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Transition Metal (Co, Ni, Fe) Selenides by Selenization of
Gallic Acid based MOFs used as Na-lon Battery Anodes

Meral Aydin,™" Thomas Devic,"” Ali Sems Ahsen, Nicolas Gautier,"” and

Rezan Demir-Cakan*® "’

Sodium-ion batteries (NIBs) are gaining momentum, thanks to
the increasing demand for energy storage devices and the
abundant reserves and low sodium cost. Transition metals are
well-established materials due to their high conductivity and
electrochemical activity. In this work, metal selenides (MSe,) (M:
Ni, Co, Fe) are obtained by facile selenization in a single step of
transition gallic acid based metal organic frameworks (MOFs)
under Ar flow at 600°C. As the powders undergo selenization,
the resulting MSe, particles are encapsulated within the
amorphous carbon network formed by the decomposition of
the gallate ligand. The microstructures are examined by HR-

1. Introduction

Lithium-ion batteries (LIB) having high energy density and good
cycling capabilities are generally used in many mobile elec-
tronic devices, but the scarcity and high cost of lithium pose a
challenge." Sodium-ion batteries (NIB) are one of the best
alternatives to LIBs and they are inexpensive due to their
abundant and equitable geographical distribution.” However,
the large ion diameter of sodium and its slow diffusion ability
restrict the electrode material possibilities.

Although a wide variety of negative electrode materials are
available, i.e., carbon-based, metal oxide, metal sulfide, and
metal selenide, each has its own restrictions. Among them,
hard carbon, which works predominantly by adsorption,
intercalation, and pore filling mechanisms suffers from low
specific capacity and slow kinetics.*® Other electrode materials,
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TEM analyses and the characteristic interplanar spacing of each
transition metal selenide is measured and found to coincide
with the XRD pattern. Meanwhile, the specific surface areas
were measured as 121, 152, and 155 m?/g for CoSe,, NiSe and
FeSe, respectively. The resulting NiSe/C, CoSe,/C and FeSe/C
nanomaterials are tested as NIB negative electrodes and are
shown to have a capacity of 315, 312, and 363 mAh/g,
respectively, after 100 cycles at a current density of 100 mA/g
while Na-ion diffusion coefficients (Dy,.) are calculated in the
range of 107'°-10~7 cm?/s by galvanostatic intermittent titration
(GITT) technique.

i.e. metal oxide, metal sulfide, and metal selenides, have higher
specific capacities due to their ability to gain multiple ions, but
the common problem of these materials is that they cannot
retain the high specific capacities.” Metal sulphides (MS,)
represent type of anode materials for NIBs, as do metal oxides
(MO). Compared to M—O bonds in metal oxides, M—S bonds are
of lower energy, which can be kinetically advantageous for
conversion reactions in charge-discharge processes."” On the
selenium side, selenium has been reported to have better cycle
stability due to its more metal properties and higher electronic
conductivity (~1072 S/m). Therefore, they can be considered as
a better alternative compared to sulfide counterparts."”’ How-
ever, when metal selenide-based active materials expand and
contract during charging/discharging, not only the active
material is pulverized and separated from the current collector,
but also the SEl is destroyed and repeatedly rebuilt. All these
results in the rapid capacity fading of metal selenide anodes."”
To overcome these challenges, several strategies have been
explored such as nanoengineering (structural design),"® carbon
coating,™  single-atom  doping,”™ and heterostructure
fabrication."® These strategies are expected to improve struc-
tural stability and reaction kinetics."”'® Regarding carbon
doping or coating methods, graphene, carbon nanotubes,
carbon nanorods, or hard carbon, as well as metal organic
frameworks (MOF) have been employed.

MOF refers to a type of hybrid organic-inorganic polymeric
material containing metal ions bonded by poly-complexing
organic ligands through complexing groups such as carbox-
ylates, azolates, pyridine, and nitrile groups, defining pores of
various shapes and sizes. The broad variety of composition and
structure make this family of compounds appealing for
numerous applications involving the adsorption and diffusion
of guests within the bulk structure."” They can also be used as
sacrificial precursors to prepare thermal treatment nanostruc-

[16
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tured materials, which were found to be promising for many
application areas such as electrochemical storage, catalysts,
sensors, etc.”” Especially, their hybrid nature favors the
formation of complex nanostructures, such as carbon-coated
inorganic electroactive nanoparticles, with the coating arising
from the carbonization of the ligands during annealing in an
inert atmosphere. Such structures are of particular interest for
electrochemical energy storage, greatly improving the elec-
tronic conductivity, enabling rapid Na-ion diffusion, and
preventing the destruction of the materials during cycling. In
light of all this information, materials derived from MOFs are
considered appealing anode materials for NIBs.?"

The synthesis of new materials using different MOFs is
becoming widely used and well-established method nowadays
and numerous metal oxide materials have been formed by
thermal treatment of MOFs.”? Upon addition of suitable
reactants, MOF-derived metal sulfides,” nitrides,* and
selenides® were also prepared. In the last decade, transition
metal selenides obtained via MOF selenization have been
frequently used in Li/Na-ion batteries.”*?” Metal selenides can
be synthesized by direct selenization of MOFs at high temper-
atures in an inert medium (AN® or in Ar/H,” by taking
advantage of the reducing property of H,. Herein, CoSe,/C,
NiSe/C, and FeSe/C composites were obtained by one-step
pyrolysis of transition metal gallates MOFs mixed with metallic
selenium powder at high temperature under Ar atmosphere
without additional carbon, and the potential use of the
composites as Na-ion battery anode materials was investigated.

Experimental

Materials

Selenium powder was purchased from Alfa Aesar. Sodium
perchlorate (NaClO,) (Alfa Aesar), diethylene carbonates (DEC)
(Merck), ethylene carbonate (EC) (Sigma-Aldrich), and fluoroethy-
lene carbonate (FEC) (Alfa Aesar) were the electrolyte salts/solvents.
Alginic acid sodium (Na-alginate) (Alfa Aesar) was used as a binder.
Gallic acid monohydrate and Ni, Co, and Fe salts were purchased
from Merck. No other purification of any chemicals has been
applied.

Synthesis of MOFs

M(C,H,05)-2H,0 (M=Ni, Co) and Fe(C;H;0:).2H,0 were prepared
using a room pressure route derived from the one published for
the Mg analog.”” Typically, 3.0g of gallic acid monohydrate
(16 mmol) and 4.0 g of nickel (Il) sulfate hexahydrate (15 mmol)
were placed in a 250 mL round bottom flask in 40 mL of deionized
water. 6.4 mL of a 5 M aqueous KOH solution (32 mmol) was added.
The mixture was heated under stirring at 80°C for a few hours. The
resulting solid was recovered by filtration, washed with water and
ethanol, and dried in air. For M=Co and Fe, nickel(ll) sulfate
hexahydrate was replaced by cobalt(ll) sulfate heptahydrate and
iron(ll) chloride tetrahydrate, respectively.
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Synthesis of MSe/C Powder

150 mg metal organic frameworks were premixed in an agate
mortar for 5 minutes with Se powder at an atomic ratio of 1:3
metal selenium for each M-MOF. The powder mixture was then
placed in crucibles and the selenization process was initialized in a
tube furnace containing Ar gas. The selenization conditions were
set to 600 °C and a ramp rate of 3 °C/min for each sample and held
for 3 hours. The samples were cooled down to room temperature
naturally and the black samples were collected from the crucible.

Material Characterization

MOF: Routine room temperature Powder X-ray diffraction (PXRD)
patterns were collected in a Bragg-Brentano mode with a Bruker D8
Advance diffractometer equipped with a Cu anode and a mono-
chromator (A=1.5406 A). Thermogravimetric analyses (TGA) were
performed under oxygen at 5°Cmin~" up to 600°C on Setaram
SENSYSevo equipment. Fourier transformed infrared (FTIR) spectra
were recorded at room temperature with a Bruker alpha FTIR
spectrometer in the attenuated total reflectance (ATR) mode
between 400 and 4000 cm ™.

Metal Selenide/Carbon composites: The phases were analyzed via
XRD patterns (Bruker AXS Advance D8 apparatus) with Cu Ko
radiation and a scan rate of 1°/min. Scanning electron microscopy
(SEM) (Philips XL30) and high-resolution TEM (JEOL JEM 2100F)
equipped with a high-angle annular dark-field (HAADF) detector
were used to analyze the powders’ surface morphologies and the
microstructures. STEM-EDX experiments were carried out using a
Themis Z G3 Cs-probe corrected microscope from Thermo Fisher
Scientific, operating at 300 kV. High-angle annular dark field
(HAADF) images were acquired with an 18.6 mrad convergence
angle and 65-200 mrad collection angles and EDX maps with 4
windowless silicon drift detectors (Super-X system). The solid
suspended in ethanol was deposited onto a lacey carbon film
supported by a copper grid. Thermogravimetric analysis (TGA)
(Mettler Toledo TGA/SDTA 851) measurement was performed
between 30 and 900°C at a heating rate of 10°C/min under an air
atmosphere. X-ray Photoelectron Spectroscopy (XPS) measure-
ments were carried out in the UHV chamber equipped with a SPECS
Phoibos 150 charged particle analyzer and SPECS XR 50 X-ray
source (Al Ka). The chamber has a base pressure of about
2.0x107"° mbar.

Electrochemical tests: For the slurry, metal selenide/carbon powder
and super P were ground by hand in an agate mortar and pestle
for 5 minutes, followed by the addition of sodium alginate binder
at a mass ratio of 8:1:1. The slurry was stirred overnight with a
magnetic stirrer and coated on Cu foil and dried overnight in a
vacuum oven at 80 °C. The active material mass loading was around
0.8-1.2 mg/cm’. The electrolyte composition is 1M NaClO, in
ethylene carbonate (EC) and diethylene carbonate (DEC) with 5 wt.
% fluoroethylene carbonate (FEC) additives. 0.1 ml of electrolyte
was used for the Swagelok (BioLogic) and 0.12 ml for the coin cell
(Neware). Whatman GF/D glass was used as a separator. The
voltage window, where sodium metal was used as both reference
and counter electrodes, was selected from 0.01 to 3V (vs. Na/Na ™)
for the galvanostatic and cyclic voltammetry test. The capacity
values were reported per gram electrode (MSe,/C). The CV scan rate
was 0.1 mV/s. Electrochemical impedance tests were done between
10 mHz and 100 kHz with a voltage amplitude of 5mV in a two-
electrode via Biologic VMP-3 galvanostat/potentiostat. Galvano-
static intermittent titration technique (GITT) tests were performed
via discharge/charge process with 20 min galvanostatic discharge/
charge and 2 h open circuit rest at a current density of 50 mA/g.
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2. Result and Discussion

Among the MOFs available, we selected one structure type, M-
gallate, which is a microporous MOF that can be easily prepared
with a great variety of metallic (M) cations, including Ni(ll), Co(ll)
and Fe(lll).5¥ This solid is synthesized in water at room
pressure from a metallic salt and gallic acid, which is an
abundant natural phenolic compound found in tea, fruit, coffee,
and other foods.?¥ As shown in Figure S1, powder XRD, infrared
spectroscopy and thermogravimetric analyses are consistent
with the targeted structure and compositions. These solids
were further treated with selenium at 600 °C. XRD analysis given
in Figure 1 was performed for Co, Ni, and Fe selenide materials
synthesized under the same conditions to determine crystalline
phases. The main peaks are assigned to the corresponding
CoSe, (PDF#009-0234), NiSe (PDF#002-0892), and FeSe
(PDF#075-0608) phases,*=" while no peak characteristic of the
MOF is found, confirming its full conversion into metal selenide.
To compensate for the loss of selenium during annealing (as
selenium has a relatively low melting point of 221°C and some
of it will vaporize), more than the stoichiometric ratio of
selenium powder was used to react with the metal present in
the MOF. Therefore, at the end of the selenization process, trace
amounts of unreacted selenium peaks in each metal selenide
can be seen in the XRD pattern. Crystallite size calculations
were determined as 22 nm, 35 nm, and 28 nm based on the
main peaks at 34°, 33°, and 32° using the Debye-Scherrer
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Figure 1. XRD pattern transition metal (Co, Ni, Fe) selenides/carbon
composites, a) CoSe,/C, b) NiSe/C and c) FeSe/C.
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equation (Eq. 1), where X-ray wavelength A value is 0.1541 nm,
Scherrer constant k value is 0.9 for Cu Ka, and d is the full width
at half maximum intensity and 0 is the peak position.

Ak
D= dcos® (1)

In addition, the carbon contents of the materials were
determined after selenization by TGA analysis under the air
atmosphere given in Figure S2a, d, and g. Up to 400°C, a small
mass increase was observed due to partial oxidation of all
samples.’** At higher temperatures, mass loss occurs due to
decomposition of the metal selenide and sublimation of SeO,,
which has a relatively low melting temperature (350 °C).“***" The
TGA analysis was halted at a temperature of 500°C. Upon
analyzing the XRD patterns, a mixture of metal oxide and metal
selenide was detected (Figure S2b, e, and h). All compounds
were ultimately transformed into the oxide phase in the
residues at 900°C (Figure S2¢, f, and i). From the TGA curve
carbon content of the samples are calculated as ~9%, 27 % and
28% for CoSe,/C, NiSe/C, and FeSe/C, respectively.”**! The
specific surface areas of CoSe,/C, NiSe/C and FeSe/C materials
were calculated as 121 m%g, 152 m%*g, and 155 m?/g, respec-
tively, according to Braunner-Emmet-Teller (BET) analyses given
in Figure S3a. According to the isotherm classifications made by
IUPAC, N, adsorption/desorption isotherms correspond to Type
IV hysteresis H4.'**?' Furthermore, Barrett-Joyner-Halenda (BJH)
analysis revealed the presence of small mesopores of similar
size (~3-4 nm) in all solids (Figure S3b).*"

SEM and (HR)TEM were applied to evaluate the structure
morphology of the resulting samples. From the SEM images
imaging (Figure 2a-c) all the samples are composed of similar
ultrafine sphere-like particles. As shown in Figure 2d-f, TEM
analyses revealed that these secondary particles consist of
metal selenide nanoparticles of ~10-30 nm diameter em-
bedded in a carbonaceous matrix arising from the carbonization
of the organic ligands. This composite structure was further
confirmed by the STEM-EDS analysis on the Fe derivative
(Figure 54).¥ The interplanar spacing for each sample (given in
Figure 2d-f) measured by HR-TEM as 0.26 nm for the CoSe,
(210) plane, 0.26 nm for the NiSe (101) plane, 0.28 nm for the
FeSe (101) plane. The HR-TEM measurement for Co and Ni
samples overlap with SAED measurement, and it also coincides
with the literature for Ni and Co-based materials.***?' While the
d-spacing calculated from SAED deviates from the HR-TEM
calculation.”® Furthermore, at low magnification, the energy
dispersive X-ray (EDX) mapping (in Figure 2j-I) shows the
distribution of the elements metal (pink), selenium (green), and
carbon (blue).

X-ray Photoelectron Spectroscopy (XPS) of the metal
selenides obtained from the selenization of MOFs was per-
formed to investigate both elemental analysis and chemical
binding states of the elements given in Figure 3. Figure 3a
shows the peaks of photoelectrons from the 2p energy level of
Co. Here, the energies of the photoelectrons appears as 2p;,
and 2p,, energy levels due to spin-orbit interaction.”” As a
result of the fit studies on Co peaks, the peaks at 778.55 eV and
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Figure 2. Morphologies of Co, Ni, and Fe Selenides. a-c) SEM images, d-f) HR-TEM images, g-i) SAED pattern, and j-I) mapping of electrode surfaces.

793.49 eV corresponds to Co—O bond of Co 2p;,, and Co 2p,,,
respectively,“” while the photoelectrons with binding energies
of 781.07 eV and 796.56 eV is attributed to Se—Co—Se bond of
Co 2p;;, and Co 2p,,.*® These are followed by satellite peaks
with binding energies of 786.76 eV and 802.25eV.*? In the
high-resolution Se 3d spectrum obtained from the CoSe,/C
sample (Figure 3b), photoelectrons with binding energies of
54.57 eV (Se 3d,) and 55.43 eV (Se 3d;,) are attributed to
Co—Se, whilst 55.97 eV (Se 3d;/,) and 56.83 eV(Se 3d;,,) belong
to metallic selenium.®*>? In addition, the peaks at 59.04 eV and
60.20 eV are attributed to Se—O peak and Co 3p due to surface
oxidation by air contact, respectively.">*¥ The peaks 284.39 eV,
284.78 eV and 286.43 eV obtained in the C 1s high-resolution
spectrum of CoSe,/C material are associated with sp” C=C,
sp® C—C and C—O bonds, respectively (Figure 3c).*” The sub-
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peaks at 853.04 eV and 870.31 eV binding energies were formed
after fitting the Ni 2p,, and Ni 2p,,, peaks occurred due to the
Ni—Se interaction in the NiSe/C sample (Figure 3d). The spectra
of metallic nickel, which are strikingly similar those of Ni 2p;,,
(853.04 eV) and Ni 2p,, (870.31eV), are shifted to binding
energies as high as 0.2-0.3 eV.***® Photoelectrons with energies
of 856.16 eV and 873.46 eV are explained by the Ni—O structure
formed as a result of surface oxidation similar to the CoSe,/C
sample.”” The high-resolution spectrum of Se 3d was analyzed
by fit study. Two peaks at 54.43 eV and 55.29 eV, corresponding
to Se 3d;, and Se 3d,, respectively, are attributed to the
selenium-nickel bond structure®®** The peaks with binding
energies of 56.21 eV and 57.07 eV corresponded to unreacted
metallic selenium and the peak at 59.13 eV corresponded to
SeO, (Figure 3e).*” The 284.53 eV and 284.95 eV peaks in the
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Figure 3. X-Ray Photoelectron Spectroscopy (XPS) high-resolution spectra: a, b, ) for CoSe,/C, d, e, f) Ni for NiSe/C, g, h, i) for FeSe/C composites.

high-resolution carbon spectrum of NiSe/C material are attrib-
uted to sp? C=C and sp®> C—C bonds, respectively (Figure 3f).*¥
The Fe 2p high-resolution spectrum of the XPS analysis of FeSe/
C material in Figure 3g shows the main peaks at 710.42 eV (Fe
2ps),) and 723.98 eV (Fe 2p,,,). The sub-peaks at 710.42 eV and
72440 eV are associated with the Fe’* peak in FeSe," while
the peaks at 712.45 eV and 726.07 eV are associated with Fe*"
due to surface oxidation of FeSe®™ Moreover, the Fe 2p
spectrum (712.8 and 725.8 eV) peaks overlapped with iron
carbides.™ As a result of the spectrum and fit obtained from
the high-resolution scanning study for the Se element in FeSe
material, two peaks at 54.93 eV and 55.79 eV corresponding to
Se 3d, and Se 3d,),, respectively, are attributed to the iron-
selenium bond structure (Figure 3h). Moreover, the peaks at
55.44 eV and 56.3 eV corresponded to Se 3d;, and 3d;,, peaks
of elemental selenium. The peak at 59.2 eV also indicated the
formation of a Se—O bond resulting from the interaction of
selenium with oxygen.®*®® The peak at 56.5 eV reflects the
binding energy of Fe 3p.“ The sub-peaks obtained as a result
of the fit study of the graph obtained by high-resolution
photoelectron spectroscopy scanning for the carbon element in
the iron selenide material corresponded to C=0 (288.54 eV),
C—0 (287.13 eV), C—Se (285.84 eV) and C—C (284.35 eV), respec-
tively. Finally, the peak at 282.48 eV is attributed to the Fe—C
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bond (Figure 3i).%%¥ As seen from XPS analysis of metal
selenides obtained from MOF selenization, a small amount of
unreacted metallic selenium and metal-oxygen bonds were
observed in addition to the formation of MSe phases, likely
arising from surface oxidation.

A series of electrochemical tests were performed in Na half-
cells for transition metal selenides obtained by selenization of
gallic acid frameworks. Cyclic voltammetry tests of the cells at a
scan rate of 0.1 mV/s in voltage windows from 0.01V to 3.0V
(vs. Na/Na™*) are shown in Figure 4. In the first scan, there is an
irreversible reduction peak around 0.7-0.8V and 0.3-0.4V in
the cathodic region of each material, which corresponds to the
solid electrolyte interface (SEl) layer formation and metal
selenide conversion to Na,Se and metal (Co, Fe, Ni).*” In the
following scans, each material has its own characteristic
reduction/oxidation peak regions. For CoSe,/C (Figure 4a), Na*
addition resulted in the formation of Na,CoSe, (1.4V) by Na*
insertion followed by a stepwise conversion reaction at 1.1V
and 0.6V (CoSe,+xNa" +xe  — Na,Se + Co)."*"" For the
oxidation reaction, the peak starting at 1.5V and reaching a
maximum at 1.9V belongs to the adverse desodiation process
and formation of CoSe,.”"”? Similar reduction peaks for nickel
selenide appear at 1.3V and 0.9V (Figure 4b) due to the
decomposition of NiSe to Na,Se and Ni
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(NiSe + 2Na* + 2e~ — Na,Se + Ni).*” In the oxidation region,
two peaks visible at 1.4 V and 1.8 V are attributed to the reverse
conversion of Ni to NiSe.”” Finally, in the reduction region of
Figure 4c after the first cathodic scan for FeSe, the reduction
peaks are observed at 1.7V, 1.3V, and 0.7 V, which originated
from the intermediate Na,FeSe formation, reversible SEI at the
surface, and the conversion reaction between Na,FeSe and Na (
FeSe + 2Na* + 2e~ — Na,Se + Fe). In the anodic scan, the
peaks at 1.6V are attributed to the conversion reactions from
reduced Fe to FeSe."*””

Figure 5 shows the galvanostatic cycling and C-rate per-
formances of the resulting Co, Ni, and Fe selenides. All three

metal selenides had similar electrochemical performance. The
formation of the irreversible capacity present in the initial
discharge capacities has been attributed to the electrolyte
degradation and the formation of the solid electrolyte
interface.” For the CoSe,/C, the composite obtained an initial
discharge capacity of 526 mAh/g and the initial coulombic
efficiency (ICE) was calculated as 70% (Figure 5b). For the NiSe/
C composite, the initial discharge capacity was 673 mAh/g and
in the second cycle, the discharge capacity was 457 mAh/g with
64% ICE (Figure 5e). This was the case for the FeSe/C
composite, which had an initial discharge capacity of 521 mAh/
g and decreased to a discharge capacity of 387 mAh/g,

800

a) 30 100§ ° ?
o ] o smtsuisasgoctivatoassidiogoity 100 3 ')
Z 25 g < |
] j o +Q| {80 £ E 6007 s0mag
s =
=z 2v01 i o & S 100 mAfg
g i wE B 200 100 mA
= w%%m g 400 R0 A
< o O sweiie >
g 10 “g 2
@ G G 200
S 05 CoSe,/C 2 100 CoSe,/C 20 2 &
= \ © 5 ®
0.04 P B ) ; ol o0 © ol ; . " , "
0 100 200 300 400 500 600 700 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 80
Capacity Density (mAh/g) Cycle number Cycle Number
- 700 = 800
d). YRC N — v 100> B | T)
© < 1 ¥
5 oo g sssacs Jr 1 -
e E 00l > *Ql e g Eoolg
- = 1 =3l 5 > L.
= g 4004 [ E 2 400d %100 mavg
2 @« 5 e 200 mAig 100 mAg
< 0O 3004 & 1) a 500 mA/g
@ F40 ‘5 ] SBR
=3 = E o
4] 'S 2004 . 5 200 1
5 & NiSe/C 120 2 &
- ® 100 | 5 &
O
0 © (@] 0
0 100 200 300 400 500 600 700 0 10 20 30 40 50 60 70 80 90 100 0: i6: Bo° 300 - 45 &0 -~ ied
Capacity Density (mAh/g) Cycle Number Cycle Number
700 = 800
30 s o :
8)- h) @ 00 @ | )
© £ 6004 7 e
Zz 25 L, g =
3 Esigle *Qllso £ E600q,
2 0 %400 T = 60 -g = [somag
- I w
= e Rl e R momag 1™
= 0 300 2 n TR
© 10 = 40 3 ;
o = E E.—. 100 mAig k6 mi
& S 200 S 200 mAS
== © & Qo
c 05 FESE/C o FESE/C 20 = g
- 8100 5 ®
0.0 a e 0 0 O
0 100 200 300 400 500 600 700 0 10 20 30 40 50 60 70 80 90 100 6 10 20 30 a0 5 60

Capacity Density (mAh/g)

Cycle Number

Cycle Number

Figure 5. Galvanostatic performance at 100 mA/g current density a-b) CoSe,/C, d-e) NiSe/C, and g-h) FeSe/C and C-rate performances at different current

densities ¢) CoSe,/C, f) NiSe/C, and i) FeSe/C.
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maintaining 74% ICE (Figure 5h). The discharge capacities of
each material at the end of 100 charge/discharge cycles were
315, 312, and 363 mAh/g for Co, Ni, and Fe selenides,
respectively, and maintained 73%, 68%, and 94% of the
discharge capacity of 280, 457 mAh/g and 386 mAh/g in the
second cycle. Moreover, harsh C-Rate performances were
applied to transition metal selenides and they had a capacity of
364, 272, 326 mAh/g in the 50™ cycle, which is 82%, 85%, and
98% of the 12™ cycle at the current of 100 mAh/g for CoSe,/C,
NiSe/C and FeSe/C, respectively (Figure 5¢, f, and i). The cells
were also tested at higher current density (i.e. 50 mA/g for the
first cycle and continued with 500 mA/g) (Figure S5). When
comparing the electrode materials (CoSe,/C, NiSe/C, and FeSe/
C), no striking performance difference was observed at the
lower current density, while some discrepancies were noted at
a higher rate, which may be due to differences in the ionic/
electronic conductivity, ionic potential and carbon ratios of the
composites. For instance, carbon formed by the decomposition
of the organic linker was obtained at 600 °C, that may result in
low electronic conductivity. The CoSe,/C composite, which has
the lowest amount of carbon among the three samples at
9wt%, may have the optimum ratio to provide sufficient
suppression for volume expansion and not further limit electron
percolation.

Electrochemical impedance spectroscopy tests were per-
formed at 5 mV amplitude and between 100 kHz and 10 mHz
frequencies before and after galvanostatic battery performance
at different current densities (Figure S6). The EIS analyses were
fit by applying Biologic ZFit based on the equivalent resistance
given in Figure S6g. In the Nyquist plot, R1(Rs) obtained at high
frequency represents the ohmic resistance of the electrolyte
and cell components, the flattened semicircle obtained at high-
mid frequency represents the charge transfer resistance Rct=
R2]Q1 and the solid electrolyte interfacial resistance Rg;=R3 ||
Q2, while the sloping line formed as a straight tail at low-
frequency values represents the Warburg component (o)
associated with the diffusion of sodium ions within the active
material.”” The total resistances calculated from the fit data for
CoSe,/C, NiSe/C, and FeSe/C materials are 508.8 Ohms,
601.7 Ohms, and 339.8 Ohms for fresh cells, respectively, while
the total resistances obtained after the C-rate test are
479 Ohms, 867.5 Ohms, and 620 Ohms, respectively. The
changes in resistances after cycling can also be accounted for
by modifications in the electrode surface. As seen in the SEM
images (Figure S7), selenide-based anode materials with narrow
cracks on the fresh cell surfaces became wider after the C-rate
performance due to volume expansion.

The galvanostatic intermittent titration technique (GITT) was
also used to evaluate the diffusion kinetics of sodium ions in
transition metal selenides. Figure 6 shows the GITT curve during
a complete discharge/charge process with 20 min galvanostatic
discharge/charge and 2 h open circuit rest at a current density
of 50 mA/g, and the diffusion coefficient of Na* ions was
calculated by the equation 2, where t is the duration of the
current pulse (s), nm is the number of moles of the active
material, n,, active material mole, V,, is the electrode molar
volume (cm®/mol), S is the electrode surface area (cm?), AE; is

ChemElectroChem 2024, €202400385 (7 of 10)

the steady-state potential of the current pulse (V), AE, is the
potential change during the constant current pulse after
eliminating the iR drop (V) and AE, is steady-state voltage
change before and after the current pulse..””

b 4 (n,V,\?(4EN?
v =27\"s ) \ZE, (2)

According to the GITT profiles, the calculated D,,, for
CoSe,/C material was between 1.3x107"°cm?s and
2.8x10°cm%s  (discharge) (Figure6c) and  between
8.3x10 " cm¥s and 1.7x10°% cm?/s (charge) (Figure 6d). The
Dya. calculated from the GITT profile of the NiSe/C half-cell is
approximately 8.0x107"°cm?%s to 4.7x10°®cm?s (discharge,
Figure 6g) and 2.1x1077 cm?/s to 9.1x107% cm?/s during charge
(Figure 6h). The sodium diffusion coefficient calculated for
FeSe/C has a fluctuating trend between 2.6x107'°cm?/s and
2.4x10°° cm?/s (Figure 6k) upon discharge while 3.9x10° "' cm?/s
and 5.1x10°° cm?/s at charging (Figure 6l). There are noticeable
fluctuations in Dy, as a function of the voltage profiles of each
material. The diffusion coefficient is minimum at 1.4V, 1.1V,
and 0.8V during discharge and at 1.8V and 1.9V during
charging, which is around the voltages at which the phase
transformation of CoSe, occurs.”®”® This is similar to the Dy,
values of NiSe and FeSe materials in the discharge process.
Moreover, the diffusion coefficient calculated from the GITT
method is generally higher than D,, calculated from EIS
method, due to the different equilibrium conditions.” Similar
results have been encountered in studies in the literature given
in Table S1.

Some transition metal selenides applied as Na-ion anode
materials in the literature and their general information are
given in Table S2. Their electrochemical performances obtained
in this study are presented comparatively. By selenization of
MOFs, metal selenide/carbon composites are formed in a single
step by both metal selenization and carbonization of organic
ligands. This method can shorten the reaction time compared
to others and facilitate the homogeneous distribution of the
formed metal selenides in the carbon network, thus forming
the three-dimensional hierarchical structure of the carbon/
active material composites. Although the results of this study
are in line with the literature, it differs from other studies in
terms of using gallic acid, which is environmentally friendly and
can be obtained from natural products, as an organic ligand.

3. Conclusions

This work commenced with a one-step and facile selenization
of gallic acid-based metal organic frameworks (Co, Ni, Fe),
where the ligand is eco-friendly and produced from biomass.
Through simultaneous selenization and carbonization under
heat treatment, crystalline CoSe,/C, NiSe/C, and FeSe/C compo-
site materials containing abundant porous amorphous carbon
capsules as well as small amounts of unreacted Se were
obtained. Electrode resistivity was calculated by electrochemical
impedance spectroscopy (EIS) and Na-ion diffusion coefficients
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Figure 6. GITT profiles during initial charge and discharge a-b) CoSe,/C, e—-f) NiSe/C, and i-j) FeSe/C. Na* diffusion coefficient distribution corresponding to a

typical charge and discharge curve c-d) CoSe,/C, g-h) NiSe and k-I) FeSe.

were calculated by the GITT technique. Reversible capacity
densities of 315 mAh/g (CoSe,), 312 mAh/g (NiSe) and
363 mAh/g (FeSe) were obtained from galvanostatic cycles at a
current density of 100 mA/g in the production of sodium ion
battery anode materials where carbon encapsulation helps to
maintain sustained capacity, and it is emphasized that the MOF-

ChemeElectroChem 2024, 202400385 (8 of 10)

oriented approach promises in the synthesis of electro-active
materials.
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Transition metal (Co, Ni, and Fe)
selenides are obtained from one-step
selenization of gallic acid-based
metal-organic frameworks (MOFs).
The resulting nanomaterials are
employed as sodium-ion battery
anodes with encouraging results.
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