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Abstract

Strategies are tailed to enhance the electro-active material capacity and cycle life of the sodium-ion batteries.
Amongst electrode materials, metal-organic framework derived anode materials starts to stand out because of
their versatile compositions, structures and textures, leading to high specific surface area and more active
electrochemical reaction sites. Herein, firstly a Ni-MOF is prepared from a bio-available organic linker, namely
gallic acid, in a begin solvent (water). Then a nickel sulfide/carbon (NiS/C) composite is synthesized by concurrent
sulfuration and carbonization under nitrogen flow at 600 °C. Carbon encapsulated NiS particles are formed in
which carbon framework not only prevents the volume expansion of NiS during discharge but also gives rise to
higher conductivity. Resulting NiS/C composite is tested as a potential anode material for sodium-ion batteries
and delivered around 210 mAh-g-1 capacity at 591 mA-g-1 current density after 500 charge/discharge cycles.
Even at higher current densities (at 2950 mA-g-1), the discharge capacity reached 250 mAh-g-1. Na+ ion diffusion
rate is calculated through Warburg Impedance analysis where 1.87-10-16 and 3.5-10-15 S-cm-1 are obtained

initially and after the cell is terminated, respectively.



1. Introduction

Sodium ion batteries have large potential to replace the lithium ion batteries due to the similar
physical/chemical properties, lower cost, geographically uniform distribution in parallel sustainability
and more environment friendly nature [1-3]. Thus to catch the closest performance to lithium ion
batteries, the works on sodium ion battery have been accelerated since 2010 [4]. On the other hand,
lower ionization potential of the sodium ion causes lower operating voltage and consequently lower
energy density. Moreover, the larger ionic radius of the sodium ion cause a sluggish diffusion through
the host material [2]. Therefore, search for the alternative electrode materials for commercialization is
mainly dependent on obtaining stable capacity and long cycling capability at high current density.
Regarding the anode materials in the field of sodium ion batteries, the use of hard carbons are the
milestone after the experimental conformity of the Steven and Dahn’s study in 2000 [5]. However, poor
cycling and rate capability as well as relatively low capacity of hard carbons hinder their practical
application [6]. Therefore, other possible anodes such as metal sulfides, selenides, oxides, phosphides,
tellurides including single, binary metals have been proposed [7-10]. Among them, metal sulfides are
one of the promising anode candidates owing to the rich redox behaviour, high Na* storage capacity and
low cost [11]. NazS is the discharge product of metal sulfides (together with metallic Ni) that has higher
conductivity than that of Na20. Besides to that, metal-sulfur bonds are weaker than metal-oxygen bond,
whereby this properties can provide advantages for the conversion reaction kinetics compared to the
metal oxide counterparts [11, 12]. Nickel sulfides have large family members (i.e. NiS, NiS2, Ni3Sa, NisS2,
Ni7Ss, NisSg etc.) with theoretical capacity values that are much higher than hard carbons (i.e. NiS: 591
mAh-g?, NiS2: 879 mAh-g?, Ni2Ss: 446 mAh-g?) [13-16]. On the other hand, cycling performance of nickel
sulfides is poor due to the volume changes during the Na* insertion/extraction as well as irreversible
capacity loss caused by the polysulfide dissolution within the electrolyte which is well known phenomena
from Li-S batteries [17]. To surpass these challenges, the most common methods are the use of NixSy
embedded into porous carbon matrix as well as reduction of the active material size in order to shorten
the ionic diffusion pathway [18]. To do so, NiSx/CNT composite was prepared via solvothermal solution
route followed by thermal treatment. As a sodium ion battery anode, NiSx/CNT composite delivered up
to 400 mAh-g* stable capacity during 200 cycles at 100 mA-g™ current density [19]. In another study, NiS
synthesized by refluxing method reached a capacity of approximately 500 mAh-g at 100 mAh-g! current
density after the 50" cycles [20].

As an alternative method, Metal Organic Frameworks (MOFs) were also used to prepare porous carbon
electrodes. These solids are built of metal ions connected together through organic linkers and could
present very high surface area and pore volume which are of interest e.g. for gas capture and storage
[21, 22]. In the field of electrochemical energy storage, they are used either as prepared, but also as
sacrificial materials to prepare by proper calcination nanostructured oxides or carbons [23]. The first
application of the MOFs as a carbon anode template date backed in 2008, where MOF-5 (a zinc
terephthalate framework) was thermally treated under inert atmosphere above the decomposition
temperature of the linker [24]. Latter while linker turned into carbonaceous framework, metal ions are
either transformed to metal oxide or reduced to metal (0) depending on the nature of the linker and
applied temperature. This strategy was then applied in the presence of sulfur, selenium or phosphorous
to produce respectively MxSy, MxSey or MxPy phases [25, 26].

Herein, we focused on a small pore Ni-MOF formulated as Ni(C7H40s).2H>0 [27]. While MOFs are
generally prepared from synthetic ligands in harmful organic solvents (e.g. dimethylformamide), this

MOF is readily prepared in water from a naturally occurring, non-toxic phenolic molecule, namely gallic



acid. This solid has already been utilized as a sacrificial material to prepare carbons doped with metallic
nanoparticles [28]. However, to the best of our knowledge not used to prepare NiS/C composite. In
order to obtain the desired NiS/C anode composite at one-step process, MOF powder was mixed with
the sublimed sulfur and the mixture was heated at 600 °C under pure nitrogen atmosphere leading to
the carbonization of the linker and sulfuration of Ni ion. The resulting composite was evaluated as an

anode material for Na ion batteries.

2. Experimental
2.1 Material Preparation

Ni(C7H40s).2H20 was prepared using a room pressure route derived from the one published for the Mg
analogue [29]. 0.75 g of gallic acid monohydrate (4 mmol) and 1.02 g of nickel(ll) sulfate hexahydrate
(3.9 mmol) were placed in a 50 mL round bottom flask in 10 mL of deionized water. 1.6 mLof a5 M
aqueous KOH solution (8 mmol) were added. The mixture was heated under stirring in an oil bath at 80°C
for few hours. The resulting solid was recovered by filtration, washed with water and ethanol, and dried
in air.

2.2 Synthesis of NiS/C Powder

The Ni-MOF and sulfur powders were weighed as 51 mg and 117 mg, respectively. Considering the
weight of Niin MOF, the amount of sulfur was used in excess due to the volatilization above its melting
point. The powders were simply blended by agate mortar. Subsequently, the powder was put into a
porcelain crucible and transferred to the quartz tube furnace. NiS/C composite was obtained via the
sulfuration of Ni-MOF under the pure nitrogen atmosphere by heating up from room temperature to
600 °C with a 2 °C-mintramp rate and kept at this temperature for 2 hours. The sample was cooled down
naturally at room temperature under continuous nitrogen flowing. Resulting black composite powder
was collected from the crucible.

2.3 Material Characterization

2.3.1 MOF

X-Ray powder diffraction (XRPD) pattern was collected at room temperature on a Siemens D5000
Diffractometer working in Bragg-Brentano geometry [(6-20) mode] in the range 26 = 3-40° using Cu Ka
radiation. Thermogravimetric analyses (TGA) was performed on a NETZSCH STA 449F5 apparatus under
air atmosphere, at a heating rate of 5 °C min™! up to 600°C. Fourier transform infrared spectra were
recorded on a Bruker Alpha FT-IR spectrometer equipped with a diamond attenuated total reflectance
unit. The spectra were recorded from 4000 to 400 cm™ with a resolution of 2 cm™ at 50 scans.

2.3.2. NiS/C composite

XRPD was performed with Bruker AXS Advance D8 with Cu Kq radiation by 3°min! scan rate. Powder
morphology, elemental mapping, initial electrode surface and post-mortem electrode surface after C-
rate test was investigated by using Scanning Electron Microscopy (SEM by FEI/Philips XLso FEG ESEM
equipped with Energy Dispersive X-Ray Spectroscopy). NiS/C powder was also analyzed by Scanning
Transmission Electron Microscopy (STEM, Hitachi High Tech HT7700). Thermogravimetric Analysis by TA
Instruments Q500 were conducted to detect the carbon content of NiS/C composite under air
atmosphere with 10 °C:min! ramp rate up to 700 °C and 850 °C. X-Ray Photoelectron Spectroscopy (XPS)
measurements were performed by a SPECS Phoibos 150 Specs charged particle analyzer and SPECS X-

Ray source XR 50 operated at 125 W. The analysis chamber for XPS measurements has a base pressure



in the range of 107° mbar. XPS data were obtained in the fixed analyzer transmission mode at 50 eV pass
energy and using Al Ka X-ray source. The spectrometer was calibrated using Au 4f72 (84.1 eV)
photoemission lines and the full width at half-maximum (FWHM) for Au 4f7/2 was 1.5 eV. The XPS peak
deconvolution were performed using a combination of lorentzian and gaussian distributions about 30%
and 70% respectively after the subtraction of a Shirley background function[30]. The specific surface area
and pore size distribution were detected by Micrometrics 3 Flex 3 port analyser via the Brunauer-
Emmett-Teller (BET) and Barrett- Joyner-Halenda (BJH) methods, respectively. HRTEM analysis were
conducted with JEOL JEM 2100F to investigate the microstructure of NiS/C powder which is equipped
with High Angular Annular Dark Field (HAADF) detector.

2.3.4 Electrochemical Measurements

NiS/C powder was mixed with Alginic Acid Sodium (Na-alginate) (Alfa Aeser) binder and C Super P
conductive additive with a mass ratio of 80:10:10, respectively, by adding a 1 ml pure water to dissolve
the binder. The mixture was stirred overnight to produce a homogenous slurry. Doctor blade was used
to coat the slurry onto an aluminium foil, and the resulting electrode was dried in the vacuum oven
overnight at 80 °C. The mass loading of the composite was around 1.0 mg-cm2. Electrolyte solution was
prepared by dissolving 1M NaClO4 (Alfa Aeser) in Propylene Carbonate (PC, Alfa Aeser) by adding
Flouroethylene Carbonate (FEC, Alfa Aeser) with 5% volume ratio. Both coin cell and Swagelok™ test
cells were assembled into the Argon filled glove box. Sodium foil was acted as both counter and
reference electrodes and glass fiber (Whatman GF/C) was the separator. Galvanostatic charge—discharge
tests were conducted with Neware Battery Tester in a voltage range from 0.01V to 3.0 V (vs. Na/Na").
Cyclic Voltammetry test was applied at a scan rate of 0.1 mV-s! with the same voltage range. Impedance
spectra was performed between the 0.1 mHz and 1 MHz with a voltage amplitude of 5 mV with two
electrode cell using Biologic VMP-3 galvanostat/potentiostat. The experimental data were fitted by a EC-

lab software created ZFit.

3. Results and Discussion

Ni(C7H40s).2H20 is a 3-D MOF built up from chains of corner sharing NiOs octahedra connected through
each other through hemi-deprotonated gallate ligand to define small triangular channels (Figure 1a).
This solid was initially prepared under hydrothermal conditions [27], but we here used a room pressure,
room bottom flask route, more adapted for the production of larges batches [29]. Powder XRD analysis
confirmed the formation of the expected solid (Figure 1b), while infrared spectroscopy (Figure 1c)
indicated the absence remaining free gallic acid (no characteristic band at ca. 1700 cm™).
Thermogravimetric analysis further confirmed that this MOF presents a moderate thermal stability
(Figure 1d), as already reported [27, 29].

Figure 2a represents the NiS/C composite X-ray powder diffraction pattern that verifies the nickel sulfide
phase formation (JCPDS No: 002-1280). The most apparent peaks were located at 30.1°, 34.5°, 45.7°,
53.5° and 73° referred to the NiS phase [31]. Also the broad and small hump at around the 24° was
associated with the existence of amorphous carbon [32]. Additionally, NiS powder was in nanoscale and
its crystalline size calculated as 12.6 nm by using Debye Scherer Equation taking into account the full
width of the half of the maximum of main XRD peaks at 45.7°. Furthermore, Termogravimetric Analysis
(TGA) were performed to calculate the composition contents of the NiS/C composite (Figure 2b). Firstly,
there is a slight mass increase until 400 °C due to the due to the partial oxidation of NiS/C composite

[33]. Later on in the range of 400-530 °C, a sharp mass loss was occurred corresponding to the partial



sulfur decomposition of NiS/C into NiSix as well as CO2 formation through combustion of carbon [34-
36]. TGA curve between 530-700 °C was ascribed for the conversion of NiSix into NiO and NiSQOa
confirmed by the intermediate XRD measurement at 700 °C (Figure SI-1a). When the temperature was
risen up to 850°C, a complete formation of NiS into NiO was evident by the XRD analysis at 850 °C (Figure
SI-1b). As a whole, based on the TGA measurements carbon content in the NiS/C composite is
approximately 28 wt %.

Ultrafine NiS/C particles derived from Ni-Metal Gallate MOF and sulfur was observed by SEM images (Figure 2c).
Elemental mapping with the overlay, nickel, sulfur and carbon images presented in Figure 2d-g depicted that NiS
nanoparticles are encapsulated inside carbon particles. Transmission electron microscopy view supported the
SEM result that spherical and nanoscale NiS particles (< 20nm) distributed homogeneously and encapsulated
within the amorphous carbon (Figure 2h). High Resolution TEM analysis showed the lattice fringes clearly with
0.18 nm spacing supporting the good crystallinity of NiS phase (Figure 2i). The same d-spacing between lattice

fringes was 0.18 nm in which corresponds to (110) planes of NiS particles [31].

The surface valence states and chemical composition of the NiS/C composite were determined by X-ray
photoelectron spectroscopy (XPS) measurements at room temperature in ultrahigh vacuum conditions
as shown in Figure 3. The survey spectrum of NiS/C powder was shown in Figure 3a, thereby, the
presence of nickel, carbon and sulfur was confirmed as well as oxygen content that might be from the
surface contamination and oxygenated functionalities. In Figure 3b, the peaks at 871.3eV and 854.0 eV
indicated the presence of Ni2p1/2and Ni2ps/2respectively. However, Ni-metal 2p1/2and 2ps/2 peak binding
energies were located at 870 eV and 853 eV, respectively. The shift of both peaks to higher binding
energy around 1.3 eV supports that nickel was in Ni?* valence state [37, 38]. The reason for the shift of
the binding energy to the higher value is the reason of the attraction of sulfur electrons by the nickel
atoms. Additionally, sulfur 2p peak was deconvoluted into two main peaks (Figure 3c). The peak located
at 162.8 eV (blue line) corresponds to the nickel monosulfide formation [39-42]. The investigation of the
nickel monosulfide peak showed that the S2ps/2 and S2p1/2 peaks were located at 162.7 eV and 164.0 eV
respectively (while bigger blue dashed line was referring the S2ps/2, the smaller one was corresponded
to S2p1/2). According to the literature, the neutral S»° 2ps/2 binding energy value was in the range from
163.6 eV to 164.2 eV [41]. The energy shift of the S2ps/2 peak was around 1.2 eV which was also in
accordance with the energy shift of Ni 2ps2.

The second peak located at 164.2 eV (light green line) corresponds to the C-S interaction which was
deconvoluted in two peaks at 164.1 eV and 165.3 eV relating to 2ps/2and 2p1/2 respectively and showed
with dashed light green lines. Therefore the binding energy values indicated that sulfur interacted not
only with nickel but also with carbon[40, 43]. In addition, the C-S interaction can also be observed after
the deconvolution of Cls peak at 284.6 eV. XPS spectrum of C1s demonstrated four sub-peaks that were
located at 284.6 eV, 285.7 eV, 287.4 eV, 289.3 eV and identified as C=C/C-C, C-O/C-S, C=0, COOH/COOR,
respectively, (Figure 3d) [44, 45].

Brunauer-Emmett-Teller surface area and porosity were also investigated by N2 adsorption-desorption
isotherms for the NiS/C composite (Figure SI-2). BET surface area was measured as 74 m2-g?t. The
hysteresis was seen between 0.4-0.9 relative pressure value that was indicated to Type IV IUPAC
isotherms. Therefore the composite contains in a vast number of mesoporous[46]. The pore size

distribution was estimated by using Barrett- Joyner-Halenda (BJH) desorption method and depicted in



Figure SI-2b. The peak point of the pore size distribution graph defined the average pore size of 3.62 nm
with 0.745 cm3-g’! pore volume.

Figure 4a depicts the cyclic voltammetry (CV) of the NiS/C anode at a scan rate of 0.1 mV-s'! from 0.01V
to 3.0 V (vs Na/Na*) voltage range. The reduction peaks at 1.1 V and 0.4 V corresponds the electrolyte
decomposition onto the electrode surface (formation of the SEI) as well as NiS conversion to metallic
nickel and NazS. The reaction between the Na and NiS are carried out as NiS + 2Na +2e” <> Na2S + Ni
[47]. Additionally, the small cathodic peak at around 0.012 V indicates the sodiation of amorphous
carbon (xC+Na*+e <> NaCy). At the anodic scan, there are two peaks at around the 1.6 V and a small
hump at 1.3 V that is attributed to NiS reformation from metallic nickel and NazS. Reverse cathodic scan
has a peak located at 0.2 V is expressed as the desodiation of the amorphous carbon [32, 48]. In ongoing
cycles, the oxidation and reduction peaks were overlapped with a smaller shift due to the clustering
nanoparticles [49]. The galvanostatic charge-discharge profile of the NiS/C is shown in Figure 4b. While
the initial discharge capacity reached 939 mAh-g1, 632 mAh-g* charge capacity value was obtained with
a 67% initial columbic efficiency. However, for the following cycles, the columbic efficiency reached
much higher values and after 100 cycles around 300 mAh-g™! capacity was achieved at 59 mA-g* current
density. Rate performance test was evaluated at various current densities ranging from 59 to 2950 mA.g”
! (Figure 4c). The discharge capacities were 500, 450, 400, 300 and 250 mAh-g'tat 59, 295, 591, 1475 and
2950 mA-g* current densities, respectively. When the current density was turned back to 59 mA-g™, the
capacity value reached 450 mAh-g* at 30" cycle, corresponding to a capacity retention of 90% before
and after C-rate test (Figure 4b). The electrochemical performance of NiS/C composite performs much
better especially at high current density. Figure 4e depicts that around 210 mAh-g* capacity with a good
columbic efficiency was obtained after 500 cycles at 591 mA-g™* current density.

The performances of NixSy electrodes derived from MOFs reported to date were summarized in Table 1.
First of all, the present study differs from the other reports due to the use of sustainable sources where
a naturally occurring phenolic molecule, gallic acid, was used as organic linker to prepare the Ni-MOF
structure [50]. For the synthesis protocol, generally multistep approaches were used in which first Ni/C
was formed followed by sulfuration contrary to our approach where NiS/C was formed at one-step. Thus,
the present approach let to the resulting NiS/C composite with a high NiS content could be an alternative
anode material for sodium ion batteries especially at the high current densities. Electrochemical
impedance spectroscopy experiments were conducted to elucidate NiS/C anode performance in detail
before and after C-rate test as shown in Figure 5. The semi-circle can be divided into two regions; the
one in the high frequency region defines the charge transfer (R«t) and at the medium frequency region
resulted from the solid-electrolyte interface resistance (Rse) (Figure 5a). The line showed the Warburg
Impedance where the Na* ion diffusion can be calculated [54]. The Nyquist plot data was fit by using EC
Lab Software with the respected equivalent circuit, hence the resistances were shown in Table 2. Riotal
was the sum of the Rct and Rse, they became smaller after 30™ cycles due to the nickel sulfide particle
size reduction and stable solid electrolyte interface formation [55]. Na*ion diffusion coefficient (Dna+)
was calculated from the Nyquist plot low frequency region which was represented as inclined line by
using the following equation:

Dna*=R2T2/(2A2n*F*C20?) (1)

Where Dna* is Na*ion diffusion rate (cm?-s), Ris the gas constant (8.314 J-mol1-K'?), Tis the temperature
(298 K), A is the electrode surface area (1.21 cm?), n is the number of electrons per molecule during

oxidation (n=1), F is the Faraday constant (96,500 C-mole™), C is concentration of Na* (103 mol-cm3) in



the electrolyte and o is the Warburg factor which was estimated by drawing the (Zre) versus (w?®>) graph
and calculated to the line slope as shown in Figure 5b [56, 57] via the following equation:

Zpe = Rs + Roe + o™ %5 (2)

Diffusion coefficients were calculated to be 1.81x107'® and 3.5x107%° cm?:s’! before and after 30 cycles C-
rate test. The Na* ions diffusion rate increased upon cycling, in line with the decrease of the charge
transfer resistance which was summarized in Table 2.

Moreover, the electrode surface was analyzed before and after C-rate tests and the resulting scanning electron
microscopy image are presented in Figure 5e and 5f, respectively. No surface cracks were observed during
sodiation/desodiation process even though harsh cycling conditions were applied. The reason could be the
choice of the binder. Na-alginate binder is used for the electrode preparations whose rich and homogenously
distributed carboxylic and hydroxylic groups could provide self-healing properties during charge-discharge [58,
59]. However, at much longer cycles (after 500 cycles at 591 mA-g) some visible cracks were detected (Figure
SI-3).

4, Conclusions

Herein, firstly Ni-MOF was synthesized from bio-available gallic acid in water. Then, a NiS/C composite
was successfully prepared from a Ni containing MOF via one-step procedure in the presence of sulfur
powder. After concurrent sulfuration and carbonization steps under thermal treatment, amorphous
carbon encapsulated crystalline NiS nanoparticles were obtained that was characterized by X-ray power
diffraction, scanning/transmission electron microscopy and X-Ray Photoelectron Spectroscopy. Carbon
encapsulation not only assists conductivity increase but also prevents volume expansion of NiS during
discharge. Later, NiS/C composite anode was tested as an anode material in the field of sodium ion
batteries. Enhanced electrochemical performance at higher current densities without noticeable
electrode surface cracks and pulverizations were noted. Thus, the MOF driven strategy could be

considered beneficial to synthesize electro-active materials.
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Figure 1. The Ni gallate MOF Ni(C7H40s).2H20. a) Crystal structure, b) experimental (black) and calculated (red)
powder XRD patterns, c) infrared spectrum, d) thermogravimetric analysis.
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Figure 2. a) X-ray diffraction pattern of NiS/C, b) TGA curve of NiS/C composite. Tests were performed from the
room temperature to 850 °C with 10 °C-min-1 rate under air atmosphere), c) SEM view of NiS/C, d-g) Overlay,
Nickel, Sulfur and Carbon elemental mapping of the NiS/C powder, h) TEM image of NiS/C, i) HRTEM view of
NiS/C.
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Figure 3. XPS spectra of a) Survey, b) Ni2p, c) S2p, d) Cls.



600 1000
a) — 1% cycle ke b) L1008
400 —2" cycle c TR . | é
o 5" cycle <C 800 2 ‘ =
2 2004 10" cycle g é ‘ 180 8
50™ cycle = = tred
£ . y .;;‘ 60012 g | ™ 2
€ ] © \ 5 oY &
o QR - 000 7 O~ =
£ 200 % 4004 e 0 200 40 600 80 1000 %
=3 O 40 =
(6] 400 3 R DI €
5 200- L20 ©
600 (% 8
y y y y y y y 0 . ’ . . —0
00 05 10 15 20 25 30
0 20 40 60 80 100
+
Voltage (V) vs (Na/Na _ Cycle Number
o
£1000] Al 05 501 1475 2050 se
£ 900{|mAlg mAg mAlg mAlG  mAlg  mAlg
:; 800
G 7001 §,
©
S 600
S 500 %“0\.
o %9300 P00
@© 4004 99000 *
% 300 99000,
99090
§ 200
2 103-
0 100 200 300 400 500 600 700 800 900 0 5 10 15 20 25 30 35
Specific Capacity (mAh/g) Cycle Number
1100 “_? e) eSS oo, =
S 10004 (100
< oy
< 500+ c
= Q
> T}
= 3004 o
o 5
S 200- £
S 100 S
o 1 o
0 T

0 100 200 300 400 500
Cycle Number

Figure 4 a) Cyclic voltommogram of NiS/C anode vs Na/ Na* at a scan rate of 0.1 mV-s?, b) Galvanostatic charge
/discharge test of NiS/C at 59 mA-g™! current density, b) Charge —Discharge profile of NiS/C composite at different
current rates, d) Rate capability test of NiS/C anode, e) Galvanostatic charge /discharge test of NiS/C at 591 mA-g
!, Note: Electrolyte is 1M NaClOa in PC 5 wt% FEC.
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Figure 5 a) Impedance Spectra of NiS/C anode before and after C-rate cycling. b) Relationship of Zge vs w®® in
low frequency region. c¢) Impedance Spectra fit data before cycling, d) after cycling. e-f) Electrode surface

Scanning Electron Microscopy view before and after cycling respectively.



Table 1. Comparison of the performances of MOF derived nickel sulfide carbon composite anodes for
sodium ion batteries.

Sulfuration
: : NiSy / Electrolyte, Reversible Capacity = Temperature
Materia Organic Linker
C ratio Binder and Current rate and
Atmosphere
’ / 1M NaPFg in 300 mAh-g1
NiS/ N- 46 %
PVP EC:DEC 2% FEC, @100 mA-g? 500 °C, Argon [39]
CNT 54%
PVdF (800 cycles)
1M NaClOg4 in 186.9 mAh-g!
. 2- 68.8% / 600 °C,
NiS,/C o EC:DEC 1% FEC, @500 mA-g? ) [36]
Methylimidazole 31.2% Nitrogen
cMC (100 cycles)
1M NaClOg4 in 356.2 mAh-g1
74.3% / 350°C,
NiS2/NC EC:PC 5% FEC, @500 mA-g! [51]
25.7% Nitrogen
cMC (300 cycles)
hthal 1M NaClOg in 432.8 mAh-g! 52]
1,4-terephthalic 52
NisS; . N/A EC:DEC 5% FEC, @200 mA-g? 600 °C, Argon
aci
PVdF (100 cycles)
/ 1M NaClOg in 766.8 mAh-g1
88.7%
NiS,/P-C Trimesic acid EC:DMC 5% FEC, @500 mA-g? 350 °C, Argon [35]
11.3%
PVdF (400 cycles)
290
1M NaClO4 in
heNis/ 2- 71.4% / mAh-g1 600 °C, (53]
-NiS/C-N EC:DEC 5% FEC, 53
Methylimidazole 28.6% g @1000 mA-g? Nitrogen
PVdF
(1000 cycles)
/ 1M NaClO4in PC 211 mAh-g!
72% 600 °C, Present
NiS/C Gallic Acid 5% FEC, @591 mA-g?
28% Nitrogen Study

Na-alginate (500 cycles)



Table 2. The estimated resistances of NiS/C anode before and after 30 cycles.

States Rt (Q) Rsei (Q) R Total (Q)

Fresh 278 174 452

After 30 cycles 80 11 91




