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Abstract 

Due to their remarkable properties, including remarkable porosity and extensive surface area, 

Metal–organic frameworks (MOFs) are being investigated for various applications. Herein, we 

report the first Co(II)-based mixed ligand MOF, formulated Co4(HTrz)2(D-cam)2.5(μ-OH)3. Its 

3D structure framework is composed of helical chains {[Co4(μ3-HTrz)4]8+}n connected by D-

camphorate ligand building blocks and featured as an extended structure in AB-AB fashion.  

The investigated compound displays a wide absorption range across the visible spectrum, 

characterized by an optical gap energy of 3.7 eV, indicating its semiconducting nature and 

efficient sunlight absorption capabilities across various wavelengths. The electrochemical 

performance demonstrated an excellent reversibility, cyclability, structural stability, as well as 

a specific capacity of up to100 cycles at a scan rate of 0.1 mV. s−1 and a current density of 50 

mA. g−1. Thus, showcasing its ability to retain the capacity over numerous charge-discharge 

cycles. Additionally, the investigated sample displayed impressive rate capability during the 

Li-ion charge/discharge process. Therefore, the material's remarkable electrochemical 

properties can be ascribed to the synergistic effects of its large specific surface area of 348.294 

m². g-1 and well-defined pore size distribution of 20.448 Å, making it a promising candidate for 

high-performance Li-ion batteries. 

KEYWORDS: Metal−organic framework (MOF), porous structure, optical analysis, cathode 

material, lithium-ion batteries, BET surface analysis. 
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Introduction 

The growing worldwide need for energy coupled with the depletion of the remaining reserves 

of fossil fuels has sparked numerous efforts toward developing sustainable energy alternatives. 

Electrical energy storage (EES) has been identified as one of the most promising technologies 

to produce fuels in a clean, efficient, and cost-effective manner 1-4. Due to their long lifespan, 

excellent cycling stability, and environmental friendliness, Lithium-Ion Batteries (LIBs) are 

one of the EES technologies that are being developed to fulfill the increasing demand for 

sustainable energy. However, an in-depth investigation has demonstrated that the electrode 

materials play a crucial role in the performance of lithium-based batteries. Finding appropriate 

electrode materials with high electronic conductivity, a large specific surface area, high 

efficiency, and great electrochemical performance is the major challenge towards developing 

efficient LIBs storage systems. 5-13. Currently, several materials have been investigated as LIB 

electrodes, including metal oxide 14-18, graphene 19-21, carbon nanotubes 22-24, and so on. Due to 

their superior electrical conductivity and large pore volume, these materials are considered as a 

good electrodes or support materials for lithium-based batteries. Their comparatively low cycle 

life and rate capacity, however, have prevented them from meeting the growing market demand. 

Particularly, metal-organic frameworks (MOFs) have garnered considerable interest as 

potential electrode materials for lithium-ion rechargeable batteries (LIBs). Porous MOFs are 

formed through the self-assembly of metal nodes and clusters connected by organic ligands, 

marking them a promising electrode materials for LIBs. Owing to their good chemical stability, 

significant surface area, and ultrahigh porosity, they benefit from the assemblage of metal 

clusters and organic ligands, making them an ideal electrode candidate. Additionally, porous 

MOF materials exhibit several benefits when exploited as electrodes in lithium-based batteries 

25-30  : (i) Their porous structure allows for the penetration of electrolytes ; (ii) their tunable 

surface and structure are exploited to optimize their performance ; (iii) their highly flexible 

components assure the incorporation of electro-active sites 31-33. In 2006, L. Xiaoxia and 

colleagues investigated the first Zn-MIL-177- MOF anode materials with the general formula 

Zn4O(C9H6O6)2 
34 for rechargeable lithium-ion batteries. However, due to its poor cycling 

stability, the electrochemical performance of MOF-177 for Li-ion storage was insufficient. 

Since then, additional experimental research of porous MOF electrode materials has been 

reported. The Co2(OH)2BDC MOF 35 material synthesized by G. Lei’s group demonstrated 

good reversible capacity of 650 mAh. g–1 along with an impressive cyclic stability at a current 

density of 50 mA. g–1. Yamada’s group also investigated a porous organometallic material, 
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namely MIL-101(Fe) 36, that demonstrated impressive lithium storage performance, a good 

charge-discharge capacitance with a rate performance of 110 mAh. g−1 and excellent cycling 

stability upon 100 cycles. The Mn (tfbdc) (4,4′-bpy) (H2O)2 37 porous complex exhibited a 

remarkable storage capacity of lithium ions of 390 mAh. g–1 over 50 cycles. Recently, in 2022, 

J. Geng and co-workers synthesized a novel 2D MOF with the formula Fe-TABQ (TABQ: 

tetra-amino-benzoquinone) 38 that delivers over 95% capacity retention after 200 cycles. Aside 

from these fascinating electrochemical characteristics, these MOFs materials have exhibited 

compelling optical and magnetic properties, expanding the range of their potential applications, 

especially in light LED and Solar cells. 

In the present study, we report a new 3-D Co(II)-MOF constructed from D-camphoric acid and 

N-donor 1H-1,2,4-triazole as an auxiliary ligand, namely, Co4(HTrz)2(D-cam)2.5(μ-OH)3, as an 

active cathode material for lithium-ion storage. The crystal structure characteristics, thermal, 

spectroscopic, optical analyses were studied. Furthermore, the synthesized Co(II)-based MOF 

was electrochemically evaluated to investigate its charge-discharge capacity, stability and rate 

performance during the lithium-ion insertion and extraction processes.  

II. EXPERIMENTAL SECTION 

II. 1. Synthesis of Co4(HTrz)2(D-cam)2.5(μ-OH)3 MOF 

The chemical reagents, including cobalt (II) nitrate hexahydrate (Co(NO3)2.6H2O, 98%), 1,2,4-

triazole (C2H3N3, 98%), and (1R,3S)-(+)-Camphoric acid (C10H16O4, 99%), have been 

purchased from Sigma-Aldrich and were utilized without any additional purification. 

After screening various chemical reaction parameters of the hydrothermal conditions, such as 

time (e.g. 2, 3, 5 days), temperature (e.g.120, 140, 160 °C), pH, solvent (e.g. ethanol, water, 

methanol, DMF), counter-anion of the metal (NO3
2-, Cl-, ClO4

-) and molar ration (e.g.1:1:1, 

0.5:1:1), purple needle-shaped crystals were collected according to the following synthesis: An 

aqueous solution of Co(NO3)2.6H2O(29 mg, 1 mmol) was added gradually to an ethanolic 

solution D-camphoric acid (15 mg, 0.75 mmol) and HTrz (48 mg, 0.75 mmol) with stirring. 

The obtained solution of the ternary mixture was neutralized using 0.1 mol L-1 KOH, transferred 

to a stainless-steel autoclave, and then heated to 160°C for 5 days. The resulting crystals were 

thoroughly washed with water and allowed to air-dry at ambient temperature. 

The scanning electron microscopy (SEM) image reveals that Co-MOF particles exhibit needle-

shaped morphology (Fig S1). 
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II. 2. Chemical characterizations 

Using a polarizing microscope, an appropriate crystal of Co-MOF had been carefully selected, 

and mounted on a Bruker Kappa APEX II diffractometer using Mo-K radiation, intensity data 

were gathered within the range 1.3°≤ θ ≤ 27.5°. A total of 45830 reflections were recorded, 

among which 7030 had an intensity of I > 2 σ(I).  

The crystal structure was determined in the triclinic system, adopting the centrosymmetric 

space group P-1. Metallic cobalt atoms were determined using the Patterson method, 

implemented in the SHELXS-97 program 39 included in the WINGX software 40. The remaining 

atoms, including carbon, oxygen, and nitrogen, were identified through successive Fourier 

calculations and refined in the concluding cycles with anisotropic thermal parameters using the 

SHELXL-2018 program 41. Hydrogen atom positions were calculated using a riding model, 

with N–H = 0.89 Å and C–H = 0.93 Å. Following multiple refinements, the final reliability 

factors were determined as R1 = 0.068 and wR2 = 0.179. Packing diagrams were drown using 

the Diamond 4.6 program 42 

Table S1 gathers all the crystallographic characteristics and structure refinement details of the 

complex. Atomic positional parameters as well as anisotropic factors (Ueq/ Uiso) are listed in 

Tables S2 and S3, respectively. Inter-atomic distances and bond angles are depicted in Table 

S4. 

BET measurement of nitrogen adsorption isotherms measured at 77 K was carried out using the 

ASAP 2020 Micrometrics Surface Area and Porosity Analyzer. The title compound was pre-

treated under vacuum for 4 hours at 120°C in order to remove any guest molecules before the 

BET analysis. 

Thermogravimetric analysis was carried out by heating 3.2 mg of powdered sample in air at 

temperatures ranging from 30.00 to 450.00 °C at a rate of 10.00 °C min-1. 

FT-Infrared analysis were performed at room temperature using a Perkin-Elmer FT-IR in the 

frequency range of 400-4000 cm-1. The Co-MOF was pressed into pellets after dilution in KBr. 

II. 3. Optical measurements  

Diffuse reflectance measurements were performed on polycrystalline powder samples under 

ambient conditions. These measurements covered a wavelength range of 250 to 1100 nm and 

were conducted using a PerkinElmer Lambda 750 UV/VIS/NIR spectrometer. 
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II. 4. Electrochemical measurements 

The different cathodes have been fabricated from a mixture of Co(II)-based MOF, acetylene 

black, and PVDF in N-methyl-2-pyrrolidone (NMP) solvent. The slurry was thoroughly mixed 

by sonication and then coated onto aluminum foil using the doctor-blading method. The coated 

electrodes were dried in vacuum at 120 °C for 12 hours, followed by cutting into small disks. 

The mass loading of the active materials was approximately 2.1 mg per electrode. To enhance 

the electrical contact between the aluminum foil and active material, the electrodes were pressed 

after drying. After optimizing the cathode material, coin-type cells (CR2032) were assembled 

in an argon-filled glove box. Li foils served as the anodes, while a microporous polyethylene 

film acted as the separator. The electrolyte solution was prepared with 1 M LiPF6 in a mixture 

of ethylene carbonate (EC), diethylene carbonate (DEC), and dimethyl carbonate (DMC) in a 

volume ratio of 1:1:1. 

Galvanostatic charge-discharge experiments were conducted on all cells using a Neware multi-

channel battery system with different current densities. These tests were performed in the 

voltage range of 3.0-1.0 V. Cyclic voltammetry analysis was carried out using a BioLogic 

SP150, exploring the potential range from 1.0 to 3.0 V. 

III. RESULTS AND DISCUSSION 

III. 1. Crystal structure description   

  The SCXRD investigation revealed that the Co(II)-based material is composed of a neutral 

tetra-nuclear complex which crystallizes in the triclinic system and adopts the centrosymmetric 

space group P-1 and features a unique porous 3-D structure. As reported in Figure 1.a, the 

asymmetric unit is composed of four divalent cobalt atoms, two and a half of deprotonated D-

Cam ligands, two fully deprotonated HTrz ligands, three coordinated hydroxide anions and one 

guest of nitrate anion (µ1-NO3). It is noteworthy to note that all atoms full a general position 

and a Wyckoff site (2i). As depicted in Figure 1.b, four Co(II) sites exhibit two different 

coordination geometries. In fact, cobalt atoms Co1 and Co2 are six-coordinated in an {N2O4} 

environment. Within the Co1 polyhedral, the equatorial plane is composed of two donor 

nitrogen atoms from different HTrz ligands and two oxygen atoms from different D-cam 

ligands, while the axial plane is formed from two oxygen atoms derived from different hydroxyl 

anions. For the Co2(II) center, the equatorial plane is filled with one nitrogen atom derived from 

the HTrz ligand, one carboxylate oxygen atom, one oxygen atom derived from the hydroxyl 

anion, and one oxygen atom derived from the nitrate group. The additional nitrogen and oxygen 
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atoms from different HTrz and D-cam ligands are situated in the axial sites. The Co1/CO2 -N 

bond distances are ranging from 2.073 (7) to 2.144 (7), and the Co1/Co2 -O bond lengths range 

from 2.034 (5) to 2.242 (8), resulting in distorted octahedral geometry and typical axial 

elongation. This phenomenon can be attributed to the Jahn-Teller effect. The computed average 

values of the distortion indices are  IDd(M– L) = 0.038 and 0.045, respectively, for Co1 and Co2 

octahedral (IDd = ∑ቀ ቚୢ୧ିୢ୫
୬.ୢ୫

ቚቁ  ሺeq. 1ሻሻ, where ; di is the metal-ligand bond length). Cobalt 

atoms Co3 and Co4 are penta-coordinated in {NO4} environments.  

 

Figure 1. (a) Asymmetric unit of the MOF Co4(HTrz)2(D-cam)2.5(μ-OH)3, for more clarity, 
the hydrogen atoms have been omitted, (b) Coordination sphere of cobalt centers. 

The Addison trigonality factors τ calculated for the cobalt atoms Co3 (II) and Co4 (II) using the 

equation τ = (β – α)/ 60 (eq.2) are 0.2888 and 0.54785 Å, respectively. Such results indicate 

that the Co3(II) atom adopts distorted square pyramidal geometry, whereas, the Co4(II) atom 

adopts an intermediate geometry between the square pyramidal and trigonal bipyramid 

configurations. Within these polyhedral, one HTrz nitrogen atom (N4 and N2, respectively, for 

Co3 and Co4 atoms) comprises the apical positions, while two carboxylate oxygen atoms 

deriving from different deprotonated D-cam ligands and two oxygen atoms from hydroxyl 

anions fill the basal planes. The Co3/Co4–O and Co3/Co4–N bond lengths vary between 1.983 

(5)-1.989 (5) Å and 2.051 (7), 2.052 (7) Å, respectively. These bond distances are close to those 

previously reported for Co(II)-based complexes 42-47. While investigating bond angles, attention 

should be drawn to the intermetallic distances. In fact, dCo1…Co4 and dCo2…Co3 are of the order of 

3.415 Å and 3.219 Å (Fig. 1.b) and Co1-O1-Co4 and Co2-O8-Co3 bridging angles are 105(3)° 

and 116.4(1)°, respectively, which may reflect interesting magnetic properties. Each HTrz ring 

exhibits μ3:η1:η1:η1 binding fashion, bridging three cobalt sites through its N1, N2 and N4 donor 
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groups 48-51and generating infinite double left-right handed helical chains occurring along the 

[010] direction (Fig. 2). Additionally, the D-cam adopts μ4–η1:η1:η1:η1 and μ2–η1:η1 binding 

modes, bridging a pair of Co(II) atoms via its carboxylate groups. These latter units are arranged 

in an AB-AB fashion and further interconnect the HTrz double-helix to generate an overall 3-

D helical network with the nearest inter-helix distance of 9.38Å.  

 

Figure 2.  Atomic arrangement of the title complex along the (a, b) plane with representation 
of the α- β helix.  

From a topological approach, each D-cam and HTrz ligand links three cobalt centers that can 

be considered as three-connecting nodes. Thus, the 3-D framework results in an unprecedented 

trinodal (4,3)-connected topology and a Schläfli symbol of (31241856) (3941653) 52,53.  As 

presented in Figure 3, the pore size of the spheres is of the order of 12.750 Å. 

Since the unit cell volume of the hole frameworks is of the order of 2033.1 Å3, the void volume 

accessible for different guest species evaluated using the PLATON SQUEEZE program 

corresponds to a potential porosity of 27.5% (558.7 Å3).  
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Figure 3. 3-D structure of the porous complex, where orange spheres presents the void 
accessible volume. 

III.2. BET analysis  

Nitrogen adsorption and desorption measurements at 77 K were performed to characterize the 

specific surface area and pore size of the activated Co-MOF. The results demonstrated a large 

specific BET surface area of 348.294 m² g-1 and a total pore size of 20.448 Å. These exceptional 

characteristics are significantly superior to those reported for other MOF systems, suggesting 

that the activated Co-MOF holds great potential for energy storage applications. In addition, 

according to the N2 isotherm, we note that the desorption curves do not overlap with the 

adsorption curve, revealing a type IV isotherm and indicating the microporous size distribution. 

Figure 4 illustrates the N2 Adsorption/Desorption isotherm of the porous MOF. 
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Figure 4. Adsorption/Desorption isotherm of azote at 77 K of the Co(II)-based title complex.  

III. 3. Thermal stability and FT-IR Spectroscopy 

The TGA curve for the Co-based MOF (Fig. S2) revealed a two-step decomposition process. 

The initial weight loss between 71 and 101.08°C, accounting for 2.8% of the original mass, is 

attributed to the release of hydroxyl ions from the material. Subsequently, a more significant 

weight loss occurs between 118.3°C and 430°C, representing the decomposition of the structure 

network and the formation of CoO as a final residue. 

Figure S3 illustrates the FT-IR spectrum recorded at room temperature. Band assignments are 

determined by examining previously reported similar complexes 35-39,45,46. The observed weak 

band at 3630 cm-1 is assigned to the stretching vibration of the hydroxide ligand and N–H 

stretching. The two broad bonds observed at 2930 and 2880 cm-1 are assigned to the C-H 

vibration of HTrz 50-52 and D-camp ligands, respectively. In addition, symmetric and 

asymmetric C=O stretching peaks of the D-camp ligand appear at around 1680 cm-1. The 

characteristic bond at 1560 cm-1 is ascribed to the δ (NH2) bending mode. Medium-intensity 

peaks observed in the range of 1530-1480 cm-1 are assigned to the asymmetric and symmetric 

deformation of the C-C 54-57 bond within the D-camp group. A series of sharp, medium peaks 

ranging from 1390 to 670 cm-1 are ascribed to the vibration modes of the aromatic HTrz 

skeleton. The Co-O bending mode gives rise in the IR spectrum to a medium bond at around 

470 cm-1 58. 
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III. 4. Optical investigation 

Solid-state room-temperature diffuse reflectance measurements were carried out over a 

250−800 nm range. The data was converted to absorption spectra using the Kubelka-Munk 

(K.M) remission function 53,58:  

F (R) = α/S =((1-R)2)/2R.           (eq.4) 

 Where; S: the scattering coefficient, α: the absorption coefficient, and R: the complex's 

reflectance. 

Figure 5. a shows the normalized reflectance spectrum of the Co-MOF measured at room 

temperature. The spectrum reveals an intense absorption band in the UV region around 304 nm 

(4.07 eV) and a shoulder one around 402 nm (3.04 eV). These bands are associated with the π-

π* or n-π* transitions of the HTrz aromatic ligand and to the transition from BV to BC of the 

inorganic excitons confined within the Co(II)-based polyhedron, respectively. The 

deconvolution of the normalized reflectance spectrum (Fig 5. b) in the spectral region between 

450 and 750 nm reveals the presence of one shoulder at 539 nm (2.3 eV) followed by two 

Gaussian shaped peaks at 576 nm (2.15 eV) and 633 nm (1.9 eV). These bonds are associated 

with the d-d electronic transitions within the Co2+ ions. According to the Tanabe-Sugano 

diagram, three spin allowed peaks are anticipated. The first bond at 539 nm is the transition 

from the 4A2 (F) ground term to the 4T2(F), the second bond at around 576 nm corresponds to 

the transitions from 4A2(F) ground term to the 4T1(F), and the last bond at 633 nm corresponds 

to the transition from the 4 A2(F) ground term 4T1(P) 52-60.  

 

 

Figure 5. (a) The normalized reflectance spectrum F(R) of the Co (II)-MOF measured at room 
temperature, (b) The deconvolution of the normalized reflectance spectrum between 450-750 
nm. 
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The optical gap energy of the complex is calculated from the following equation 61,62:  

            [F(R) hν] = A (hν - Eg)n                       (eq.5) 

Where; h and ν represent the Planck constant and photon frequency, A is a constant unrelated 

to energy, Eg is the optical band gap, and n is a constant defining the nature of optical 

transitions. In the case of a direct transition (n = 1/2), the energy associated with the direct gap 

is designated as Egd. In contract, for an indirect transition (n = 2), the energy corresponding to 

the indirect gap is referred to as Egin. 

Figure 6. a, b depict the variation of (F(R)hν)² and (F(R)hν)¹/² versus energy (hν). The 

determination of direct and indirect gap energies involved extrapolating the linear portion of 

the curve to the x-axis. The calculated values for Eg(d) and Eg(in) are approximately 2.7 eV 

and 3.7 eV, respectively. 

The slope obtained from the Ln F(R)hν versus Ln(hν-Eg) plot in Figure 6. c, d yields a value 

of n equal to 2, confirming an indirect transition. Therefore, the optical gap energy value allows 

us to classify the studied porous MOF as a semiconductor and confirms that it is a good 

candidate for interesting photo-active devices 52-62. 
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Figure 6. The variation of (a) (F(R) hν)2 and (b) (F(R) hν) 1/2 as a function of the energy (hν), 
(c) The variation of Ln(F(R) hν versus Ln(hν-Eg), (d) Energy diagram of the solid-sate optical 
absorption mechanism of the investigated Co-MOF. 

III. 5. Electrochemical study 

For a deep investigation of the electrochemical performance of the new compound-based MOF 

as cathodes in LIBs, coin cell 2032 type of Co4(HTrz)2(D-cam)2.5(μ-OH)3 against lithium metal 

electrode was constructed and operated using cyclic voltammetry (CV) and galvanostatic 

charge/discharge (GCD) technique within a voltage range spanning 1.0 to 3.0 V. Figure 7 

reveals the relative cyclic voltammograms (CVs) of the Co4(HTrz)2(D-cam)2.5(μ-OH)3 

electrode cycled at a scan rate of 0.1 mV s−1 within the potential window of 1.0–3.0 V. The 

analysis of cyclic voltammograms (CVs) for the composite material as a cathode reveals 

multiple cathodic and anodic peaks, indicative of various lithium ion intercalation and de-

intercalation processes within the cathode, respectively. The voltammograms exhibit a 

significant current wave upon reduction, which consists of three main cathodic peaks at 2.77 
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V, 2.26 V, and 1.53 V. These laters are attributed to the distinct phase transformation from 

Co4(HTrz)2(D-cam)2.5(μ-OH)3 to LixCo4(HTrz)2(D-cam)2.5(μ-OH)3. 

 

Figure 7. Cyclic voltammetry (CV) profiles for Co4(HTrz)2(D-cam)2.5(μ-OH)3 were obtained 
at a scan rate of 0.1 mVs−1 within the voltage range from 1 V to 3 V (vs Li+/Li). 
 

We noticed that during the oxidation process, three distinct anodic peaks were identified. The 

peaks observed at 1.57 V, 2.03 V, and 2.51 V are attributed to the de-intercalation of Li+ ions. 

These peaks correspond to the reverse phase transformations from LixCo4(HTrz)2(D-cam)2.5(μ-

OH)3 to Co4(HTrz)2(D-cam)2.5(μ-OH)3 respectively. The remarkable performance of new cobalt 

(II) complex-based MOF cathode is attributed to several factors: (i) the highly porous material 

with pore diameters about 100 nm which facilitates the insertion/extraction of the lithium, (ii) 

the material's important specific surface area and enhanced conductivity, (iii) the nanostructure 

aspect of the Co4(HTrz)2(D-cam)2.5(μ-OH)3 powder which contributed to the highly reactive 

surface. The electrochemical performance of Co4(HTrz)2(D-cam)2.5(μ-OH)3 as a cathode 

material for Lithium-ion Batteries (LIBs) was evaluated through galvanostatic charge-discharge 

measurements. In Figure 8, the overlap of galvanostatic discharge (Li+ insertion) and charge 

(Li+ extraction) voltage profiles is depicted for Co4(HTrz)2(D-cam)2.5(μ-OH)3-based batterie 

cathode material, operated at a current density of 50 mAꞏg⁻¹ within the voltage range of 3.5 to 

1.5 V vs. Li+/Li. Based on the following figure, it is evident that the MOF cathode exhibits 

higher electroactivity, as associated with a higher initial discharge capacity of 301 mAhꞏg⁻¹. 
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Figure 8. Galvanostatic charge-discharge curves of Co4(HTrz)2(D-cam)2.5(μ-OH)3 MOF at 
different cycles. 
 
In order to evaluate the Co4(HTrz)2(D-cam)2.5(μ-OH)3 cathode's stability and durability in terms 

of specific capacity, extended cycle experiments are conducted at a constant current density of 

50 mA g-1 between 3.0 and 1.0 V vs. Li+/Li (Fig. 9). In terms of specific capacity, the repetitive 

cycling demonstrated good cyclability and stability for up to 100 cycles. Nevertheless, a 

discharge capacity of 267 mAh.g-1 is delivered for this new cathode at the 1000th cycle, which 

is an 11% reduction from the initial capacity of 301 mAh.g-1. The process’ reversibility is 

depicted through Coulombic efficiency, defined as the ratio of Qred (the quantity of charge 

during reduction) to Qox (the quantity of charge during oxidation): Qred/Qox, maintaining close 

proximity to 99% (Fig. 9). This signifies that all the lithium-ion intercalation into the cathode 

complex during the reduction process is completely expelled after the oxidation of the electrode 

as well as a complete reversibility in the Li+ intercalation/de-intercalation under these 

conditions. 
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Figure 9. Specific capacity and coulombic efficiency evolution of Co4(HTrz)2(D-cam)2.5(μ-
OH)3 cathode with the number of cycles. 
 

For an in-depth exploration of their rate performances, various current densities ranging from 

50 to 300 mA/g were applied to assess the cathode cobalt complex, as depicted in Figure 10.  

At current densities of 50, 100, 200, and 300 mA/g, the Co4(HTrz)2(D-cam)2.5(μ-OH)3 cathode 

MOF demonstrates discharge capacities of 301, 260, 230, and 199 mAh/g, respectively. 

Importantly, a stable discharge capacity of 301 mAh/g is recoverable when the current density 

is returned to 50 mA/g, indicating the robust structural stability of the investigated sample after 

a high-rate discharge and charge cycles. 

 

Figure 10. Rate capabilities of Co4(HTrz)2(D-cam)2.5(μ-OH)3 composite cathode at various 
current densities. 
 
To gain deeper insights into the electrode reaction kinetics of the Co4(HTrz)2(D-cam)2.5(μ-OH)3 

composite cathode MOF, Electrochemical impedance spectroscopy (EIS) analysis were 

conducted over a wide frequency range from 0.1 Hz to 100 kHz. It is to be noticed that EIS is 

a useful technique for evaluating the electrode sample's impedance response and the diffusion 
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coefficient of Li+ ions. The electrochemical impedance spectroscopy plots of the Co4(HTrz)2(D-

cam)2.5(μ-OH)3 cathode material are depicted in Figure 11. a. It is to be noticed that the plots 

were gathered during the discharge step, using an open-circuit potential. it is evident the Nyquist 

plots feature a minor intercept in the high-frequency region, two curved sections that partially 

overlap in the high- and medium-frequency ranges, as well as a linear segment in the low-

frequency region. Additionally, the inset of this figure illustrates the equivalent circuit 

employed for acquiring the electrochemical impedance spectrum data. In this case, Rs denotes 

the collective resistance of the electrolyte, separator, and electrode. Rct represents the charge 

transfer resistance, while ZW accounts for the Warburg impedance, associated with the solid-

state diffusion of ions in the active material and reflected in the sloping line observed in the 

low-frequency region. CPE signifies the capacitance arising from ion transfer within the active 

material. 

 

Figure 11. (a) The Nyquist plots, with the corresponding inset showcasing the fitted equivalent 
circuit model, including Rs (ohmic resistance of solution and electrodes), Rct (charge transfer 
resistance), CPE (double-layer capacitance), and Zw (Warburg impedance). (b) Variation of 
Zreal aas a function of w-1/2 of the Co4(HTrz)2(D-cam)2.5(μ-OH)3 composite cathode. 
  

The obtained fitting parameters reveal that the charge transfer resistance (Rct) for the 

Co4(HTrz)2(D-cam)2.5(μ-OH)3 composite cathode is 46.5 Ω. The estimation of the apparent 

diffusion coefficient of Li+ ions (DLi+) can be derived from the low-frequency regions of the 

plots using the following two equations: 

DLi+= R2T2 /2S2n4F4C2𝛔2                               (eq.6) 

Z’= Rs +Rct+𝛔w w -1/2                                     (eq.7) 
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where R is the gas constant, T stands for the absolute temperature, S is attributed to the surface 

area of the electrode, n represents the number of electrons per molecule during oxidation, F is 

the Faraday constant, C is the concentration of Li+, and σ is the Warburg impedance factor, 

which can be obtained by eq 1. Based on the slopes of the linear relationship between Z′ and 

ω−1/2 in the low frequency region displayed in Figure 11. b, the DLi+ of Co4(HTrz)2(D-

cam)2.5(μ-OH)3 composite cathode composite was 3.75 x10-10 cm2.s-1.  

In the given equations, R represents the gas constant, S is associated with the surface area of 

the electrode, T denotes the absolute temperature, n signifies the number of electrons per 

molecule during oxidation, F is the Faraday constant, C is the concentration of Li+, and σ is the 

Warburg impedance factor. It is to be noticed that the value of σ can be determined using 

equation 1. By analyzing the slopes of the linear relationship between Z′ and ω−1/2 in the low-

frequency region, as illustrated in Figure 11. b, the calculated DLi+ of Co4(HTrz)2(D-cam)2.5(μ-

OH)3 composite cathode was found to be 3.75 x10-10 cm2.s-1. 

IV. CONCLUSION 

In summary, a novel tetra-nuclear mixed-ligand Co(II)-based MOF has been synthesized under 

hydrothermal conditions and fully characterized through several techniques. The SCXRD study 

reveals an overall 3-D porous helical network. The topological analysis of this porous MOF 

yields an unprecedented (4,3)-connected topology and a point symbol of (31241856) (3941653) 

based upon tetra-nuclear Co(II) clusters. The potential void space and large specific surface 

area were confirmed through the nitrogen adsorption/desorption isotherm measured at 77 K. 

Furthermore, the value of the gap energy was found to be 3.7 eV, suggesting the semi-

conducting nature of the Co(II)-based material. When tested as cathode material, the Co-MOF 

exhibited significant electro-activity, demonstrating a high initial discharge capacity of 301 

mAhꞏg⁻¹ at a current density of 50 mAꞏg⁻¹ within the voltage range of 3.5 to 1.5 V vs. Li+/Li. 

Impressively, over 100 cycles, the material displayed high stability and cyclability regarding 

the specific capacity under a current density of 50 mAꞏg⁻¹, with a reversibility close to 99%. 

These results suggest that the current investigation lays the groundwork for designing novel 

porous MOF materials that could serve as promising candidates for rechargeable Lithium-ion 

Batteries (LIBs). Furthermore, it expands the scope of such materials for applications in the 

development of clean and renewable solar cells and the production of new electromagnetic 

devices. 
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Highlights 
 

 A new Co(II)-based MOF was synthesized through hydrothermal conditions using D-camphoric 

acid and N-donnor HTrz ligands. 

 Crystal packing consists of an unusual periodic double left-right handed helical crystal and 

featured as an extended 3D porous framework. 

 Potential void space and large specific surface area have been proved through the nitrogen 

adsorption/desorption isotherm. 

 The electrochemical analysis demonstrated an excellent reversibility, cyclability, and structural 

stability in terms of specific capacity. 
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The synthesized porous mixed-ligand Co-MOF exhibits exceptional electrochemical 

performance with high initial discharge capacity, stability, and cyclability, achieving a 

reversibility of nearly 99%. The material's extensive surface area and porosity make it a 

promising candidate for environmentally friendly rechargeable lithium-ion batteries, opening 

avenues for the design of novel porous MOF materials. 
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