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2. Experimental

2.1 Reagents and materials

Vanadium pentoxide (V,0s) powder, multiwalled carbon nanotubes (MWCNT’s) and graphite
flakes were purchased from Sigma Aldrich. Hydrogen peroxide solution (H,O,) was obtained
from Honey well. Sodium nitrate (NaNO3) and potassium permanganate (KMnO,) were purchased
from Riedel-de Haén. Ethanol was received from AnalaR. Sulphuric acid (H,SO4) and
Hydrochloric acid (HCI) were supplied by MERCK (E.Merck, Darmstadt, F. R. Germany).

Deionized water was used throughout the synthesis and measurements.

2.1 Synthesis of V,05

V,0sprecursor powder (0.455 g) was dissolved in deionized water (37.5 mL) at room temperature
and then H,0, (6.25 mL) was added and kept continuously stirred for 30 min. The resultant
solution was transferred to a Teflon lined autoclave (50 mL) and kept in an oven at 205 °C for 3
days. The product was washed with ethanol and DI water several times to remove the impurities.
The sample was dried at 80 °C in vacuum for 6 h and then annealed in air at 500 °C for 2 h. The

annealed sample was then grinded finely into the fine powder[1].

2.3 Synthesis of GO and rGO

The synthesis of GO was carried out using a modified Hummers method as we have previously
reported[2]. Briefly, 2g graphite flake and NaNO; was mixed in 90 ml of sulphuric acid (H,SOy,)
and stirred for 2 hours while keeping the temperature less than 5 °C. Then 12 g of potassium
permanganate was added to the reaction mixture slowly, maintaining the temperature at or below
15°C to avoid the explosion and allow magnetic stirring for 30 mins. After that, 184 ml of water
was poured very carefully to dilute the mixture because of the exothermic reaction. After addition
of water the ice bath was removed from reaction while continuing the stirring for further 2 hours.
The temperature reaches to 35°C. The mixture was kept in a reflux-system at 98°C for the 10-15
mints. After 10 minutes, the temperature was changed to 30 °C which resulted in brown colored
solution. Then reaction was cooled down to room temp at 25°C and stirred the reaction mixture
for next 2 hours. 30% of H,O, (40 ml) and 160 ml of hot water was added into the solution, and

the solution was stirred for 1 hour. Mixture was left for overnight in an open air at room



temperature. The product blend was then moved to the sonic bath and ultra-sonicated for
35minutes. To remove the impurities, the product was washed several times with ethanol, DI-water
and with 10% of HCI. Gel like substance was obtained after centrifuge which was further dried in
oven for 24 hours. The obtained GO was then finely grinded into the fine powder. The powder
was then assembled into the alumina ceramic crucible and covered with the lid. To anneal the
sample this crucible was then placed inside the muffle furnace for 1 h at 500 °C. The final product

was then stored in the glass reagent bottle for further use.

2.4 Synthesis of V,0s/carbon-based hybrid systems

The hybrid nanomaterials including V,Os/MWCNT’s and V,0s/rGO were prepared by a facile
hydrothermal method as reported [3]. MWCNT’s and rGO were taken about 10% weight ratio of
V,05.The chosen amount of MWCNT’s were dispersed into 20 mL of deionized water and
ultrasonicated for 45 min. Subsequently, 2mL of acetic acid was added. After stirring for 10 min,
10mL of the prepared solution of annealed V,05 was added drop by drop in the above solution.
After stirring for 30 min in the room temperature, the resultant solution was transferred into a
sealed Teflon container and kept in an electrical oven at 200 °C for 3h. The precipitates obtained

after hydrothermal treatment were filtered and washed several times with pure ethanol and

deionized water and dried for 24h at 60 °C.

2.5 Material Characterization

The morphology and chemical composition of the samples were studied by field- emission
scanning electron microscopy (FE-SEM, TESCAN MIRA A-3) equipped with an energy
dispersive X-ray (EDX) system and high transmission electron microscope (TEM, JEOL JEM-
2100 F, 200 kV). The Raman spectrum was recorded from 100 to 1800 cm™'by using Horiba Xplora
microscope at 532nm laser. Structural properties of the samples were examined using Bruker
Model D8 Advance X-ray powder diffractometer (XRD) in the diffraction angle range 5-80°with
Cu-Ko radiation (A = 1.54060 A). Fourier transform infrared spectroscopy (FTIR) was recorded
on KBr pallets in the range of 400-4000 cm! by using a Nicolet iS50-FTIR spectrometer. The
surface composition and valance-state were determined by X-ray photo-electron spectroscopy

(XPS; Super ESCA beam at Electra, Trieste, Italy).



2.6 Battery assembly and performance measurements

The working electrode was prepared by dispersing active material, carbon black and soft binder
PVDF (polyvinylidene fluoride) in NMP (N-methylpyrrolidone) solvent with a weight ratio of
70:20:10. The slurry was spread on aluminum foil disks and dried in a vacuum oven at 60 °C
overnight then cut into disks (diameter 15nm). The cells were assembled in an Ar-filled glovebox
using lithium foil as negative electrode, porous polypropylene as the separator, and 1M LiPFg in
ethylene carbonate, dimethyl carbonate and ethylene methyl carbonate (2:1:2 by volume) was used
as the electrolyte. For determining electrochemical performance, galvanostatic charge/discharge
tests with various current densities, each for 10 cycles were performed using 8§ Channel Battery
Analyzer system (BTS8) in the voltage range of 1.5 4.0 V (vs.Li/Li*). Cyclic voltammogram (CV;
1.5-4.2V, 0.0005 mVs!) measurements were performed by using a LAND cell-testing system and
CHI660C (Chenghua, Shanghai) electrochemical workstation. The electrochemical impedance
spectroscopy (EIS) measurements were collected using CHI660C electrochemical workstation

with amplitude of 5 mV in the frequency range from 100 kHz to 0.01Hz.

2.7 Computational details

In this study, all calculations have been performed by employing planewave pseudopotential
approach as implemented in VASP[4]. Generalized gradient approximation (GGA) with Perdew—
Burke—Ernzerhof (PBE) parameterization was used as exchange correlation functional [5], though
results for electronic structure were further corrected by using hybrid HSE06 method. A kinetic
energy cut-off of 500 eV was employed while convergence criteria of total energy and forces were
setto 105eV and 0.01 eV/A, respectively. In order to model MWCNT, we have employed (4,4)@
(8,8)@ (12,12) three wall multi carbon nanotube. The calculated work function was 4.22 eV, in
good agreement with the experimental value of 4.30[6]. The calculations were also performed with
larger tube ((8,8)@ (12,12)@ (16,16)), though change in work function remained negligible,
highlighting the convergence of results. For orthorhombic V,0s, energetically optimum surface
was employed which is obtained by cleaving layers bonded by weak van der Waals bonds [7].
Specifically, two layers were utilized which were sufficient to obtain converged results. In order
to provide energy level alignment at V,05/MWCNT interface, energy levels of V,05 and MWCNT

were calculated separately with respect to vacuum level. This approach is reasonable since



interaction between V,05 and MWCNT should be relatively weak due to geometry of MWCNT
while a combined study of V,0s/MWCNT interface would be computationally prohibitive. We
note that this approach is routinely employed to estimate efficiency and direction of interfacial

charge transfer within electronic devices[8,9].

3. Results and discussion

3.1 Compositional analysis of V,0s5and V,05based hybrid composites by FTIR

FTIR analysis was carried out to investigate the chemical composition and bond analysis of V,0s
and V,0;5 based hybrid composites including V,0s/MWCNT’s and V,05/rGO as shown in Fig.
S3. The vibrational band at 462 cm! corresponds to the stretching absorption peak of triply
coordinated oxygen atom between three vanadium atoms [10]. The peaks at 834 and 521 cm-
! correspond to asymmetric and symmetric stretching of V-O-V bridge. The band located at 622
cm! assigned to the vanadyl stretching mode (e.g. 8V—0).The characteristics band at 1020 cm™' is
ascribed to stretching vibration of terminal oxygen bonds (V=0) [11-13]. Thus, the characteristic
peaks ranging from 1020-462 cm™! confirms the bonding structure of the vanadate. In the spectra
of V,05/rGO, the band at 1139 cm! is attributed to the presence of C-O stretching. It shows that
the stretching vibration of C-OH and C=0 bonds in rGO disappears which proves that the GO
material has been reduced successfully. In V,0s/rGO it is due to the unoxidized graphitic domains
whereas in V,05/MWCNT’s spectra the vibration represents the graphite structure present in the
MWCNT framework which is caused by the five-membered ring or seven membered ring at the
turning point or seal of the MWCNTs [14,15]. In both V,0s/MWCNT’s and V,05/rGO, the band
at 1401 cm!' and 1629 cm! is assigned to the stretching in the sp? vibration plane of C=C bond
[16,17]. Lastly, the peaks appearing at 3463 cm™! in the spectra of both the hybrids represents the
stretching vibrations of hydroxyl group (-OH) or the trapped water [14,16].
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Figure S1. Low and high magnification FESEM images of (a, b) rGO (¢, d) MWCNTs.
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Figure S2. Low and high magnification FESEM images of (a, b) V,0s (d, €) V,0s/MWCNTs (g,
h) V,0s/rGO and corresponding EDX spectrum of (c) V,0s5 (f) V,0s/MWCNTs (i) V,05/rGO

respectively.



e e 0
|||||||||| »Mm H.-.WHW.||I|III| i
B .
| BELL-p "
Wobb -p------- -
6E8l: g~ -
| o
|
| = Q
| © 0
) 2 =
| & o,
o |>
m,, Vo.
m

P

L

IIIIIIIIIIIIIIIIIIIIIIIII

05p @0uejjiusueld |

4000 3500 3000 2500 2000

1000 500

1500

Wavenumber(cm'1 )

Figure S3. FTIR spectra of V,05, V,05/MWCNTs and V,05/rGO.



