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HIGHLIGHTS
o Novel microwave-assisted polyol synthesis of vanadium MOF materials introduced.
o Original nano-sheet and paperclip morphologies of V-MOF derived nanocomposites.
. VOx/Carbon and VOx/nitrogen-doped carbon successfully utilized in Na-ion batteries.
o Improved electrochemical behavior of VOx/N-doped carbon due to nitrogen doping.
o Low irreversible capacity and high performance V-MOF derived nanocomposites observed.

GRAPHICAL ABSTRACT
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ABSTRACT

In this work, vanadium metal-organic framework derived VOx/carbon and VOx/N-doped carbon
nanocomposites are presented. The methodology introduced here is based on a novel polyol synthesis
of vanadium metal-organic frameworks (MOFs) involving a microwave-assisted solvothermal reaction
of vanadyl acetylacetonate with biphenyl-4,4'-dicarboxylic acid (Bpdc) and/or 2,2'-bipyridine-4,4'-
dicarboxylic acid (NBpdc) in diethylene glycol (DEG) at the temperature of 230 OC. The V-based MOFs,
labeled as V-Bpdc and V-NBpdc, were used as precursors for the preparation of VO,/carbon and VOy/N-
doped carbon nanocomposites with unique sponge-like nano-sheet and paperclip-like morphology,
respectively. The nanocomposites were obtained via thermal transformation of as-prepared vanadium
MOFs in the argon atmosphere at 600 OC. The VO,/carbon sample consists of nano-sheets with the
thickness 5-20 nm while the VO,/N-doped carbon paperclip-like nanocomposite has a rod diameter
35-70 nm. It was found that the approach reported here provides an effective and simple preparation
pathway of carbon-based nanocomposites containing homogeneously distributed VOy species. Both V-
MOFs and V-MOF-derived nanocomposites were characterized by the variety of physicochemical
methods. In the following step, the obtained nanocomposites were investigated as electrode materials
in sodium-ion batteries. Based on the obtained results, high electrochemical activities of VOy/carbon
and VOx/N-doped carbon nanocomposites were evidenced. Particularly, in the case of VO/N-doped
carbon-based electrode, high capacity and low irreversible capacity were achieved. Therefore,
reported materials are found to be promising candidates for electrode materials in sodium-ion
batteries.
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1. Introduction

Nowadays, sodium-ion batteries (SIBs) are considered highly promising post-lithium power sources
[1,2]. Considering the advantages of SIBs mainly linked to the large-scale energy storage and
conversion due to the high abundance and the low cost of sodium compared to lithium, SIBs have
attracted growing attention in the field of energy storage. However, some limitations, such as the
relatively lower ionization potential of Na+ ion in comparison to lithium-ion batteries (LIBs) and a
bigger diameter of Na+ ions, which confines the diffusion, still restrict final applications of SIBs.
Moreover, the bigger diameter of the Na+ ion causes a decomposition of the graphite anode structure.
Thus, graphite as anode for Na-ion batteries is unsuitable and the development of new stable anode
materials has been required [3]. These drawbacks mentioned above have led to lower energy density
and poor electrochemical performance in comparison with LIBs [4]. Hence, many strategies involving
the preparation of nano-sized composite materials have been applied as promising solutions for SIBs
performance improvement [4]. Nevertheless, the research, development, and application of new
composite electrode materials suitable for SIBs are still the challenge.

The composite materials based on a carbon matrix have gained an immense research interest due to
their high surface area, thermal, and electrochemical features, hence, these materials are promising
candidates for application in electrochemical power sources [5-7]. As has been reported, carbon-based
materials can be used as negative electrode materials in SIBs [1,2,4,8-10]. However, it has to be taken
into account that materials with a high graphitization degree (such as graphite) exhibit unfeasible
capacity (less than 100 mAh g?) for Na* storage [11]. In response to the limitation mentioned above,
the attention of ongoing research has been focused on disordered soft and hard carbon-based
materials [12]. Also, advanced and hierarchical nanocomposites have been studied as promising
candidates for SIB electrodes [13-15]. On one hand, these materials possess high reversible capacity



during the long-term cycling, but on the other hand, they have high irreversible capacity in the first
cycles [13,16-19].

It has been demonstrated that due to the high abundance, low cost, and high theoretical capacities of
vanadium oxides (VOy), carbon-based composites containing vanadium oxide are promising materials
for electrochemical devices such as supercapacitors, lithium-ion, and/or sodium-ion batteries [20-23].
For example, VO/VO,/carbon nanofiber composite and hierarchical porous VOi@carbon composite
have been applied as electrodes for supercapacitors [24,25]. Recently, rGO decorated vanadium
pentoxide has been proposed as a supercapacitor electrode material [26]. Dandelion-like V,05/C
composite and urchin-like V,03/C hollow nanospheres obtained from hydrothermal reactions have
been used as anode material for lithium-ion batteries [27,28]. Moreover, as it has been reported
recently, nitrogen doping is found as an additional improvement of the carbon matrix in terms of its
electrochemical activity and conductivity [29]. For example, an N-doped carbon/oxygen-deficient
vanadium oxides heterostructure composite prepared from vanady! glycolate precursor has been used
as anode for SIBs [30]. As has been proposed in the work by Ren et al., it is suggested that VO and V,0s
can convert into Na;O and V species according to the following reaction equations: VO + 2e” + 2Na*
—>Nay0 +V and V,03 + 6e” + 6Na* > 3Na,0 + 2V upon charging/discharging process, respectively [30].
Zhang et al. have demonstrated preparation of amorphous vanadium oxide/MXene nanohybrid and
its application in SIBs [31]. Other recent work by Liu et al. has described SIB electrode based on
amorphous vanadium oxide integrated in carbon nanofibers [32]. Furthermore, it has already been
reported that amorphous VOy exhibited better properties for Na* storage that the crystalline V,0s
phase [33].

Considering the application in energy storage devices, the homogeneity of vanadium-carbon
composites is found to be a decisive property of the final material. Currently, a decomposition of metal-
organic frameworks has been proposed as an effective pathway for the preparation of homogeneous
carbon-based composites [34-38]. The controlled morphology of MOFs has also led to advanced
architectures of MOF-derived composites [39]. The MOFs have been defined as crystalline solids
constructed from metal ions or metal-oxo clusters cross-linked with an organic linker [40]. The diversity
of carbon-containing linkers with adjustable size, connectivity, and functional groups enables the
tuning of the final properties of MOFs such as their composition, architecture, porosity, and
electrochemical properties [41-47]. The conventional preparation procedures of MOFs usually involve
solvothermal reactions of a metal salt or metal-oxo clusters with multifunctional carboxylate linkers in
N,N'-dimethylformamide [42, 48]. It is worth noting that microwave-assisted syntheses of MOFs have
gained a growing attention because they provide significant enhancement of the reaction rates and
the ability to control the phase and size of products [37,49,50]. In particular, the vanadium MOFs with
MIL-47 and MOF-48 architectures, as reported by the group of Yaghi, have featured chemical stability
and high catalytic activity in the conversion of methane to acetic acid [51]. MOF structures of
Vanadium with 1,4-ben-zenedicarboxylate (bdc) linker have been reported by Wang et al. [52] and
Kaveevivitchai et al. [53]. Noteworthy, the VIV(O)(bdc) (MIL-47) has been used as the cathode material
for lithium-ion battery systems [53] or electrode material for supercapacitors [54]. A more
comprehensive review on the syntheses and applications of vanadium MOFs has been published by
the group of Van der Voort [55].

Recently, it has been demonstrated that research on vanadium MOF-derived composites gained a
considerable attention in the field of electrochemistry and energy storage. For example, vanadium
MIL-88B MOF-derived porous shuttle-like vanadium oxides for sodium-ion battery applications have
been described by Cai et al. [56]. Recently, N-doped porous carbon nanorods decorated with ultra-
small V,0; for sodium-ion capacitors have been obtained from naphthalene dicarboxylate based



vanadium MOF [57]. Moreover, vanadium benzenedicarboxylate MOF derived porous V,0s plates have
been applied in an aqueous zinc ion battery [58]. Further, MIL-47(V) MOF-derived hierarchical lasagna-
structured V,0;@C has been studied as a sulfur host for lithium-sulfur batteries. Considering the final
application of MOFs and MOF-derived composites, it can be argued that control of their morphology
influences their final performance [39,59]. Based on the survey mentioned above, it can be concluded,
that advanced composite materials derived from MOFs have brought the advantages of high
homogeneity and simplicity of one-pot synthetic methodology [60,61].

Herein we present facile microwave-assisted polyol synthesis of vanadium-based metal-organic
framework materials. The presented methodology is based on the reaction of vanadyl acetylacetonate
precursor with biphenyl-4,4'-dicarboxylic and 2,2'-bipyridine-4,4'-dicar-boxylic acid linkers in
diethylene glycol solvent. As demonstrated in this work, our approach leads to the specific morphology
of MOF products. Prepared vanadium MOFs were used as precursors for the preparation of
VOy/carbon and VO,/N-doped carbon composites. Note, we observed sponge-like nano-sheet
morphology of VO,/carbon nanocomposite and the unique paperclip-like morphology in case VO,/N-
doped carbon composite. Electrochemical properties of carbon-based nanocomposites were studied
to investigate their potential for an application in electrochemical devices such as SIBs or
supercapacitors.

2. Experimental
2.1. Chemicals

Vanadyl acetylacetonate VO(Acac)2 (99%, M., = 265.157 g mol?) was purchased from Acros Organics.
Biphenyl-4,4'-dicarboxylic acid (H2bpdc, 97%, M., = 242.23 g mol?), and 2,2'-bipyridine-4,4'-dicar-
boxylic acid (98%, My, = 244.20 g mol™) were supplied from Sigma Aldrich. Diethylene glycol DEG (p.a.)
and methanol (p.a.) were purchased from Penta (Czech Republic). Chemicals for Na-ion cell fabrication
such as sodium perchlorate (NaClO,), poly(vinylidenefluoride) (PVDF), N-methyl-2-pyrrolidone (NMP),
ethylene carbonate (EC), and dimethyl carbonate (DMC) were supplied from Sigma Aldrich. Super P
carbon was obtained from TIMCAL.

2.2. Synthesis of V-Bpdc material

The typical synthesis of V-Bpdc material in a microwave reactor was performed as follows: VO(Acac)2
(0.506 g, 1.90 mmol) was dispersed in 60 ml of diethylene glycol (DEG) in a Teflon reaction vessel under
an ambient atmosphere. Then, biphenyl-4,4'-dicarboxylic acid (0.463 g, 1.91 mmol), labeled as Bpdc,
was added and the vessel was tightly closed and placed into a microwave reactor. The reaction mixture
was heated up to 230 °C under microwave irradiation. Microwave power was set to 100% (600 W). The
reaction was stopped after 30 min. The microwave reactor record is illustrated in Supplementary
materials (Fig. 1(S)). Once the reaction mixture was cooled to 50 °C, the reactor was removed and the
resulting green-brown precipitate was separated by centrifugation and washed with methanol. The
powder product was dried at 90 °C in an oven and weighed.

2.2.1. The analysis of V-Bpdc powder product

FTIR (ATR, diamond crystal, cm™) v: 452 vs (V-0), 505 s, 537 m (6 CC, bending), 551 m, 600 w, 686 s
(ring out-of-plane), 705 vw, 756 m (ring out-of-plane), 766 s (6 CH, bending), 793 vw, 846 m (& CH),



879 m (6 CH), 909 m (& CH, bending), 1009 w (v V-0), 1077 m (6 CHs), 1122 w (6 CHs), 1147 w, 1182 w,
1246 vw (v CC), 1291 w, 1378 m (vsym COO), 1409 vs (Vsym COO), 1524 vs (Vasym COO), 1572 M (Vasym
C00), 1608 w, 1686 m (v C=0), 2863 vw, 2924 vw (v CHs).

Elemental analysis: (ICP-OES): 16.34 + 0.05 wt% of vanadium.

The synthetic procedure of V-NBpdc material was performed in the same manner as in the case of V-
Bpdc product, however, the 2,2'-bipyridine-4,4'-dicarboxylic acid (0.468 g, 1.92 mmol), labeled as
NBpdc, was used as an organic linker (Fig. 2(S)).

2.2.2. The analysis of V-NBpdc powder product

FTIR (ATR, diamond crystal, cm™) v: 419 w, 482 w (V-0), 592 w, 669 w, 697 vs (ring out-of-plane), 724
m (ring out-of-plane), 777 s (6 CH, bending), 875 m (Vsym CN), 911 w, 973 s, 1029 w (v CC/6 CH), 1066
m (6 CH), 1123 m (6 CH), 1234 m (Vasym CN), 1264 w, 1288 m (v CN), 1354 s (Vsym COO0), 1401 vs (Vsym
C0O0), 1486 vw (v CN/& CH3s), 1554 m (Vasym CO0), 1616 M (Vasym COO), 1728 m (v C=0), 2869 vw, 2927
vw (v CHs), 3078 vw (v CH), 3422 vw (v OH).

Elemental analysis: (ICP-OES): 14.27 + 0.09 wt% of vanadium.

The carbonization process of V-Bpdc and V-NBpdc MOF products was carried out in a tubular furnace
under an inert atmosphere of argon at the temperature of 600 °C for 3 h. The heating up to 600 °C was
set with rate 5 °C min™. The carbonized products obtained by heat treatment of V-Bpdc and V-NBpdc
MOFs were labeled as VO-C and VO-NC, respectively.

2.3. Electrochemical analysis and electrode preparation

A mixture consisting of the active mass (VO-C or VO-NC sample), PVDF (binder), and Super P carbon
was mixed by a magnetic stirrer in a vial with 1.5 ml NMP (N-methyl-2-pyrrolidone) in the weight ratio
as follows: active material (VO-C or VO-NC) 80%, Super P 10%, PVDF 10%. The resulting mixture was
deposited on an Al foil by a 200 |im coating bar, dried at 60 °C under ambient atmosphere, and, after
the solvent was evaporated, pressed with the pressure of 300 kg cm™. The discs with a diameter of 18
mm were cut out from the coated Al foil and subsequently dried at 110 °C under the vacuum. The
loading of the active mass of the electrodes was 2.7 + 0.1 mg cm2. Finally, the discs were inserted into
an electrochemical cell EI-Cell© ECC-Std and assembled in the 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:DMC in the ratio 1:1 w/w as the electrolyte. The electrolyte was
soaked into the glass fiber separator. Cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), and galvanostatic cycling were used for electrochemical characterization. All
methods were performed on the VMP3 potentiostat (BioLogic). CV was done in the potential window
from 0.01 to 2.5 V vs. Na/ Na* and scan rate were set to 0.5, 1, 5, and 10 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, and finally
at 2C. Subsequently, the C-rate was decreased by the same step to 0.2C with 5 cycles at every C-rate
(1C, 0.5C, 0.2C). EIS was performed in a frequency range from 1 MHz to 0.1 Hz, with an amplitude of
10 mV.



2.4. Instrumentation and characterization methods

2.4.1. Microwave-assisted synthesis

The V-Bpdc and V-NBpdc materials were synthesized under an ambient atmosphere in a PTFE-lined
microwave reactor ERTEC Magnum Il (600 W; 2.45 GHz). Microwave power was set to 100% (600 W)
and the reaction mixture was heated up to 230 ° C. The reaction duration was 30 min.

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 im) and the
temperature program was used as follows: 80 °C-240 °C with the ramp 10 °C min, held at 240 °C for
1 min. Split injection mode (60 ml min?, split ratio 60) was used with the inlet temperature of 280 °C,
transfer line, and El source 220 °C (ionization energy: 70 eV, emission current: 30 pA). Vanadium
contents in V-Bpdc and V-NBpdc materials were determined by ICP-OES spectroscopy performed on
an iCAP 6500 (Thermo, GB) spectrometer (vanadium spectral lines A = 309.311 and 292.402 nm).

2.4.3. Structural characterizations

The powder XRD patterns were recorded on a Rigaku MiniFlex 600 diffractometer equipped with a
CoKq (A =1.7903 A) X-ray tube (40 kV, 15 mA). Data processing was done with Rigaku PDXL2 software.
Powder XRD diffractograms of electrode materials after charge/discharge cycling were carried out on
a Rigaku Miniflex 600 equipped with CuKs (A= 1.5406 A) X-Ray tube (40 kV 15 mA). The electrode
material samples on the aluminum collector were placed on Si wafer substrate and put into a custom-
made cell for post-mortem measurements underan inert argon atmosphere [62]. Due to the
overloading of the detector caused by strong reflections of the silicon wafer, the silicon diffraction in
the range 28-29° two theta was measured separately.

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™ 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 cm™.

2.4.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy measurements were carried out on a Kratos Analytical Axis Supra
spectrometer equipped with mono-chromatized 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 10® Pa. The analyzed area was
approximately 1.4 mm? and the pass energy was set at 150 eV. The C 1s peak of carbon has been fixed
to 284.8 eV to set the binding energy scale [63,64]. Data treatment was performed with the CasaXPS
program (Casa Software Ltd, UK) and some spectra were decomposed 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.

2.4.6. Thermal analysis and heat treatment

Thermogravimetric analyses were performed on a Setaram LabSys Evo instrument with TG/DSC sensor
in the air atmosphere (heating rate 5 °C min™, up to 600 °C, airflow 60 ml mint) and helium (5 °C min-
1 up to 600 °C, 60 ml min). Dried powders were heated in a Nabertherm LE 4/11/R6 tubular furnace
at 600 °C (5 °C min?) for 3 h in the argon atmosphere.

2.4.7. Microscopy

The scanning electron microscopy (SEM) was obtained with a SEM Nova NanoSEM (FEIl) operated at 5
kV and equipped with Schottky field emission gun (FEG) electron source and TLD secondary-electron
detector. The SEM energy dispersive X-ray (EDX) analysis was performed with EDX spectrometer
Octane Plus (EDAX, AMETEK, Inc) with a SDD detector. The transmission electron microscopy was
performed with a high-resolution TEM (HRTEM) Titan Themis 60-300 High Base (Thermo Fisher
Scientific) operated at 300 kV and equipped with a highbrightness X-FEG electron source and a
spherical aberration image (Cs)-corrector. The scanning TEM EDX (STEM-EDX) analysis was performed
with Super-X spectrometer (Thermo Fisher Scientific) with four 30 mm2 windowless detectors. The
STEM imaging was performed with high-angular annular dark-field (HAADF) detector (Fishione)
providing atomic Z-contrast. The sample for TEM was dispersed in methanol and 4 |il of this suspension
were placed on a QuantiFoil R 2/1 300 mesh copper grid and dried spontaneously by evaporation at
the ambient temperature. SEM images of electrode materials before and after charge/ discharge
cycling were recorded on a TESCAN VEGA3 XMU electron microscope.

2.4.8. Nitrogen adsorption/desorption

Nitrogen adsorption/desorption isotherms were collected at the temperature of 77 K on a BELsorp
Mini Il (Japan). Before measurement, the samples were degassed in the BELsorp preparation unit at
100 °C for 19 h. Surface areas (SA) and total pore volumes (Vio: at p/po = 0.99) were determined by
volumetric techniques [65,66]. The specific surface area was calculated from the multipoint Brunauer-
Emmet-Teller (BET) method using at least five data points with relative pressures between 0.05 and
0.30 [65].

3. Results and discussion

3.1. Synthesis and materials characterization

Vanadium-based metal-organic frameworks were prepared via microwave-assisted polyol
solvothermal method from vanadyl acetyla-cetonate in diethylene glycol (DEG) at 230 °C (Fig. 1). As
organic linkers, biphenyl-4,4'-dicarboxylic (labeled as Bpdc) and 2,2' -bipyr-idine-4,4'-dicarboxylic acid
(labeled as NBpdc) were used (Table 1). A nitrogen-containing linker was employed for further nitrogen
doping of the carbon matrix of VO,/carbon composite obtained by the carbonization of vanadium MOF.
The microwave-assisted approach enables rapid and direct heating of the reaction mixture and the
required reaction temperature is reached in a short time in contrast with conventional heating



methods. It is worth mentioning that V-MOF products were obtained after 30 min of MW-assisted
reaction. Due to the strong interaction of molecule dipoles with microwaves, it can be expected that
the reaction kinetics in the presented system is increased [67]. Moreover, Yang and co-workers have
considered that the ordered high-frequency vibrations introduced by MW irradiation may lead to
specific or/and different morphologies than those obtained via conventional heating [68]. Contrary to
conventional MOF preparation methods involving solvothermal reactions in N,N'-dimethylformamide
[42,48], the polyol MW-assisted approach reported here provided different and novel MOF
architectures.

MW-assisted reaction byproducts were determined by the GC-MS technique (Fig. 2). The solution
separated after reaction mixture centrifugation was injected into the GC-MS instrument. In the
chromatogram (Fig. 2), the presence of acetone, 2-(2-hydroxyethoxy)ethyl acetate, and 2-[2-[2-(2-
hydroxyethoxy)ethoxy]ethoxylethyl acetate was confirmed. These products are formed from
acetylacetonate precursor after its decomposition during the MW reaction. It can be argued that the
acetylacetonate group is decomposed into two fragments represented by the acetyl group and enol-
like intermediate [69]. Further, it is proposed that (2-(2-hydroxyethoxy)ethyl acetate) ester and
acetone are formed from the reaction of acetyl group and enol-like intermediate with DEG solvent.

As-prepared vanadium MOF products were analyzed by infrared spectroscopy. FTIR spectra of V-Bpdc
and V-NBpdc samples are depicted in Fig. 3(a). Intense absorption bands raised at 1409 and 1402 cm’
! are attributed to vym modes of carboxylate groups. The vibrational bands located in region 1525-
1617 cm™ are ascribed to vasm vibrations of carboxylate groups. The vibrational bands related to
aromatic ring out-of-plane and C-H vibrations of the linker are found in the wavenumber region 670-
790 cm™[70]. Vanadyl group (V=0) in the V-Bpdc sample can be assigned to a vibrational band with
wavenumber 1012 cm™ (Fig. 3). Noteworthy, an interaction between nitrogen atoms in the NBpdc
linker and vanadyl group may be proposed from the shift of V=0 absorption band in the FTIR spectrum
of V-NBpdc sample at 974 cm™ [71]. This shift is due to a coordinate bond formed between the lone
pair of electrons on pyridinic nitrogen and the empty d-orbital of the vanadium, which results in an
increase of electron density around the vanadium and repulsion of the V=0 bond [72,73]. The FTIR
spectra of vanadium precursor, biphenyl-4,4'-dicarboxylic, and 2,2'-bipyridine-4, 4'-dicarboxylic acid
linkers, as well as the spectra of V-MOF products, are compared in the supplementary information
(Fig. 3(S)). X-ray powder diffraction was employed for the investigation of the crystallinity of prepared
vanadium MOF materials. As illustrated in Fig. 3(b), the diffractogram of V-Bpdc exhibits broad
diffractions in the range 5-15° and at 27° two theta degrees. Sharp diffraction is recorded at 20° two
theta degrees. Based on the diffractogram it can be concluded that the V-Bpdc structure exhibits low
crystallinity. For comparison, dif-fractograms of VO(Acac), and organic linkers are depicted in the
supplementary information (Fig. 4(S)). Powder XRD diffractogram of V-NBpdc MOF product shows
broad diffraction patterns indicating the amorphous character of this product. The amorphous
character can be considered as a result of a lack of long-range periodic order, while the basic building
blocks and connectivity found in common crystalline MOF structures are retained [74]. Further, the
low crystallinity and amorphous character of products are proposed to be a consequence of reaction
procedure and fast MW-assisted heating.



MW, 230 °C

HO o
DEG

0
/ V=0
O' ’ OH o]
CH; e ° o MW, 230 “C
* o= D%, V.NBpdc
] N /

Fig. 1. Reaction procedure scheme.

Table 1 Reaction precursor amounts and yields of the products.

sample m V [g] n V [mmol] linker m [g] n [mmal] Yield [g]

V-Bpde 0.506 1.90 Bpde 0.463 1.91 0.568
V-NBpde  0.503 1.89 NBpde 0.468 1.92 0.545

The thermal behavior of prepared V-MOF materials was studied in atmospheres of air and helium up
to 600 °C. Thermogravimetric curves recorded in the air are displayed in Fig. 4. It can be concluded
that the TG curves of both V-Bpdc and V-NBpdc samples reveal an almost similar shape with two
distinct mass losses. The first mass loss (23.8% V-Bpdc; 21.8% V-NBpdc) between 140 and 260 °C is
assigned to the release of residual DEG solvent. The second mass loss (42.0% V-Bpdc; 45.7% V-NBpdc)
observed in the temperature range 290-400 °C is ascribed to the oxidation of linker molecules. The
residual mass of the V-Bpdc and V-NBpdc samples after TG analysis in the air was 28.2 and 25.5%,
respectively. Based on the powder XRD technique, the residues after TG analysis in air correspond to
the crystalline phase of V,0s (Fig. 5(S)). Furthermore, it can be concluded, that the content of vanadium
in the V-Bpdc and V-NBpdc sample is 15.8 and 14.3 wt%, respectively (Table 2). These values are in
good agreement with the vanadium contents obtained from ICP-OES analysis (Table 2). It can be
mentioned that TG analysis performed in the helium atmosphere (Fig. 4) shows differences between
V-Bpdc and V-NBpdc samples. As displayed, the TG curve of the V-Bpdc MOF sample reveals two
separated mass losses (23.2 and 24.7%) in temperature ranges 220-380 °C and 410-550 °C connected
with the release of DEG solvent and CO, from carboxylate groups of Bpdc linker, respectively [75]. In
the case of the V-NBpdc sample, gradual mass loss consisting of at least three steps (140-250; 250-350;
350-550 °C) is recorded. The residual mass of the V-NBpdc sample after the TG analysis in the helium
atmosphere was 46.5%. It can be agreed that individual mass losses on the TG curve of the V-NBpdc
sample are not as significantly distinguished as in the case of the V-Bpdc sample. The differences
between the TG curves of V-Bpdc and V-NBpdc samples recorded in helium can be addressed to the
different thermal stability of the V-NBpdc sample in the helium atmosphere. Such behavior may be a
result of a specific arrangement between vanadium species and the NBpdc linker.

Based on the data obtained from TG analyses in the air atmosphere, approximated formulas of
vanadium MOF materials can be derived. Since the mass losses are related to DEG solvent and
oxidation of linker, whereas the residual mass corresponds to V205, the approximated formula for V-
Bpdc and V-NBpdc can be expressed as VO (Bpdc)0.66(DEG)0.72 and VO(NBpdc)0.77(DEG)0.73,
respectively.



Fig. 2. GC chromatogram of the reaction mixture after product separation (upper). MS spectra of reaction byproducts.

(&) G i)
-.-__l_'::-::-'
=0
v_poe! N
= =l ‘ =
i I |
8| youppde i 'I"I.." Ui 8
= WehBpde Al ¥ i -3:
gl N |
oy =
| | [j
Wil
VeBpdc | |}| L"'.j""LJ )
R ]
3500 3000 2500 2000 1500 1000 500

Fig. 3. (a) FTIR spectra of V-Bpdc and V-NBpdc MOF products. (b) Powder XRD pattern of V-Bpdc and V-NBpdc MOF
products.
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Table 2 Elemental composition values and TG residual masses.

V content wilt TG Residual mass % composite EDX wila

ICP TG Aidr He zample W o c N

16.34 + 0.05 15.8 282 45.4 Vo-C 35.4 14.1 50.5 -
V-NBpdc 14.27 + 0.09 14.3 255 46.5 VO-NC 30.4 125 46.0 11.1

a determined from V,Osresidue after TG analysis in air.

The elemental composition of VO-C and VO-NC nanocomposites was examined by the EDX technique
(Figs. 6(S) and 7S). The content of vanadium, oxygen, carbon, and nitrogen elements is listed in Table
2. As expected, both materials contain carbon as a major weight part. The VO-C nanocomposite
contains 35.4 and 14.1 wt% of vanadium and oxygen, respectively. These numbers correspond to 12.1
at% of vanadium and 15.2 at% of oxygen. In the VO-NC sample, 30.4 and 12.5 wt% of vanadium and
oxygen, respectively, were found (Table 2). These contents correspond to 10.1 at% of vanadium and
13.1 at% of oxygen. Moreover, it is observed that nitrogen atoms from NBpdc linker are present in
carbonized material in the content of 11 wt%. Therefore, the N-doped carbon-based composite has
been obtained.

Carbonized samples labeled as VO-C and VO-NC derived from V- Bpdc and V-NBpdc MOF products,
respectively, were characterized by powder XRD technique and Raman spectroscopy. Powder XRD dif-
fractograms of both VO-C and VO-NC samples exhibited an amorphous character with no diffractions
characteristic for any vanadium oxide crystalline phase (Fig. 5(a)). Nevertheless, it has already been
reported, that even amorphous vanadium oxide can be used in electrochemical energy storage [76].
The Raman spectra depicted in Fig. 5(b) displayed two bands around 1340 and 1590 cm™, which are
characteristic for vibrational modes of the disordered carbon (D-band) and in-plane vibrations (E;g) of
ordered graphitic carbon (G-band), respectively. It can be pointed out that the intensity, shape, and
resolution of D and G bands recorded in the case of the VO-C sample is better than those of the VO-
NC sample. On one hand, a more intense and narrow G-band suggests the formation of thin or a
graphitic-like morphology in the case of the VO-C sample. On the other hand, weak, wide, and severely
overlapped G and D bands are indicative of amorphous carbon structures in the case of VO-NC



material. This observation is proposed to be a consequence of VO-C sample morphology (discussed
later).

An X-ray photoelectron spectroscopy (XPS) was employed to thoroughly investigate the bonding
relations between elements in both as-prepared MOF materials (V-Bpdc, V-NBpdc) and carbonized
samples (VO-C, VO-NC). Survey scans over the whole binding energy region are given in supplementary
information (Figs. 8(S)-11S). XPS spectra of the V-Bpdc MOF sample are shown in Fig. 6. C 1s XPS
spectrum of V-Bpdc sample (Fig. 6 upper left) exhibited three signals with the binding energies 284.7,
286.2, and 289.0 eV which are assigned to C-(C,H) of the aromatic rings, C-O groups, and to O=C-O
carboxylate groups, respectively.
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Fig. 5. (a) Powder XRD patterns of MOF derived composites VO-C and VO-NC. (b) Raman spectra of VO-C and VO-NC
composites.

These species are attributed to Bpdc linker. O 1s spectrum of V-Bpdc (Fig. 6 upper right) revealed three
contributions with binding energies 530.7, 532.0, and 533.1 eV. The O 1s peak exhibited its major part
at 532.0 eV and this contribution can be ascribed to carboxylate oxygen atoms (0=C-0") with bidentate
coordination to vanadium atoms. The minor O 1s part, in the higher BE side (533.1 eV), can be
understood as a residue of the unreacted acidic form of the Bpdc and/or from other -OH groups that
could be associated with DEG solvent residue. The component detected at binding energy 530.7 eV is
assigned to V-0 groups. V 2p XPS spectrum of V-Bpdc sample displayed in Fig. 6 (upper, right) contains
V 2ps/; components detected at 516.7, and 517.8 eV. V 2p12 components are found at binding energies
of 523.9 and 525.1 eV. According to reported values for V 2ps/; species, the peak at 517.8 eV is assigned
to the V°* oxidation state and the peak with binding energy 516.7 eV is indicative of the V** oxidation
state [77,78]. XPS spectra of carbonized sample VO-C are shown in Fig. 6 at the bottom. As displayed
in the C 1s spectrum, major contribution assigned to graphitic C-(C,H) groups is detected at BE 284.4
eV. In particular, the asymmetry of the main component in the high BE side could be understood as
the simultaneous presence of oxidized carbon species and graphitic-like compounds, this latter
presenting intrinsic asymmetry of the C 1s peak. Further, the C 1s shoulder component with BE 283.3
eV could be associated with the V-C bond [79]. The bottom part of Fig. 6 illustrates O 1s and V 2p XPS
spectra of VO-C nanocomposite. The peak detected at 530.8 eV is indicative for V-O species, whereas
the shoulder contribution at the higher BE side is assigned to residual C-O species preserved after
carbonization. The detection of a broad component in the high BE side of the O 1s peak could be



associated with the presence of oxidized carbon species. In the case of the V 2p XPS spectrum of the
VO-C sample, the V 2p1> components are found at binding energies of 523.1, 523.9, and 525.0 eV.
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Fig. 6. XPS spectra of V-Bpdc MOF product (upper) and XPS spectra of MOF derived VO-C composite (bottom).

Based on the position of V 2ps;; peaks with BE 516.7 and 517.8 eV raised from deconvolution of the
recorded signal, one can argue that the vanadium element in the VO-C sample is presented in the V**
and V°* oxidation state, respectively [77,78]. The V 2ps/, peak with BE of 515.7 eV can be assigned to
the V3 oxidation state [78]. The presence of V** states can be understood to be a result of V#* reduction
within the carbonization process.

XPS spectra of V-NBpdc and VO-NC samples are depicted in Fig. 7, 10S, and 11S. The C 1s XPS spectrum
of the V-NBpdc sample (Fig. 7, upper) exhibited three contributions, and similarly as in the case of
sample V-NBpdc these signals are ascribed to C-(C,H) of the aromatic rings, C-O" groups, and O=C-O
carboxylate groups. The bonding relation between carbon and nitrogen in the C 1s XPS spectrum is
overlapped with broad C-(C,H) and C-O signals. As reported, the C-N bond produces an upshift to
binding energy values between 285 and 287 eV, which is in the region of C-(C,H) species [80]. In the O
1s spectrum, two contributions with binding energies 531.7 and 533.0 eV were recorded. In this case,
the peak at 531.7 eV can be associated with O=C-O" groups coordinated to vanadium. The contribution
with BE of 533.0 eV corresponds to C-O of unreacted NBpdc linker residue and/or other -OH groups



that could be associated with a residue of DEG solvent. V 2p spectrum of V-NBpdc sample displayed at
the upper part of Fig. 7 contains components detected at 523.6 and 524.8 eV that are assigned to the
V 2p1/2 species. The V 2ps;; contributions with binding energies 516.3 and 517.3 eV are indicative of V#
and V°* oxidation states, respectively [31,77,78]. As illustrated in Fig. 7, the V* state represents the
major part of V 2p species in the V-NBpdc sample, which may originate from the possible coordination
of nitrogen atoms contained in the NBpdc linker to vanadium [81,82]. The N 1s XPS spectrum of V-
NBpdc MOF material shows a signal with BE 399.7 eV which can be attributed to pyrrolic nitrogen
atoms [83,84]. In the C 1s XPS spectrum of sample VO-NC (Fig. 7, bottom), contributions of sp? C=C
and sp3 C-C (284.7 eV) graphitic species are found. The C-O and to O=C-O" moieties are also present
due to an incomplete removal during heat treatment. These groups are observed in the O 1s spectrum
of the VO-NC sample as well (Fig. 7), located in region 532-535 eV. The peak with BE 530.4 eV is
indicative of V-O species. The V 2p spectrum of VO-NC contains V 2p1/; contributions detected at 523.6
and 524.9 eV. The V 2ps/, components with binding energies of 516.3 and 517.4 eV are characteristic
for V¥*and V°* valence, respectively [77,78]. It can be concluded that in the case of the VO-NC sample,
the major contribution of V>* oxidation state species is presented (Fig. 7). Nitrogen incorporation is
further evidenced in the N 1s XPS spectrum. As displayed in Fig. 7 at the bottom, after the heat
treatment of the V-NBpdc sample, different nitrogen species were detected in the spectrum. These
components correspond to pyridinic-N (398.8 eV), pyrrolic-N (400.2 eV), and graphitic-N (401.6 eV),
respectively [83,84]. Moreover, the V-N bond with the contribution at BE 396.8 eV was observed [83].
The presence of the V-N bond after carbonization can be understood as a consequence of nitrogen
coordination to vanadium in parent V-NBpdc MOF [81,82].

The morphology of V-MOF samples and carbonized products was studied by SEM microscopy. The
images of as-prepared V-Bpdc and V-NBpdc samples are given in supplementary information (Figs.
12(S) and 13S). SEM images of the vanadium MOF-derived carbon-based composites are displayed in
Fig. 8. As can be seen, the sponge-like morphology with the nano-sheet architecture of particles (Fig.
8(a)) was revealed in the image of the VO-C sample. Based on the SEM analysis, the thickness of nano-
sheets is in the range of 5-20 nm. As a consequence of this architecture, the high intensity and narrow
shape of the G band in the Raman spectrum were observed. The VO-NC composite exhibited unique
“paperclip” morphology (Fig. 8(b)) with the rod diameter ranging from 35 to 70 nm. This interesting
architecture can be proposed as a result of the molecular geometry of V-NBpdc MOF formed from
vanadium ions and 2,2'-bipyridine-5,5'-dicarboxylate linker during the solvothermal reaction. In
addition, it can be also considered that microwave-assisted heating, non-thermal effects, and
solvothermal conditions together with the effect of DEG solvent support the formation of “paperclip”
architecture [67]. It is assumed that the final morphology of VO-C and VO-NC composites may also be
a consequence of an arrangement between vanadium-oxo clusters and linkers in parent MOFs.

TEM images of VO-C and VO-NC composites are shown in Fig. 9. The VO-C composite (Fig. 9(a)-(c))
exhibits an amorphous structure of agglomerates consisted of VO,/carbon nano-sheets. The thin
morphology allows HRTEM imaging at an atomic scale. HRTEM image (Figs. 9(c) and 14S) reveals lattice
fringes with distances of about 0.25 nm and 0.18 nm corresponding to the inter-plane spacing of (410)
and (020) planes of orthorhombic V.0s, respectively [85-87]. Since observed particles are very small
(below 5 nm) and their possible diffraction lines are proposed to be broad, they are not detected on
the PXRD diffractogram (Fig. 5(a)) [88]. The VO-NC composite with the architecture of “paperclips” is
displayed in Fig. 9(d)-(f). In the case of the VO-NC “paperclip” sample no lattice fringes were detected
(Fig. 15S).
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Fig. 7. XPS spectra of V-NBpdc MOF product (upper) and XPS spectra of MOF derived VO-NC composite (bottom).

Fig. 8. SEM images of (a) sponge-like nano-sheet VO-C composite and (b) paperclip-like VO-NC nanocomposites.




Fig. 9. TEM images of VO-C composite (a-c) and VO-NC composite (d-f) in different magnifications.

To investigate the homogeneity of the elemental distribution in VO-C and VO-NC composites, STEM-
EDX elemental mapping was employed. As illustrated in Fig. 10, the distribution of vanadium and
oxygen elements in the carbon matrix of VO-C composite is homogeneous. STEM-EDX elemental maps
of VO-NC composite are shown in Figs. 10 and 16S. It can be concluded, that the homogeneous
distribution of vanadium, oxygen, nitrogen, and carbon in the VO-NC composite is achieved. Based on
the illustrated elemental maps it can be testified that carbonization of vanadium MOFs led to
homogeneous carbon-based nanocomposites.

Nitrogen adsorption/desorption isotherms of vanadium MOF-derived composites VO-C and VO-NC are
illustrated in Fig. 11. As displayed, isotherms are classified as type Ill, and nitrogen adsorption takes
place at high p/po pressures, which is characteristic for graphite-like materials [89]. Sample VO-C
derived from V-Bpdc exhibited BET surface area 108 m? g with the total pore volume 0.5 cm3® g™. In
the case of the VO-NC sample, the surface area of 23 m? g'* and the total pore volume of 0.2 cm? g!
were observed. The low surface area of the VO-NC sample (23 m? g!) in comparison to VO-C can be
explained as a result of the linker contained in V-NBpdc MOF and its different morphology.



Fig. 10. STEM-HAADF images and corresponding-EDX elemental maps of VO-C (upper) and VO-NC (bottom) composites.

3.2. Electrochemical characterization

Since the application of composites of vanadium oxides and carbon or N-doped carbon in sodium-ion
batteries has been reported recently [30-32], in our work we investigated the electrochemical
performance of VOy/carbon-based nanocomposites. Vanadium MOF-derived nanocomposites VO-C
and VO-NC with the nano-sheet and “paperclip” morphology, respectively, were used to prepare
electrodes for the characterization of their electrochemical properties. To investigate the application
potential of prepared nanocomposites, the electrodes were integrated into the SIB system. The first
step of electrochemical characterization was cyclic voltammetry (CV) with a scan rate of 1 mV s*. The
CV curves are shown in Fig. 12 and according to the identical CV curve profiles of each sample, a stable
electrochemical activity of both nanocomposite samples can be testified. According to a higher ano-
dic/cathodic current, the VO-NC sample exhibited a higher electrochemical activity. The higher activity
is also related to the higher capacity of the VO-NC sample (~215 mAh g!) compared to the VO-C
sample with the capacity of ~145 mAh g in the last cycle of CV. An absence of obvious peaks on CV
curves can be explained as a consequence of the amorphous character of vanadium species (VOy) in
nanocomposites (Fig. 5) [30,32,33]. Such behavior has been observed in the work by Uchaker et al.
[33]. As it has been reported, amorphous vanadium oxide exhibited a CV profile without the obvious
peaks. However, its current response was higher than that for the crystalline material. It is assumed
that such CV performance is tied to the broad energy dispersion of the sodiation sites, occupied via an
apercolation mechanism, that allows a wide distribution of redox events [33].

Electron impedance spectroscopy (EIS) measurements were performed to clarify the reason for the
improvement of the electrochemical performance of the VO-NC composite. Fig. 12 (b) shows the
Nyquist plots of the VO-C and VO-NC nanocomposites and an equivalent circuit model. Rs represents
the electrolyte and ohmic resistance of the cell. Rt represents charge transfer resistance and CPE
stands for double-layer capacitance. The value of charge transfer resistance of the VO-NC
nanocomposite was 151.7 Q which is lower than the charge transfer resistance of the VO-C
nanocomposite (235.8 Q). This improvement is achieved due to the presence of nitrogen which
improves electron diffusion [90]. Because of the lower charge transfer resistance, the VO-NC
nanocomposite exhibited higher electrochemical activity as observed on CV curves.
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Capacitive or diffusion behavior was determined for both electrode materials by analyzing of b value
using i = avP2 formula. The b value obtained from Fig. 13(c) and (d) is 0.91 for VO-C electrode and
0.88 for VO-NC. Both electrodes show capacitive and diffusion-controlled behavior. In the case of VO-
NC electrode the diffusion-controlled behavior is slightly higher. Normalized contribution ratio of
capacitive and diffusion-controlled capacities at different scan rates is shown in Fig. 13(e) and (f). It is
clear that VO-NC electrode has a greater proportion of diffusion-controlled capacity at all scan rates
than VO-C electrode. Generally, both samples exhibit tendency to increase the contribution of the
capacitive behavior at higher scan rate. Higher contribution of diffusion-controlled capacities at slower
scan rate is beneficial from the point of view of higher capacity at lower C-rates. Similar behavior has



been observed by Liu [32] who studied vanadium oxide uniformly embedded into the highly defective
carbon nanofibers.

As a next step, two charge/discharge cycles at 35 mA g for the determination of capacity were
performed. Both VO-C and VO-NC nanocomposites exhibited almost the same curve profiles without
any stable plateau (Fig. 14). In the case of VO-C and VO-NC samples, the capacity in the first cycle
reached 204 mAh g' and 257 mAh g}, respectively. VO-C sample exhibited irreversible capacity loss of
23.6% in the first cycle and 15.4% in the second cycle (Fig. 14), whereas, the irreversible capacity of
the VO-NC nanocomposite sample reached 14.2% in the first cycle and 2.8% in the second cycle. This
irreversible capacity of the VO-NC nanocomposite sample is very low compared to data that have been
reported for vanadium oxide@N-doped carbon heterostructure (VNC) (58%, first cycle) and vanadium
MIL-88B MOF-derived material (36%, first cycle) by Ren et al. [30] and Cai et al. [56]. V,0s/carbon
nanocomposites published by An et al. [91] reached even in the second cycle irreversible capacity
~17%. Moreover, the irreversible capacity of the VO-NC sample is also lower in comparison to the hard
carbon anode reported in the work of Kamiyama et al. [92] where the irreversible capacity of 25% was
achieved.

Fig. 15(a) shows the cycling performance of the VO-C sample recorded at different C-rates. This
electrode exhibited an initial discharge capacity of 152 mAh g with a coulombic efficiency of 82%.
During further cycling, the efficiency increased and varied around 97%. It is evident that with increasing
C-rate, the capacity significantly decreases to 11 mAh g in the last cycle at 2C. The capacity drop
between the 20th cycle at 0.2C and the last cycle of all cycling was 20% and the capacity drop during
overall cycling at different C-rates was 23%. The cycling performance of the VO-NC sample at different
C-rates is shown in Fig. 15(b). According to the higher activity observed during CV measurement (Fig.
12), the capacity of the VO-NC sample at the first cycle was 264 mAh g with a coulombic efficiency of
96% which is significantly higher than values obtained for the VO-C sample. Coulombic efficiency
during cycling further increased close to 99%. The VO-NC sample exhibited higher stability at a higher
C-rate compared to the VO-C sample. The capacity at the last cycle at 2C was 35 mAh g. The capacity
drop between the 20th cycle at 0.2C and the last cycle of the whole cycling test of the VO-NC sample
was 15% which is lower in comparison with the VO-C sample (20%). However, the overall capacity drop
during cycling at different C-rate was 34% (Fig. 15(b)). The capacity drop after the first ten cycles of
the VO-NC sample was more significant compared to the results of VO-C sample. However, during the
rest of the cycling, the VO-NC sample was more stable and provided higher capacity within overall
cycling at different C-rate (Fig. 15). It is proposed that a better electrochemical behavior of VO-NC
material is achieved because of the nitrogen element presence in the carbon matrix (11.1 wt%) [29].
It can also be taken into account that paperclip-like morphology with the rod-like architecture of
particles may support the Na* transport.

The capacity and coulombic efficiency performance during cycling at 0.2C of the VO-C and VO-NC
sample are shown in Fig. 16. The initial discharge capacity of the VO-C and VO-NC samples was 158
and 256 mAh g?, respectively. The instability of the capacity of the VO-NC electrode between the 2nd
and 5th cycle can be attributed to the slight decomposition of the electrolyte at the higher voltage
(above 2.3V, Fig. 14(b)). This is also observable in the instability of coulombic efficiency. The coulombic
efficiency of the VO-NC electrode was very stable during the rest of the cycling test and it was constant
at around 99.5%. At the same time, the coulombic efficiency of the VO-NC sample was higher and more
stable during overall cycling compared to the VO-C sample. These data are in correlation with the
results from CV and EIS measurements (Fig. 12). Therefore, the lower the charge transfer resistance,
the higher capacity, and better stability at high C-rates were provided by VO-NC nanocomposite.
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Fig. 15. The capacities achieved during the cycling of (a) VO-C and (b) VO-NC composite samples vs. sodium at different C-
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Fig. 16. The capacity and stability of VO-C and VO-NC composite-based electrodes within 100 cycles.



Over the 100 cycles, the VO-NC electrode displays a capacity of 137 mAh g*, almost double compared
to the VO-C sample (71 mAh g!). Capacity retention during the overall cycling of the VO-C and VO-NC
samples was 45% and 54%, respectively. In the case of V,0s/carbon nanocomposites reported by An
et al. [91] the capacity retention after 100 cycles at 100 mA g was 36%. Capacity retention from cycle
20th was 62% for the sample VO-C and 71% for the VO-NC sample. The VO-NC sample exhibited similar
behavior compared to the previous cycling (Fig. 16), and therefore a faster decrease in capacity at the
beginning of cycling, and subsequently higher stability. To conclude the electrochemical performance
results of VO-C and VO-NC nanocomposite samples, it has to be pointed out that VO-NC reached higher
capacity and stability than the VO-C sample. This observation can be explained with the characteristic
properties of the nitrogen-containing carbon matrix and morphology of the VO-NC sample. As
reported, nitrogen doping of carbon structures increased conductivity and facilitated ion/electron
transfer [8]. Moreover, the supporting effect of interconnected fiber-like architecture on charge
transfer has been observed in the work of Fu et al. [93], hence, such a promoting effect can be
considered in the case of the VO-NC sample as well.

SEM images of electrode materials before and after charge/discharge cycling at different C-rates (Fig.
15) are depicted in Fig. 17(a-d). The electrode material based on the VO-C nano-sheet composite
before and after charge/discharge cycling is displayed in Fig. 17(a) and (b), respectively. For better
orientation, the VO-C nano-sheet composite is marked with yellow circles while the Super P carbon is
labeled with red circles. It can be agreed that nano-sheet morphology is preserved after cycling and no
significant changes of VO-C electrode material structure are observed. In the case of the electrode
material containing a VO-NC sample with paperclip architecture (Fig. 17(c and d)), the SEM image after
cycling demonstrates that the structure of the VO-NC nanocomposite has remained almost as same as
before cycling. Fig. 17(e) shows XRD diffraction patterns of electrodes with VO-C and VO-NC
nanocomposites after charge/discharge cycling (Fig. 15). It is confirmed that no significant diffractions
of the crystalline vanadium oxide phase occurred. The diffractions that are observed in diffracto-grams
were assigned to silicon wafer substrate [94], aluminum collector, and post-mortem XRD cell cover
foil. This experiment confirmed that VO, species are amorphous after charge/discharge cycles. Based
on the results described above, it can be concluded, that structure and morphology of VO-C and VO-
NC nanocomposites have exhibited stable behavior during charge/discharge cycling. Moreover,
according to charge and discharge curves shown in supplementary materials (Fig. 17 (S)) it is evident
that sample remains in amorphous form because formation of a stable charging/discharging plateaus
does not occur. In the case of V-CO sample we can observe an increase of hysteresis caused by an
increase of internal resistance.

Comparison of VO-NC sample with VO-based materials presented in other articles is given in Table 3.
VO-NC sample has a significantly lower irreversible capacity than other materials and a comparable
capacity even though it is cycled in a smaller potential window than other materials. If the capacity
achieved for other materials in the limited working window were taken into account, the achieved
capacities would be smaller than in the case of the VO-NC sample. Stability during long term cycling is
slightly worse compared with some of other reported materials, however, loading of active mass in
the case of VO-NC sample is significantly higher (Table 3).

Based on the reported data on vanadium oxide/carbon composites, the charge/discharge mechanism
related to VOy species in VO-C and VO-NC nanocomposites suggests that VO can convert into Na;O and
V species according to the following reaction equations: VO + 2e” + 2Na* » Na,O + V upon
charging/discharging process [30]. Also, the intercalation of sodium into V,0s species, described in the
work by Ali et al. [95] via following equation: V.05 + x Na* < Na\V,0s, may be considered during



charge/discharge process. Moreover, it has been reported recently [31] that in the case of amorphous
vanadium oxi-de/MXene nanohybrid the electrochemical reactions during Na* insertion/extraction
mechanism suggesting the oscillation of vanadium valence between V* and V** state.
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Fig. 17. SEM images of the electrode with VO-C nano-sheet sample (a) before and (b) after charge/ discharge cycling. SEM
images of the electrode with VO-NC nanocomposite sample (c) before and (d) after charge/discharge cycling. The VO-C
nanosheets are marked with yellow circles, Super P carbon is labeled with red circles. (e) XRD patterns of electrode
materials after cycling (measured under argon atmosphere in post-mortem XRD cell). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)



Furthermore, Ren et al. [30] have reported that the V-N bond can improve the electrochemical
performance due to rapid charge transfer at the vanadium oxides/carbon interface. The N-doped
carbon surface exhibits enhanced affinity to Na* ions and VO species. Thus, the interfacial V-N bonding
between N-doped carbon and VOy species exhibited a promoting effect on the charge transfer at the
heterojunction interface. It is assumed that the same effect could support the charge transfer in the
VO-NC sample.

4. Conclusion

In this work, a facile microwave-assisted polyol solvothermal synthesis of vanadium metal-organic
frameworks (V-Bpdc and V-NBpdc) from vanadyl acetylacetonate precursor is presented. As organic
linkers, biphenyl-4,4'-dicarboxylic and 2,2'-bipyridine-4,4'-dicarboxylic acid were used and the reaction
was performed in diethylene glycol solvent at 230 °C. Prepared vanadium-based MOFs were
carbonized at 600 °C in an argon atmosphere to obtain VO,/carbon (VO-C) and VO,/N-doped carbon
(VO-NC) composites. It was found that the reported method provides the composites with interesting
nano-sheet (VO-C) or “paperclip” (VO-NC) morphology with homogeneously distributed elemental
composition. The VO-C nano-sheet thickness was 5-20 nm and the rod diameter in the case of VO-NC
“paperclips” ranged from 35 to 70 nm. Both nanocomposite materials were electrochemically active
at low potential under 2 V vs. Na*. Because of the electrochemical activity, the VO-C and VO-NC can be
used as anode materials for SIBs. Different morphology and nitrogen-containing carbon matrix of the
VO-NC sample led to the improvement of the electrochemical properties of SIBs anode. A capacity of
over 250 mAh g was observed with a very low irreversible capacity under 15%. These properties make
this material an interesting candidate for further use in advanced SIBs.

Table 3 Comparison of VO-NC sample performance with other VOy-based materials.

Ref. C-rate Capacity [mAh Irreversible Number of Cycling drop [%] Working Loading [mg/
g I capaeirty [%] cycles windew [V] em?]
VO@N-doped carbon [30] - 0.56C 272 57,5 100 10.6% (0.11% per 0.1-3.0 -
heterostructure cyele)
a-V'0,/V2C nanohybrid [31] - 0.1-8C 310 - 60 19.4% (0.32% per 1.5-3.0 1.0-1.2
eyele)
Porous shuttle-like V-035/C [56] — 0.8C 257 35,9 100 15.6% (0.16% per 0.01-3.0 —
cyele)
Amorphous vanadium oxide [33] 0.2C 216 37 100 35.2% (0.35% per 1.5-3.8 -
eyele)
VO, @CNF600 [32] - 269 65,5 90 6.3%, include 13t 0.01-3.0 1
0.3-16C cycle 66%
VO, /N-doped C paperclip thiz 0.2C 256 14,2 100 54% (0.53% per 0.01-2.5 27
(VO-NC) work cycle)
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