blog(v) þ log(a)                                                                  (3) 

where a and b are adjustable parameters that can be calculated by the 
linear relationship between the log(i) versus log(υ) plots. Generally, if 
the b value is close to 0.5, the electrochemical behavior is dominated by 
a diffusion-controlled process, while the b value approaches to 1.0, the 
pseudocapacitive behavior is the main charge storage process. As shown 

Fig. 4. The CV curves at stepwise scan rates (0.1, 0.2, 0.3, 0.4, and 0.5 mV s� 1) for a) dr-ReS2-x/NCBC, and b) dr-ReS2/NCBC. c) The CV curves of dr-ReS2-x/NCBC 
and dr-ReS2/NCBC at 0.5 mV s� 1. d) The linear relation between Ip and v1/2, e) the relation between log(i) and log(v), f) the capacitive contribution (pink) and the 
diffusion contribution (cyan) of dr-ReS2-x/NCBC and dr-ReS2/NCBC. g) Normalized proportions of capacitive contributions, h) GITT profiles, and i) diffusion co
efficients for dr-ReS2-x/NCBC, dr-ReS2/NCBC, ReS2/NCBC. 
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in Fig. 4e, the b values of dr-ReS2-x/NCBC for Peak1 and Peak 3 can be 
determined to be 0.97 and 0.89 when compared with those in dr-ReS2/ 
NCBC (Peak 1: 0.93, Peak 3: 0.83), ReS2/NCBC (Peak 1: 0.86, Peak 3: 
0.74), and ReS2 bulk (Peak 1: 0.68, Peak 3: 0.59) (Fig. S14), implying 
that the electrochemical behaviors in ReS2 based anodes are mainly 
pseudocapacitive-dominated processes. Moreover, the dr-ReS2-x/NCBC 
exhibits the fastest capacitive kinetics as its highest b values, which 
verifies that the sulfur vacancy could enhance surface capacitive process 
effectively. Furthermore, the individual capacitive and diffusion con
tributions can be separated quantitatively at given scan rates, according 
to the following equations:  

i ¼ k1v þ k2v1/2                                                                               (4)  

i/v1/2 ¼ k1v1/2 þ k2                                                                           (5) 

where k1v and k2v1/2 represent the capacitive and diffusion-controlled 
contributions, respectively. Fig. 4f shows the region ratios for the 
capacitive contribution in comparison with the diffusion-controlled 
contribution quantified at 0.5 mV s� 1. By increasing the scan rate, the 
capacitive contribution increases whereas the diffusion-controlled 
contribution is suppressed (Fig. 4g). In particular, the capacitive 
contribution of dr-ReS2-x/NCBC accounts for 71.6% of the total capacity 
at 0.5 mV s� 1, which is much higher than that 65.1% of ReS2/NCBC and 
61.7% of ReS2/NCBC (Fig. S15), which uncovers the primary cause for 
its outstanding rate capability. Meanwhile, the galvanostatic intermit
tent titration technique (GITT) measurements (Fig. 4h) were carried out 
to reveal the facilitated reaction kinetics in dr-ReS2-x/NCBC, with more 
calculation details in Fig. S17. As shown in Fig. 4i, the diffusion co
efficients fluctuate as the potential changes with minimum values 

appeared in the DNaþ versus voltage plots corresponding to redox 
plateau (Fig. 4h), where the Naþ ions insert/extract the crystalline 
framework. Notably, the dr-ReS2-x/NCBC possesses the highest diffusion 
coefficient than those in dr-ReS2/NCBC and ReS2/NCBC, indicating its 
superior diffusion kinetics for Naþ ions. 

First-principles calculations of effect of dual-defect structure. To 
gain a better understanding between the dual-defect structure and the 
enhanced sodium storage behavior, density functional theory (DFT) 
calculations were conducted with three atomic structures for ReS2, dr- 
ReS2, and dr-ReS2-x (Figs. S18–20). As their density of states (DOS) 
shown in Fig. 5a–c, both the interlayer defect and sulfur vacancy in ReS2 
could dramatically enhance the electronic conductivity by turning its 
characteristics from a semiconductor into conductors. In terms of the 
difference charge density (Fig. 5d and e), the 1D interlayer defect and 
sulfur vacancy in ReS2 would significantly disturb its charge distribution 
around the defects, which could be beneficial to providing more active 
sites for sodium ions for the enhanced electrostatic interactions between 
Naþ and charge re-distributed defects. After optimizing the structural 
models of Naþ inserted ReS2, dr-ReS2, and dr-ReS2-x (Fig. 5f), their 
binding energy values are � 0.771, � 1.791, and � 1.244 eV (Fig. 5g), 
respectively, demonstrating that the dual-defect structure is energeti
cally conductive to bind Naþ. Additionally, Fig. 5h shows the volume 
changes raised from Naþ insertion in all structures in Fig. 5f. Notably, 
the dr-ReS2-x shows the lowest volume change of � 1.6% after Naþ

insertion, when compared to that in dr-ReS2 (3.4%) and ReS2 bulk 
(5.8%). These data indicate that the introduction of defects can enhance 
the binding of Na, and reduce the influence of volume change. It should 
be noticed that the binding of one Na should have attractions to both 
defective layers, which can reasonably explain the reduce of volume. In 

Fig. 5. Calculated DOS for a) ReS2, b) dr-ReS2 and c) dr-ReS2-x. The difference charge density of d) dr-ReS2 (Pink area, electrons accumulation; Purple area, electrons 
depletion) and e) dr-ReS2-x. f) The atomic models of sodium inserted ReS2, dr-ReS2 and dr-ReS2-x. g) Absorption energy values for sodium ions, and h) volume changes 
after sodium insertion in different models. i) Reaction mechanism for the synergistic effect of interlayer defect and sulfur vacancy. 
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practice application, a plenty of Na ions in this area would slightly 
expand the layer distance. Another essential function of interlayer defect 
in dr-ReS2-x is to shorten the diffusion distance of sodium ions. In detail, 
the sodium ions can only insert/extract no more than the stack layer 
edges in ReS2 with unidirectional diffusion pathways, which leads to the 
inferior rate capacity of ReS2 bulk in Fig. 3c. On the contrary, the 
interlayer defect breaks the pristine lamellar structure to form inter
connected diffusion paths, which creates more potential intercalation 
sites and shortens the diffusion pathway for sodium ions. It realizes 
continuous Naþ migration in both vertical and horizontal dimensions, 
thus efficiently favoring ultrafast Naþ mobility (Fig. 5i). 

To confirm the reaction processes and possible crystal evolutions 
under different voltages during the sodiation/desodiation processes 
(Fig. 6a), a series of ex-situ measurements were carried out, including ex- 
situ HRTEM, XRD, and XPS measurements. For the ex-situ HRTEM 
measurements, the lattice spacing for the (100) plane of dr-ReS2-x crystal 
(Fig. 6b) increases slightly after discharged to 1.2 V (Fig. 6c), suggesting 
that sodium ions have been inserted into the interlayers of dr-ReS2-x 
nanosheets. To go further, two new lattice fringes of 0.21 and 0.23 nm 
appear after discharged to 0.01 V (Fig. 6d), which can be indexed to the 
(101) and (220) planes of the metallic Re and Na2S phases. Finally, the 

lattice spacing recovers to the pristine state as 0.65 nm corresponding to 
the (100) plane at fully charged state (Fig. 6e). The crystal structure 
changes in dr-ReS2-x/NCBC were also recorded by ex-situ XRD mea
surements as displayed in Fig. 6f. The (100) plane for ReS2 phase shifts 
to a smaller angular direction slightly when discharged to 1.2 V. After 
discharged to 0.01 V, two new characteristic peaks appeared at 27.3�
and 39.0�, which can be assigned to the Na2S phase. Additionally, there 
is no metallic Re phase observed in the XRD pattern due to the strong 
diffracted intensities from the copper current collector. As shown in the 
ex-situ XPS spectra (Fig. 6g), the gradual fading of the peak at 42.1 eV 
(corresponding to Re4þ 4f7/2) and emerging of the new peak at 40.2 eV 
(corresponding to Re 4f7/2) when discharged to 0.01 V imply the com
plete reduction of ReS2 crystal. Therefore, both the ex-situ XRD and XPS 
results confirm well with the as-revealed intercalation mechanism from 
the ex-situ TEM result. Meanwhile, the good impedance reversibility of 
the dr-ReS2-x/NCBC anode from the ex-situ EIS measurement (Fig. S21) 
also reveals the stable phase transition process during cycling process. 

Evaluating performances of full cell device. To prevent potential 
safety hazards caused by the high reactivity sodium metal in half cells, 
we explore the potential of dr-ReS2-x/NCBC as an anode in a Na-ion full 
cell, which was assembled and tested by coupling the dr-ReS2-x/NCBC 

Fig. 6. Investigations of the electrochemical process: a) CV curve of dr-ReS2-x/NCBC at 0.5 mV s� 1 (Inset shows the crystal evolution during charging/discharging 
process). Ex-situ HRTEM images of dr-ReS2-x/NCBC anode at different states: b) pristine, c) discharged at 1.2 V, d) discharged at 0.01 V, and e) charged at 3 V. f) Ex- 
situ XRD patterns, and g) ex-situ XPS spectra of dr-ReS2-x/NCBC anodes at different charge/discharge potentials. 
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(RSN) anode and Na3V2(PO4)3/C (NVPO) cathode (Fig. 7a). Fig. S22 
shows good rate capacity and corresponding GCD curves of 
Na3V2(PO4)3/C cathode in half cells. As the representative GCD profiles 
of the RSN//NVPO full cell shown in Fig. 7b, its discharge capacitance 
values are calculated to be about 401.2, 355.7, 304.1, 269.2, 232.4 and 
186.4 mAh g� 1 as the current density gradually increases from 0.1 to 5 
A g� 1. In addition, Fig. 7c further exhibits the superior rate properties of 
the RSN//NVPO full cell, its capacitance value returns to 370.2 mAh g� 1 

as the current density gets back to 0.1 A g� 1. Meanwhile, a discharge 
capacity of 260.2 mAh g� 1 can be maintained with a satisfactory 
capacitance retention of 96.3% at 1 A g� 1 over 100 cycles, manifesting 
the excellent stability (Fig. 7d). We further fabricate Li-ion full cells by 
utilizing RSN anode and LiCo2O4/C (LCO) cathode. Fig. S23a exhibits 
the GCD curves of RSN//LCO full cell in the voltage window of 0.8–3.8 
V at different current densities (0.1–2 A g� 1). The RSN//LCO full cell 
presents superior rate capability in Fig. S23b, where the reversible ca
pacities can be obtained as 587.4, 488.1, 384.5, 287.6 and 175.2 mAh 
g� 1 at various current densities from 0.1 to 2 A g� 1. The capacity can still 
reach 571.2 mAh g� 1 when the current density recovers to 0.1 A g� 1. 
The RSN//LCO full cell also exhibits excellent cycling stability at 1 A g� 1 

(Fig. S23c), the capacity of which maintains at 191.5 mAh g� 1 (83.2% of 
capacity retention) after 400 cycles. The Li/Na-ion full cells present 
superior rate capability and excellent cycling stability, further proving 
the potential practical applications of dr-ReS2-x/NCBC anode in alkali- 
ion storage. 

4. Conclusion 

In summary, we successfully prepared interlayer defect, sulfur 

vacancy-contained ReS2 nanosheets on porous nitrogen-doped carbon
ized bacterial cellulose (dr-ReS2-x/NCBC). The one-dimensional inter
layer defects provide multi-dimensional interconnected channels for 
offering extra pathways of Naþ insertion/extraction and shortening 
ionic diffusion distance. Additionally, sulfur vacancy could furtherly 
enhance its electronic conductivity and induce more active sites for 
sodium-ion storage. As revealed by both experimental and density 
functional theory calculation results, the enhanced rate capacity (231.2 
mAh g� 1 at 5 A g� 1) and cycling stability (187.3 mAh g� 1 at 5 A g� 1 after 
500 cycles) of dr-ReS2-x/NCBC are attributed to its favorable electronic 
structure, negatively shifted binding energy for sodium ions (from 
� 0.771 to � 1.791/-1.244 eV), and alleviated structural change (from 
5.8% to 3.4%/-1.6%) during sodiation/desodiation processes. The 
assembled sodium-ion full cell also displays extraordinary sodium 
storage performance with stable cycle life (capacity retention of 96.3% 
after 100 cycles) and rate capability (186.4 mAh g� 1 at 5 A g� 1). This 
work is expected to offer an in-depth understanding between dual-defect 
engineering in TMDs-based anodes and as-enhanced Na-storage 
performance. 
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