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Abstract

In this work a facile microwave-assisted synthesis of a platelet-like cobalt-based metal-organic
framework (MOF) material is presented. This material was synthesized from cobalt(ll)
acetylacetonate and biphenyl-4,4'-dicarboxylic acid (Bpdc) in N,N’-dimethylformamide at
160 °C. As-prepared Co-Bpdc MOF product with a platelet-like disc architecture was
transformed by heat treatment in a nitrogen atmosphere at 800 °C to porous cobalt-carbon
nanocomposite discs. It is demonstrated that this synthetic strategy allows for obtaining
magnetic microporous carbon layered discs with homogeneously incorporated metallic cobalt
nanoparticles with a size of ca. 4 nm. The Co-C nanocomposite material was characterized by
a variety of physico-chemical methods. It is shown that both Co-Bpdc MOF and Co-C
nanocomposite were electrochemically active in sodium battery system as a material for the
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negative electrode. The high capacity retention over 80% and capacities over 200 mAh g in

the sodium-ion battery systems have been achieved.

1 Introduction

Sodium-ion batteries (NIBs) are nowadays considered as the next generation post-lithium
power sources [1]. NIBs have several advantages, mainly linked to large scale energy storage
and conversion due to the high abundance and the low cost of sodium compared to lithium.
Thus, sodium-ion batteries are considered as a promising post-lithium system. However, there
are still some limitations addressed to NIBs such as relatively lower ionization potential of Na*
ion in comparison to Lithium-ion batteries (LIBs) and also a bigger diameter of Na* ions which
confines the diffusion. Moreover, bigger diameter of Na* ion leads to decomposition of the
structure of graphite anodes used in Li-ion batteries. Therefore, graphite as anode for Na-ion
batteries is inapplicable and it is necessary to find a new stable anode material [2]. These issues
lead to lower energy density and poor electrochemical performance in comparison with LIBs
[3]. To overcome these drawbacks, many strategies involving nanosizing and preparation of
composite materials were applied as promising solutions how to improve NIBs performance
[3]. Nevertheless, the research, development, and application of new composite electrode

materials suitable for sodium-ion batteries are still in their infancy.

Carbon-based composite materials have attracted immense research interest due to their high
surface area, and thermal, mechanical, electronic, catalytic, and optical properties [4,5]. Since
these materials provide interesting electrochemical properties, increased effort is focused on
their application in electrochemical power sources [6-8]. It has also been reported that carbon-
based materials can be utilized as negative electrode materials in sodium-ion batteries (NIBSs)
[1,3,9]. However, it is worth mentioning that graphite and other carbon-based materials with
high graphitization exhibit unfeasible capacity (less than 100 mA h g*) for Na* storage [10].
For this reason, ongoing research has focused on disordered soft and hard carbon-based
materials which exhibit high reversible capacity during the long-term cycling, however, they
suffer from high irreversible capacity in the first cycles [11-14]. It has already been shown that
composites of cobalt and carbon possess interesting electrochemical properties and therefore
attract considerable interest in energy storage applications. Such example is found in the work
by Wu et al., where Co-carbon nanowire derived carbon-encapsulated cobalt chalcogenide

nanowires were investigated as an efficient anode material for NIBs [15]. Although there are



many types of cobalt containing carbon nanocomposite materials [15-19] based on carbon
nanotubes, graphene sheets, porous carbon, etc., the preparation of homogeneous
nanocomposite materials via fast and low-cost methods still remains a challenge. Considering
the possible application in energy storage, the homogeneity of cobalt-carbon composites
presents the decisive property of the final material. It was found recently that the decomposition
of metal-organic frameworks (MOFs) represents a very effective way for the preparation of
homogeneous carbon-based composites [20-22].

MOFs are classified as porous crystalline solids constructed from metal ions or metal-oxo
clusters crosslinked with an organic linker [23]. The diversity of carbon-containing linkers with
adjustable size, connectivity, and functional groups brings a possibility to tune the final
properties of MOF materials such as composition, design, architecture, porosity, and
electrochemical properties [24—-30]. MOFs are usually prepared via a solvothermal reaction of
a metal salt or metal-oxo clusters with carboxylate linkers in N,N’-dimethylformamide [25,31].
It is worth noting that microwave-assisted (MW) methods have attracted considerable attention
in the field of MOF preparation, because they allow for a significant enhancement of the
reaction rates and the ability to control the phase and size of products [32-34]. It is worth
mentioning that hydrothermal syntheses of cobalt-based MOF materials with
biphenyldicarboxylate linkers were reported by Rueff et al. [35] and Pan et al. [36].
Furthermore, the syntheses and applications of Co-MOF materials containing

naphthalenedicarboxylate linkers have been recently reviewed by Gangu et al. [37].

It should be taken into account that MOFs were reported as efficient materials for batteries [38—
41]. Compared to sodium salts investigated as NIBs anode materials, such as Na; TP (disodium
terephthalate) and its derivatives, MOFs possess several beneficial features when applying them
in NIBs: (i) ionization energy (IE) of transition metal ions in MOFs is higher than IE of sodium
ions in sodium organic salts resulting in better stability in organic electrolytes; (ii) stable
coordination network between transition metal centers and organic linkers also possibly
restricts its dissolution in electrolytes. For example, the sodium ion batteries with Co-MOF/rGO
hybrid material anode reported by Dong reached the capacity of 206 mAh g after 330 cycles
at 500 mA g* [40]. Pan and coworkers reported an aqueous preparation of Co-bpdc MOF based
on a linear ligand (biphenyl-4,4'-dicarboxylic acid) [36]. This Co-bpdc material was recently
investigated by Zhang and coworkers as a novel anode material with high Na* storage

performance (269 mA h g* at 20 mA g') and capacity retention (79.0 % after 1000 cycles at



100 mA g?) [42]. Notably, phenyl-containing molecules were found to be favorable for Na*
diffusion [43].

Well defined stoichiometry and homogeneous structure of MOF materials allow for obtaining
highly homogeneous carbon-based composite materials upon thermal treatment of MOFs in
non-oxidizing atmosphere [44,45]. For instance, the synthesis of mixed metal/metal oxide-
carbon nanoporous materials through a direct carbonization of binary mixed-MOF (CoMn-
MOF-74) synthesized from 2,5-dihydroxyterephthalic acid was reported by Wang et al. [46].
Recently, several papers have described the nanocomposites of cobalt embedded in various
carbon structures derived from ZIF-67 metal-organic frameworks containing 2-
methylimidazole linkers [22,47-49]. Based on the survey mentioned above, MOFs can be
considered as attractive precursors for carbon based composite materials. In addition to that,
the utilization of MOF-derived materials for sodium energy storage was recently reviewed by

Zou et al. and Ingersoll et al. [50,51].

Herein we introduce a facile strategy for the preparation of layered cobalt metal-organic
framework and its further transformation to metallic cobalt nanoparticles (size of ca. 4 nm)
dispersed in a porous carbon matrix. Our approach is based on application of layered biphenyl-
4,4’-dicarboxylate based cobalt metal-organic framework (Co-Bpdc) synthesized via non-
aqueous microwave-assisted synthesis as a single source precursor for Co-carbon based
material. Preformed Co-Bpdc precursor with layered architecture contains Co?* ions
crosslinked by oxygen-containing dicarboxylic acid linker (Bpdc) and therefore it acts as a
source of both cobalt and carbon. It is worth noting that no inert atmosphere is required within
the synthesis of Co-Bpdc. Moreover, the Co-Bpdc precursor is easily transformed - via thermal
treatment in an inert atmosphere (N2) at the temperature of 800 °C - into porous layered
composite discs featuring homogeneously dispersed metallic cobalt nanoparticles in a carbon
matrix (labeled as Co-C). The structural and electrochemical properties of Co-Bpdc and Co-C
products were studied by various physical-chemical methods such as infrared and Raman
spectroscopies, powder X-Ray diffraction, electron microscopy, thermogravimetry, and X-Ray
photoelectron spectroscopy. Both, the obtained Co-Bpdc MOF and Co-C nanocomposite discs
were tested as anode materials in sodium-ion batteries by means of cyclic voltammetry and
galvanostatic cycling at different C-rates. The NIBs with the Co-Bpdc and Co-C anode
materials exhibited promising performance.



2 Experimental

2.1 Chemicals

Biphenyl-4,4'-dicarboxylic acid (H:bpdc, 97 %, Mw = 242.23 g mol?) and cobalt(ll)
acetylacetonate Co(ll)(Acac); (99 %, My = 257.15 g mol~*) were supplied from Sigma Aldrich.
N,N’-dimethylformamide DMF (p.a.) and chloroform (p.a.) were purchased from Penta (Czech
Republic). Chemicals for Na-ion cells fabrication such as sodium perchlorate (NaClO,),
poly(vinylidenefluoride) (PVDF), N-methyl-2-pyrrolidone (NMP), ethylene carbonate (EC),
dimethyl carbonate (DMC) and carbon Super P (TIMCAL) were supplied from Sigma Aldrich
and TIMCAL Graphite & Carbon.

2.2 Synthesis

The typical synthesis of Co-Bpdc material ina microwave reactor was as follows: Co(l1)(acac):
(0.393 g, 1.53 mmol) was dissolved in 60 ml of N,N’-dimethylformamide (DMF) in a Teflon
container under ambient atmosphere. After the dissolution of the cobalt precursor, biphenyl-
4,4'-dicarboxylic acid (0.498 g, 2.06 mmol) was added and the container was tightly closed and
placed into a microwave reactor. Reaction mixture was heated up to 160 °C under microwave
irradiation in 2 cycles while the duration of each cycle was 20 min with a pause of 5 minutes
between them. Microwave power was set to 50 % (300 W). The reaction was stopped after 45
minutes. Microwave reactor record is illustrated in Supplementary materials (Figure 1S). Once
the reaction mixture was cooled to 50 °C, the reactor was removed and the resulting violet
precipitate was filtered on a Biichner funnel and finally washed with chloroform. The violet
powder product was dried at 90 °C inan oven and weighed. Yield of Co-Bpdc product: 0.307 g

(59 % based on formula estimated from TG/DSC analysis, see discussion).

To release volatile byproducts and residual solvent from the sample and to further apply this
material in NIB cell, as-prepared Co-Bpdc was heated for 1 hour at 340 °C (heating ramp
5°C min™) in an atmosphere of air. This sample was labeled as Co-Bpdc-340. To produce
cobalt-carbon based nanocomposite, Co-Bpdc material was heated in N2 atmosphere up to
800 °C starting at room temperature with a 5 °C min-t heating ramp and then held at 800 °C for

1 h. Obtained product is labeled as Co-C sample.
The analysis of as-prepared powder product Co-Bpdc:

FTIR (ATR, diamond crystal, cm™) v: 418 w, 454 s (Co-0), 485 w, 527 vw (ring out-of-plane),
597 vw, 678 s (ring out-of-plane), 698 w (ring out-of-plane), 746 m, 767 vs (6 CH, bending),
795 vw, 842 w (v NC), 878 vw, 1005 w (v CC/8 CH), 1109 w (8 CH3/CO), 1132 vw, 1177 w
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(6 CHs), 1254 w (v CC), 1339 s, 1381 vs (vsym COO), 1445 w, 1514 w (v CN), 1547 m (Vasym
C0OO0), 1589 m (vasym COO), 1605 m (vasym COO), 1651 m (v C=0), 2931 vw (v CHz), 3311 vw
(v OH).

Elemental analysis (ICP-OES): 16.0 £ 0.1 wt% Co.

2.3 Electrochemical analysis and electrode preparation

A mixture consisting of Co-Bpdc-340 or Co-C sample, PVDF (polyvinylidene fluoride)
(binder) and Super P carbon was mixed by a magnetic stirrer in a vial with 1 ml NMP (N-
methyl-2-pyrrolidone) in the weight ratio as follows: active material 80 %, Super P 10 %,
PVDF 10 %. The resulting mixture was deposited on an Al foil by a 200 pm coating bar, dried
at 60 °C under ambient atmosphere and, after the solvent was evaporated, pressed by the
pressure of 29420 kN m2. The discs with the diameter of 18 mm were cut out from the coated
Al foil and subsequently dried at 110 °C under the vacuum. The discs were finally inserted into
an electrochemical cell EI-Cell® ECC-Std and assembled in argon atmosphere inside a Jacomex
glove box with less than 1 ppm of oxygen and water content. A sodium metal disc was used as
the anode and 1 mol It NaClO4 in EC (ethylene carbonate):DMC (dimethyl carbonate) in the
ratio 1:1 w/w as the electrolyte. The electrolyte was soaked into the glass fiber separator. Cyclic
voltammetry (CV) and galvanostatic cycling were used for electrochemical characterization.
Both methods were performed on the VMP3 potentiostat (Bio-Logic). CV was done in the
potential window from 0.01 to 2.5 V vs. Na/Na* and scan rates were set to 0.5 mV s
Galvanostatic cycling was carried out within a potential window from 0.01 to 2.5 V vs. Na/Na*.
Long-term cycling at 0.2C for 100 cycles was tested for both materials. The second test was
cycling at different C-rate from 0.1C up to 5C. The first step was performed as follows: 20
cycles at 0.2C, then 5 cycles at 0.5C, 1C, 2 C and finally at 5C. Subsequently, the C-rate was
decreased by the same step to 0.2C with 5 cycles at every C-rate (2C, 1C, 0.5C).

2.4 Instrumentation and characterization methods

2.4.1 MW Synthesis
The Co-Bpdc MOF material was synthesized under ambient atmosphere in a PTFE-lined

microwave reactor ERTEC Magnum Il (600 W; 2.45 GHz). Microwave power was set to 50 %
(300 W) and the reaction was performed in 2 cycles while the duration of each cycle was 20

min with a pause of 5 minutes between them.



2.4.2 Chemical/elemental analyses
The GC-MS measurement of reaction byproducts was performed on an ISQ QD single

quadrupole mass spectrometer coupled with a Trace 1300 gas chromatograph by Thermo
Scientific. The gas chromatograph was equipped with a Rxi-5ms column (30 m, 0.25 mm, film
thickness 0.25 um) and the temperature program was used as follows: 80 °C to 240 °C with the
ramp 10 °C min™, held at 240 °C for 1 min. Split injection mode (60 ml min~2, split ratio 60)
was used with the inlet temperature 280 °C, transfer line and El source 220 °C (ionization
energy: 70 eV, emission current: 30 pA). Cobalt content in Co-Bpdc material was determined
by ICP-OES spectroscopy on an iCAP 6500 (Thermo, GB) spectrometer (Co spectral line A =
238.892 nm).

2.4.3 Structural characterizations
The powder XRD patterns were recorded on a Rigaku MiniFlex 600 diffractometer equipped

with a CoK, (A = 1.7903 A) X-ray tube (40 kV, 15 mA). Data processing and crystal size
calculations were done with a Rigaku PDXL2 software. The average crystalline size of the
crystallites was evaluated using the Scherrer's formula, d = KA/Bcos6, where d is the crystalline
size, K is a grain shape dependent constant (0.9), A is the wavelength, 0 is a Bragg reflection

angle and P is the full-width half-maximum.

2.4.4 Infrared and Raman spectroscopy
The FTIR spectra were recorded on a Thermo NICOLET 6700 spectrometer using an ATR

technique with the diamond crystal (resolution 2 cm™2, 400-4000 cm™). Raman spectroscopy
was performed on a Thermo Raman microscope Nicolet DXR equipped with a He-Ne laser
with emission wavelength 633 nm (power 1 and 4 mW). The spectra were recorded from 50 to
2000 cm2,

2.4.5 X-Ray photoelectron spectroscopy
X-Ray photoelectron spectroscopy measurements were carried out on a SSI X probe

spectrometer (model SSI 100, Surface Science Laboratories, Mountain View, CA) equipped
with a monochromatized Al-Ka radiation (1486 eV). The sample powders, pressed in small
stainless troughs of 4 mm diameter, were placed on an insulating home-made ceramic carousel.
The pressure in the analysis chamber was around 106 Pa. The analyzed area was approximately
1.4 mm? and the pass energy was set at 150 eV. The C1s peak of carbon has been fixed to
284.4 eV to set the binding energy scale [52,53]. Data treatment was performed with the
CasaXPS program (Casa Software Ltd, UK) and some spectra were deconvoluted with the least

squares fitting routine provided by the software with a Gaussian/Lorentzian (85/15) product



function and after subtraction of a nonlinear baseline. To prevent the release of volatiles from

the sample, as-prepared sample was heated in N2 atmosphere at 300 °C prior to analysis.

2.4.6 Thermal analysis and heat treatment
Thermogravimetric analyses were performed on a Setaram LabSys Evo with TG/DSC sensor

in an atmosphere of air (heating ramp 10 °C min™t, up to 800 °C, air flow 60 ml min-!) and
nitrogen (10 °C min™t, up to 800 °C, 60 ml min-1). Dried powders were heated in a Nabertherm
LE 4/11/R6 tube furnace at 800 and 340 °C (5 °C min?t) for 1 hour in an atmosphere of nitrogen
and air, respectively.

2.4.7 Microscopy
The scanning electron microscopy and EDX analysis were recorded on a Nova NanoSEM (FEI)

with Schottky field emission electron source (0.02-30 keV) and TLD detector at 5 kV. For
EDX analysis an EDS platform Octane plus (SDD detector) by EDAX, AMETEK, Inc was
used. Transmission electron microscopy (TEM) was carried out on a JEOL JEM 2100
microscope operated at 200 kV (LaBs cathode, point resolution 2.3 A) equipped with
OLYMPUS SYS TENGRA camera (2048 x 2048 pixels). Particle size distributions were
calculated with the use of OLYMPUS Soft Imaging Solutions software. The powder sample
was dispersed in isopropyl alcohol and this suspension was dropped onto a TEM carbon coated

copper grid.

2.4.8 Nitrogen adsorption/desorption
Nitrogen adsorption/desorption isotherms were collected at the temperature 77 K on a BELsorp

Mini Il (Japan). Prior to measurement, the samples were degassed in the BELsorp preparation
unit at 100 °C for 19 hours. Surface areas (SA) and total pore volumes (Vo at p/po = 0.99) were
determined by volumetric techniques [54,55]. The specific surface area was determined by
multipoint Brunauer-Emmet-Teller (BET) analysis using at least five data points with relative
pressures between 0.05 and 0.30 [54].

2.4.9 Magnetic properties
The magnetization measurements were performed with a Vibrating Sample Magnetometer

(Lake Shore 7407, US) at room temperature (300 K) in air atmosphere in a magnetic field range
from —760 up to +760 kA m™,



3 Results and discussion

3.1 Synthesis and materials characterization

The cobalt metal-organic framework material (Co-Bpdc) was synthesized through a
microwave-assisted approach based on the solvothermal reaction of Co(l1)(acac), and biphenyl-
4,4'-dicarboxylic acid (Bpdc) in N,N'-dimethylformamide at 160 °C (Figure 1). It is worth
noting that no inert atmosphere is required for this reaction. The Co(acac), precursor was
chosen due to its high solubility in organic solvents and its melting point temperature (ca.
165 °C) which is close to the boiling point of the DMF solvent. It is known that microwaves
readily interact with polar hydroxyl groups [56] and thus it can be proposed that the reactivity
of biphenyl-4,4'-dicarboxylic acid in the presented system is increased. Such increase of
reactivity supports the formation of products and therefore shorter reaction time is expected. As
reported, blue-violet coloration is characteristic for tetrahedral coordination of Co(ll) ions [57].
Resulting violet colored powder Co-Bpdc material was used as a precursor for the preparation
of porous metallic Co nanoparticle/carbon composite discs. The Co-Bpdc material is an
advantageous precursor because its stoichiometry is the same throughout the sample, which
favors a high homogeneity of final cobalt-carbon composite. For the further application in Na-
ion cell, Co-Bpdc MOF material was heated at 340 °C for 1 hour in air to release all volatile

byproducts.

::: GOH MW, 160 °C

DMF

800 °C,1h,
Nltrogen

Co/carbon
Co-Bpdc composite

Figure 1: The reaction procedure scheme of materials preparation.

Reaction byproducts were determined by GC-MS analysis of reaction mixture filtrate after
microwave-assisted reaction. In the chromatogram acetic acid and acetoin were confirmed
(Figure 2S). These species are proposed to be products of decomposition of the acetylacetonate
group during the reaction [58].



Powder X-Ray diffraction pattern of as-prepared Co-Bpdc is depicted in Figure 2a. The
diffractogram of the Co-Bpdc sample exhibits a number of diffraction lines in the range of 9—
40° 2 theta degrees that indicate the crystalline structure characteristic for metal-organic
framework materials. After thermal treatment of as-prepared Co-Bpdc sample at 340 °C, an
XRD diffractogram (Figure 2a) gave a rise of one intense and relatively broad diffraction peak
at 8° and two less intense broad diffractions at 16° and 22° 2 theta degrees, respectively. Since
no diffractions peaks of CosO4 oxide appeared we can propose that the structure of metal-
organic framework architecture is preserved. However, it can be evidenced that the baseline
shape also indicates a presence of some amorphous phase most likely connected with lower
crystallinity of Co-Bpdc MOF product. For the sake of comparison, the diffractograms of as-
prepared Co-Bpdc, Co(acac), precursor and Bpdc linker are given in Supplementary
information (Figure 3S). Since there are several reports describing aqueous synthesis of cobalt-
based MOF with biphenyl-4,4'-dicarboxylic acid linker [36,42], we made a comparison
between diffractogram of our as-prepared Co-Bpdc product and diffractogram of reported
structure ([Co(bpdc)(H20),].H.O, CCDC No. 140986) [36] calculated from single crystal x-ray
diffraction data (.CIF file). As illustrated in Supplementary information (Figure 4S), compared
diffractograms do not match. Therefore, it can be concluded that our non-aqueous microwave-
assisted approach in DMF leads to Co-Bpdc product with specific crystalline structure which
is different compared to the published one [36]. Noteworthy, the color of reported crystalline
material [Co(bpdc)(H20).].H20 with six-coordinated cobalt ions is pink [42], whereas color of
our as-prepared Co-Bpdc material is blue-violet, which is assumed to be a result of tetrahedral
coordination of cobalt ions [57]. It is proposed that this difference is due to absence of water

during presented microwave-assisted synthesis.
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Figure 2. (a) Powder XRD patterns of as-prepared Co-Bpdc and heated Co-Bpdc-340 materials. (b) FTIR spectrum of as-
prepared Co-Bpdc and heated Co-Bpdc-340 samples.

Figure 2b displays the FTIR spectrum of as-prepared Co-Bpdc product obtained by microwave-
assisted synthesis. Infrared spectra of organic linker and Co(acac). precursor are depicted in
Supplementary information (Figure 5S). FTIR spectrum of Co-Bpdc sample shows an intense
absorption band raised at 1381 cm which is attributed to vsym modes of carboxylate groups
whereas the vibrational bands found at 1547, 1589, and 1605 cm are characteristic for Vasym
vibrations of carboxylate groups. Since the difference between asymmetric and symmetric
carboxylate vibrational bands (Av = vasym — vsym) IS 166 cm?, bidentate coordination mode of
carboxylic acid on cobalt can be assumed [59]. The vibrational bands related to aromatic ring
out-of-plane and C—H vibrations are located at 678, 698, and 767 cm™, respectively [60]. A
Co-O bond is assigned to the absorption band at 418 cm [61]. The presence of DMF solvent
adsorbed on material is connected to the bands at 1109, 1254, 1651, and 2931 cm™ representing
deformation vibrations of CHs, stretch modes of C-C, vibrations of C=0, and stretching of C—
H, respectively [62]. It is worth mentioning that the vibrational bands observed in the FTIR
spectrum of Co-Bpdc sample are in the good agreement with absorption bands reported in the
work describing a metal—organic frameworks containing the biphenyl-4,4’-dicarboxylate linker
[31]. FTIR spectrum of thermally treated sample Co-Bpdc-340 exhibits almost similar
vibrational bands as as-prepared Co-Bpdc but it must to be stressed out that vibrational bands

assigned to DMF solvent [62] do not appear in spectrum of Co-Bpdc-340 sample.
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Figure 3. TG/DSC curves of Co-Bpdc sample analysis performed in air (a) and in N, atmosphere (b).

Thermal behavior of Co-Bpdc was investigated by TG/DSC method up to 800 °C, inair and in
N2. The TG/DSC curves (Figure 3a) of the measurement performed inair up to 800 °C exhibited
three distinguished mass losses in temperature ranges 120-270, 270-370, and 370-500 °C with
losses of 10.1, 5.0, and 58.9 %, respectively. The first two losses are attributed to evaporation
and release of DMF solvent whereas the highest loss of mass at 370-500 °C represents the
oxidation of biphenyl-4,4'-dicarboxylate linker contained in the Co-Bpdc MOF. This step is
accompanied by a strong exothermic peak on DSC curve. The residual mass at 800 °C was
23.2 % and according to powder XRD analysis this residue corresponds to Co3O4 (JCPDS card
no. 073-1701) (Figure 6S). In the case of TG/DSC analysis performed in N> up to 800 °C
(Figure 3b), the residual mass is 42.8 %. In this case, two mass losses were detected between
110 and 370 °C and between 390 and 570 °C. The first decrease about 16.6 % is due to
evaporation of residual DMF and the second mass loss about 37.1 % is assigned to release of
CO- caused by the decomposition of Co—OC(O) bonds. Time resolved FTIR spectra recorded
during this TG analysis are illustrated in Figure 7S. The data from TG analysis can be used to
estimate the molecular formula of synthesized Co-Bpdc product. On the basis of the mass losses
related to DMF and Bpdc linker, residual content of CosO4 after TG analysis, and the results
from TG-FTIR, an approximate formula Cos.o(Bpdc)2s(DMF)2.3 can be proposed for Co-Bpdc.
The yield of Co-Bpdc product can be estimated based on its approximate formula (59 %). The
product losses originate mainly in the sample manipulation (filtration, washing, etc.).
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Figure 4a displays diffraction pattern of Co-C sample obtained after heat treatment of Co-Bpdc
in a N2 atmosphere at 800 °C. Observed diffractions correspond to metallic cobalt nanocrystals
(JCPDS card no. 015-0806) and they are characteristic for face-centered cubic (FCC) structure
of cobalt and indicate the (111) and (200) facets [63]. An apparent size of cobalt crystallites

derived from Scherrer's formula is about 3.7 nm.
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Figure 4. (a) Powder XRD patterns of Co-C product obtained after heat treatment of Co-Bpdc at 800 °C in N,. Observed
diffractions of cobalt nanocrystals match with JCPDS card no. 015-0806. (b) Raman spectra of as-prepared Co-Bpdc material,
Bpdc linker (bottom), and Co-C product (upper). The spectra are recorded at the power of 1 and 4 mW.

The Raman spectra of Co-Bpdc and Co-C products are illustrated in Figure 4b. For comparison,
Raman spectrum of pure biphenyl-4,4’-dicarboxylic acid (Bpdc linker) is depicted as well
(Figure 4b). In the case of the as-prepared Co-Bpdc sample, the bands with the Raman shifts of
1607, 1285, 1144, and 849 cm* overlap with the bands found in spectrum of Bpdc linker. The
band located at 1445 cm™ in Raman spectrum of as-prepared Co-Bpdc is assigned to
asymmetric stretch modes of COO~ groups in MOF [64]. The bands observed at 155, 427, and
630 cm* can be ascribed to vibrations of Co(11)-O species in Co-Bpdc [64]. The Raman
spectrum of Co-C sample (Figure 4b) gave a rise of two Raman bands around 1340 and
1587 cmr ! (Figure 4b) indicative for the vibration modes of the disordered carbon (D-band) and
in-plane vibrations (E2g) of ordered graphitic carbon (G-band), respectively [63,65]. To evaluate
the graphitization degree of carbon materials, the intensity ratio of D band and G band (1o/lc)
was calculated. The Ip/lg derived from spectrum recorded at 1 mW is 1.15 which indicates the

amorphous carbon structure with a high content of defects in plane terminations of disordered
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graphitic carbon [65]. The Raman bands at 188, 465, and 668 cm™ appeared in Co-C spectrum
after increase of Raman laser power to 4 mW (Figure 4b) are characteristic for Fog, Eg and Axg
active Raman modes of Co304 spinel structure, respectively [66]. The presence of CosO4 in Co-
C sample during Raman spectra collection can be explained as a result of laser irradiation which
causes local heating effect and photochemically induced oxidation of Co nanoparticles species
to Coz04 [67].

The energy-dispersive X-ray spectroscopy was employed to determine the contents of cobalt,
carbon, and oxygen in both Co-Bpdc-340 MOF and Co-C nanocomposite samples (Figure 8S,
9S). Both weight and atomic percentage contents together with the residual masses from TG
analyses are listed in Table 1. The content of cobalt in Co-Bpdc MOF material was examined
by ICP-OES spectroscopy. It was found that as-prepared Co-Bpdc sample contains
16.0 + 0.1 wt% of cobalt (Table 1). This number is in a good agreement with the cobalt content

calculated from residue after TG analysis in air.

Table 1. TG/DSC residual masses and EDX values of C, Co, O element contents.

TG residual mass
Co wt% (%) EDX wt% EDX mol%

ICP-OES sogirc 80|(\)|2C sample |« o, o | ¢ co O

Co
sample | wt%
calc.?

CoC | 532 445 23 |830 143 27

Co-
- +
Co-Bpdc| 170 1160£01 1 232 428 | oly 540 253 207|722 70 208

340

based on the CosOa residue after TG analysis in air.

X-Ray photoelectron spectroscopy (XPS) was employed in order to identify the bonding
relations between elements in both as-prepared (Co-Bpdc) and carbonized (Co-C) samples
(Figure 5) [68]. Survey scans over the whole binding energy range are given in supplementary
information (Figure 10S, 11S). As displayed, the peaks for carbon, oxygen, and cobalt are
detected. Nitrogen (from DMF) was not found due to its release during heating of as-prepared
Co-Bpdc sample at 300 °C prior measurement and also because of the degassing in XPS. This

finding is in accordance with TG analysis.
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Figure 5. X-Ray photoelectron spectroscopy (XPS) spectra of Co-Bpdc sample (upper) and Co-C nanocomposite (bottom).

Looking closer to the individual elements in the XPS spectra of Co-Bpdc sample (Figure 5,
upper), Cls spectrum exhibited three signals with the bonding energies 284.4, 288.2 and
290.9 eV. This latter can be attributed to shake-up satellite peak characteristic of the presence
of aromatic ring as expected for Bpdc [69]. In this case, the two first components may be
assigned respectively to C-(C,H) of the aromatic rings and to O=C-O carboxylate groups.
However, the C-(C,H)/O=C-O ratio (7.4) is slightly higher than the one expected for pure Bpdc
(6) but this difference can easily be explained by the presence of a small amount of carbon
contamination, as frequently encountered with XPS measurement [52,68]. The major part of
the O 1s peak is measured at 531.4 eV and can be attributed to carboxylate oxygen atoms with
bidentate coordination to Co. The O1s shoulder part, in the high BE side, can be understood as
the remaining of unreacted acidic form of the Bpdc and/or from other —OH groups that could
appear with surface moisture. The Co 2p3z;» spectrum of Co-Bpdc sample showed two signals
characteristic of the presence of Co?* with the main peak detected at 781.3 and its satellite
structures around 785 eV [70].

Co-C composite sample obtained after heat treatment in N2 displayed in C1s spectrum the most
intense peak with binding energy 284.4 eV (Figure 5). Particularly, the asymmetry of the main
component in the high BE side could be associated with the simultaneous presence of oxidized
carbon species and graphitic-like compounds, this latter presenting intrinsic asymmetry of the
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Clspeak. The presence of oxidized carbon species can be confirmed by the detection of a broad
component in the high BE side of the O1s peak, corresponding to organic oxygen species that
could be attributed to the residue coming from incomplete carbonization of Bpdc. O1s peak at
529.5 eV is assigned to the oxygen in CoQ indicating small amount of oxidized Co
nanoparticles caused most probably by exposing the sample to air. The Co 2ps; spectrum
reveals the major presence of reduced Co° associated with oxidized Co?* species. As displayed,
the most intense band detected at 778.3 eV is related to Co®, which confirms major presence of
cobalt nanoparticles while the two other bands, 780.3 and 782.4 eV can be respectively
attributed to the main peak and its satellite for Co?*. This observation is in accordance with the
published data for metallic cobalt particles and Co?* valence in CoO oxide [18,70].
Noteworthily, for the application of Co-C materials in sodium-ion batteries, the content of

oxidized cobalt species is not considered as a defective feature [1].

Figure 6a-d illustrates SEM images of MOF sample Co-Bpdc-340 and the sample after heat
treatment in N2 atmosphere (Co-C). The SEM image of as-prepared Co-Bpdc MOF material is
provided in Supplementary information as Figure 12S.
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Figure 6. SEM images of Co-Bpdc-340 material (a) and Co-C nanocomposite (b-d). TEM images of Co-C nanocomposite (e-
9).

The as-prepared Co-Bpdc MOF (Figure 12S) and Co-Bpdc-340 (Figure 6a) sample exhibited a
platelet-like morphology formed by the superposition of disc particles. Compared to 2D
nanoplates structure of cobalt MOF prepared from biphenyl-4,4'-dicarboxylic acid via aqueous
approach by Zhang et al. [42], our Co-Bpdc material exhibit well defined structure of layered
discs. This architecture of layered disc plates appears to be preserved in the Co-C
nanocomposites obtained after thermal treatment in N» (Figure 6b, c, d). Such morphology
might be a consequence of molecular geometry of Co-Bpdc product due to probably tetrahedral

coordination environment of Co?* ions (see discussion on XRD analyses). According to SEM
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images, it can be argued that the layered plate-like disc morphology is well defined and the
distribution and coverage of cobalt nanoparticles is homogeneous, since no separation of big
nanoparticle agglomerates was detected. Transmission electron microscopy was employed in
order to study products morphology in deeper insight. The Co-Bpdc-340 MOF product
exhibited structure without the presence of nanoparticles (Figure 13S). The TEM images of Co-
C sample (Figure 6e-g) revealed cobalt nanoparticles dispersed in the carbon matrix. The
average size of the nanoparticles is about 4 nm and it is in the accordance with the results from
powder XRD analysis determined by Scherrer equation (3.7 nm) (Figure 4a). Since cobalt
nanoparticles are tightly embedded in the carbon matrix, their aggregation is hampered,
resulting in their small size and homogeneous dispersion in final material. The Co nanocrystal
lattice fringes observed in the TEM image depicted in Supporting materials exhibit a plane
distance 0.20 nm which is indicative for the (111) facets of metallic face-centered cubic (FCC)
Co structure [47,63]. Furthermore, the carbon surrounding the Co nanoparticles (Figure 6g,
14S) presented the d-spacing of ca. 0.35 nm, which coincides with the (002) crystal plane of
graphitic carbon, indicating a partial degree of transformation from amorphous carbon to
disordered graphitic carbon as reported in the other works [63,71].

Co-Bpdc and Co-C samples were characterized by N2-physisorption. The adsorption/desorption
isotherms are displayed in Figure 7a. Surface area of Co-Bpdc and Co-C samples was
determined by BET method [54]. As-prepared sample (Co-Bpdc) exhibited almost nonporous
character, with a low specific surface area (4 m? g-*) and very low pore volume (0.02 cm® g2).
Surface area of the sample Co-Bpdc-340 was 4 m? g which is the same as in case of as-
prepared Co-Bpdc sample. N2-adsorption/desorption isotherms of Co-Bpdc-340 sample are
given in supplementary information (Figure 15S). However, after heat treatment of Co-Bpdc
product in nitrogen at 800 °C, surface area and pore volume increased significantly to 366 nm? g-
Land 0.16 cm® g1, respectively. As illustrated in Figure 7a, the nitrogen adsorption takes place

at a low relative pressure indicating the presence of micropores (dp < 2 nm).

Figure 7b shows magnetization hysteresis curves of the Co-C in the magnetic field range from
—760 up to 760 kA m* at 300 K. Clearly, the Co-C sample exhibits the ferromagnetic hysteresis
loops, due to the contribution of metallic Co NPs [47]. The saturation magnetization value of
the Co-C is measured to be 51 A m?kg?, which is lower than that reported for bulk Co (168 A
m?kg™) [72], which is caused mainly by the negative contribution of the nonmagnetic carbon
matrix. Important feature which have to also be considered is particle size. It can be argued,

that smaller particles introduce more surface disorders than bulk material. These surface
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disorders exhibit a nonmagnetic behavior resulting in magnetization saturation decrease.
However, the value of 51 A m? kg™ is still higher than that of previously reported Co/C
materials [73,74]. Such magnetic behavior can be interesting for further applications, for

example in field of catalysis or adsorption techniques [73].
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Figure 7. (a) Nitrogen adsorption/desorption isotherms of as-prepared Co-Bpdc material (bottom) and Co-C nanocomposite
product (upper). (b) Magnetization curves of Co-C nanocomposite sample.

3.2 Electrochemical characterization

Co-Bpdc-340 sample and Co-C nanocomposite disc material were used to prepare electrodes
for the characterization of their electrochemical properties. Since there are several reports
describing an utilization of Co-based MOF materials Na-ion batteries [40,42], we investigated
our Co-Bpdc-340 sample prepared via non-aqueous MW-assisted approach as an electrode
material in Na-ion battery. As reported in the work of Zhang and coworkers, the MOF
constructed from biphenyl-4,4'-dicarboxylic acid linker exhibits the cell volume optimal to
facilitate the insertion/extraction of Na* [42]. Moreover, the layered architecture of Co-Bpdc-
340 is proposed to support insertion/extraction of Na*. The electrochemical properties of the
Co-Bpdc-340 sample and Co-C nanocomposite material were tested in Na-ion system.

The first step was a cyclic voltammetry (CV) with the scan rate of 0.5 mV s (Figure 8). The
CV curves of Co-Bpdc-340 sample are shown in Figure 8a. Electrochemical activity of the
electrode is increasing with the cycle. As displayed, Co-Bpdc-340 exhibit one anodic peak and
two cathodic peaks. A sharp anodic peak was observed at 0.68 VV vs. Na/Na*. Two cathodic
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peaks were found at 0.24 V and 0.01 V vs. Na/Na*. One cathodic peak was found at 0.24 V. An
activity close to 0.01 V vs. Na/Na* is probably caused by a shift from the equilibrium potential.
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Figure 8. Cyclic voltammetry of (a) Co-Bpdc-340 MOF and (b) Co-C nanocomposite vs.sodium at 0.5 mV s,

CV of Co-C sample is shown in Figure 8b and according to the recorded curves stable
electrochemical activity of Co-C sample can be testified. There are two main redox peaks
distinguished on CV curves. The first anodic peak is found at 0.21 V and the second at 1.77 V.
The cathodic peaks are located at 0.91 and 0.05 V vs. Na/Na*, respectively. Both materials are
electrochemically active in the range close to 0 V vs Na/Na* which makes them suitable
candidates for the anodes of Na-ion accumulators. We can also see a big difference between
the shape of curves of these materials caused by the redox behavior of Co-Bpdc and Co-C
samples. Based on the results from CV, electrochemical surface areas (ECSA) were calculated
for both samples [75]. The ECSA of Co-C composite and Co-Bpdc-340 sample was 96 and
42 m? g1, respectively.

As a next step, two charge/discharge cycles at 25 mA g for capacity determination were
performed (Figure 9). Significant difference between charge/discharge curve profiles of the Co-
Bpdc-340 and Co-C nanocomposite sample was evidenced. The charge and discharge profiles
of these materials correspond with data obtained by cycling voltammetry (Figure 8). The Co-
Bpdc-340 sample (Figure 9a) exhibited stable charge plateau at 0.4 V vs. Na/Na* and discharge
plateau at 0.5 V vs. Na/Na* which is in correlation with sharp cathodic and anodic peaks
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observed during CV measurement (Figure 8). On the other hand, the Co-C nanocomposite
(Figure 9b) exhibited very slow potential drop between 1.5 V and 0.01 V vs. Na/Na* within
charging and very slow potential increase during discharging without any stable plateau. As
illustrated in Figure 9, the capacity of both samples in the second discharge cycle was almost
similar. In case of Co-Bpdc-340 and Co-C sample the capacity reached 222 mA h g* and
210 mA h g1, respectively. Co-Bpdc-340 sample exhibit capacity retention about 81.3% in the
first cycle and 95.7 % in the second cycle (Figure 9a). The capacity retention of Co-C
nanocomposite sample reached 68.6 % and 81.1 % in the first and in the second cycle,
respectively (Figure 9b). Generally, the capacity retention in the first cycle for both samples is
quite high, especially in the case of the sample Co-Bpdc-340 (81.3 %). Zhang et al. [42] and
Dong et al. [40] described cobalt based MOF anodes with capacity retention in the first cycle
around 25 % which is much lower compared to our results. In addition, the capacity retention
achieved with Co-Bpdc-340 sample in the first cycle was also higher than capacity retention of
hard (69 and 72 %) or sphere (62 %) carbon materials reported by Pol et al. [76], Sun et al. [77],
and Li et al. [78].
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Figure 9. Two charge/discharge cycles of (a) Co-Bpdc-340 sample and (b) Co-C nanocomposite recorded at 25 mA g,

To further investigate the electrochemical performance of Na-ion cells with Co-Bpdc and Co-
C anode materials, galvanostatic cycling was employed. As an 1C current, the value of
200 mA g ! was chosen. Cycling of Na-ion cell with Co-Bpdc-340 sample is displayed in
Figure 10. The Co-Bpdc-340 sample was cycled at different C-rates up to 5C (Figure 10a). As

21



displayed, the Co-Bpdc-340 sample delivered a high initial capacity 196 mA h g in the first
cycle at 0.2C. After first twenty cycles at 0.2C its capacity dropped about 6 %. The capacity in
the last cycle during increasing C-rate at 0.5C, 1C, 2Cand5Cwas 145 mA hg?,113mA h g
L 77mAhgtand 15 mA h g, respectively. According to data illustrated in Figure 10a, we
can conclude that Co-Bpdc-340 sample is very sensitive to increasing load. Within C-rate
reducing, the Co-Bpdc-340 sample shown very stable behavior and reached similar capacities
asinthe previous cycles (Figure 10a). An overall capacity retention achieved for Co-Bpdc-340
after 60 cycles at different C-rate was 91.9 %. For example, the capacity retention after 40
cycles at different C-rate reported by Zhang et al. was 79.2 % [42]. Dong et al. evidenced
capacity retention 28.2 % after 60 cycles at different C-rate [40]. Indeed, these reported values

are lower than capacity retention observed for the sample Co-Bpdc-340.
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Figure 10. (a) The capacities achieved during cycling of Co-Bpdc-340 MOF sample vs. sodium at different C-rates. (b) The
capacity during cycling at 0.2 C Co-Bpdc-340 sample vs. sodium.

A long-term cycling performance of the Co-Bpdc-340 sample at 0.2C is depicted in Figure 10b.
The Co-Bpdc-340 sample exhibited initial capacity 218 mA h g*. The capacity after 100 cycles
was 156 mA h g which corresponds to capacity retention 71.6 % (capacity loss 0.28 % per
cycle). For example, in recent work of Zhang et al., the capacity retention after 50 cycles at
20 mA gt was 82 % and this number is equal to 0.36 % capacity drop per cycle [42]. Dong et
al. reported Co-MOF based anode with high initial capacity around 850 mAh g-1. However,
due to low capacity retention (ca. 25 %), the capacity in the second cycle was almost a half.
After 150 cycles at 100 mA g, reported Co-MOF based anode delivered capacity 152 mAh g~
L which corresponds to 18% capacity retention (capacity drop 0.55 % per cycle) [40]. Compared
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to the results presented by Zhang et al. [42] and Dong et al. [40], we can conclude that the

capacity loss per cycle evidenced in our case is significantly lower indicating better stability of

Co-Bpdc-340 anode material.

The same testing procedure as in case of Co-Bpdc-340 sample was also applied for

characterization of the Co-C nanocomposite in Na-ion system. Galvanostatic cycling at

different C-rates isdisplayed in Figure 11. The initial capacity of Co-C nanocomposite achieved

in the first cycle (0.2C) was 172 mAh g*. After 20 cycles at 0.2C, the capacity dropped to

117 mAh g. Subsequently, the load was increased to 5C and then decreased back to 0.2C. As

seen from Figure 11a, the Co-C material is even more sensitive than Co-Bpdc-340 sample to

used load and capacity decreased rapidly with increasing C-rate. The capacity after 60 cycles

at different C-rates was 100 mAh g which corresponds to capacity retention 58 %. Next step

involved 60 cycles at 0.2C rate, see Figure 11b. The capacity at the beginning of cycling was

190 mAh gt and the capacity retention during the first cycle was 74 %. This capacity at the C-
rate of 0.2C (40 mA g) is higher than the capacities reported by Pol et al. [76] (125 mAh g*
at 30 mA g1), Wenzel et al. [79] (130 mAh g at 0.2C) or Chen et al. [80] (Sample SC700
155 mAh g at 30 mA g). The capacity after Co-C nanocomposite cycling was 96 mAh g

which corresponds to capacity retention of 51 %.
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Figure 11. (a) The capacities achieved during cycling of Co-C nanocomposite vs. sodium at different C-rates. (b) The capacity
during cycling at 0.2C Co-C vs. sodium.

Based on the performed measurements it can be concluded that Co-Bpdc-340 and Co-C samples

derived from Co-Bpdc MOF material exhibit different electrochemical behavior. This
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difference is proposed to be caused by specific material structure affected by thermal treatment
of as-prepared Co-Bpdc MOF. Due to the MOF structure, which seems to be preserved in case
of Co-Bpdc-340 sample, higher polarity is assumed and therefore the electrochemical
performance is enhanced in comparison with Co-C sample. Definitely, it was demonstrated that
both materials prepared from Co-Bpdc MOF can be successfully utilized in Na-ion cell.

4 Conclusion

In this work we presented facile microwave-assisted synthesis of platelet-like cobalt-biphenyl-
4,4’-dicarboxylate metal-organic framework (Co-Bpdc) from cobalt(ll) acetylacetonate and
biphenyl-4,4°-dicarboxylic acid in N,N’-dimethylformamide solvent. Violet product labeled as
Co-Bpdc exhibits unique morphology of platelet-like discs. As we demonstrated, this product
was used as a precursor for preparation of porous cobalt-carbon nanocomposite.
Nanocomposite product (Co-C) was obtained via thermal treatment in nitrogen atmosphere at
800 °C. Surface area of Co-C product reached 366 m? g and microporous character was
evidenced. Co-C nanocomposite revealed well defined morphology of layered platelet-like
discs with a homogeneous distribution of metallic cobalt nanoparticles (4 nm) embedded in the
carbon matrix. From this point of view, the Co-Bpdc material obtained via microwave-assisted
synthesis is proposed as a suitable precursor for the preparation of homogenous nanocomposite
of cobalt nanoparticles and carbon. Indeed, we proved, that both Co-Bpdc MOF and Co-C
nanocomposite disc material are electrochemically active Na-ion systems. The initial capacities
achieved for Co-Bpdc-340 and Co-C nanocomposite were over 220 and 200 mAh g7,
respectively. Primarily, the material Co-Bpdc-340 exhibits high capacity retention and good
stability after cycling at different C-rate. The Co-Bpdc-340 and Co-C material are promising
anode materials for practical Na-ion batteries thanks to their easy preparation and fast synthesis.
Interestingly, a ferromagnetic behavior was observed, indicating some other possible

applications (catalysis, adsorption, separation).
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