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Vanadium, known for its low cost, multiple valencies, and exceptional theoretical capacitance
(pseudo-capacitance), has been investigated for energy applications. Activated carbon (AC) with its
conductive and absorptive properties (EDLC behavior), is a well-established material. The composites
synthesized from vanadium and derived ACs from various biomass sources have been reported in the
literature. This paper also reports the synthesis of VO, nanomorphology on coconut shell-derived
activated carbon using a hydrothermal method. SEM and TEM images indicated the VO, nanorods
grown around AC micro-sized particles and fully interacting with each other. A sample containing
more activated charcoal exhibited 545.56 F g~ specific capacity at 0.6 A g™! current density, which is
8% higher than the sample with less activated charcoal, and it also demonstrated negligible charge
transfer resistance. The calculated b value confirmed the mechanism of charge storage. Vanadium has
also insulin-enhancing properties for humans; therefore, the synthesized composites were also tested
for anti-microbial activity. The results showed that it demonstrated bactericidal activity by inhibiting
respiration and damaging the cellular components.

Keywords Vanadium oxide nanorods, Activated carbon, Electrochemical, Electrochemical-impedance-
spectroscopy, Anti-microbial

Transition metal oxides (TMOs) are a class of material possessing a wide range of unusual electric, magnetic,
and optical properties as a result of a partially filled outermost d-shell. Current progress in the field of
nanostructuring has promoted the development of TMO nanostructures with enhanced surface area that exhibit
modified physical and chemical properties as compared to TMOs. For example, nanostructuring TiO, increases
the surface area-to-volume ratio exposing more active sites for catalytic reactions', VO, undergoes a well-
known metal-insulator transition on size reduction?, ZnO nanorods exhibit enhanced ultraviolet emission due
to quantum confinement effects making them suitable for use in optoelectronic devices®, Fe,O, nanoparticles
exhibit superparamagnetism at room temperature®. Existing in multiple oxidation states and the ability of TMOs
to undergo reversible redox and intercalation reactions make them suitable for energy storage applications’.

Some TMOs exhibiting photocatalytic properties (like ZnO, TiO,) also generate Reactive Oxygen Species
(ROS) such as superoxide anion(O,—), hydrogen peroxide(H,0,), hydroxyl radical(-OH), and single oxygen
(-O) that can cause oxidative stress in bacterial cells. This cellular damage can lead to cell membrane disruption,
enzyme inactivation, and ultimately, bacterial cell death. In addition, some TMOs like CuO, ZnO, and Ag,O,
can release metal ions (e.g., Cu?, Zn%*, Ag") into the bacterial cell membranes, hence leading to cellular contents
leakage, and resulting in cell death. These combinations of properties make TMO effective antimicrobial agents,
with potential applications in healthcare, food preservation, and environmental protection®. Nanostructures of
TMOs possess enhanced antibacterial properties due to increased surface area, enhanced generation of reactive
oxygen species (ROS), and improved interaction with bacterial cell membranes, hence making them efficient
anti-microbial agents.

Among TMOs, vanadium oxide (VO) is established for its promising electrochemical properties in energy
storage applications. However, challenges such as its low conductivity and structural stability are issues. As
mentioned above, TMOs such as TiO,, ZnO, and CuO have antimicrobial properties. Nanostructuring further
amplifies these effects, improving bacterial interaction and oxidative stress induction. Despite these advantages,
the investigation of the antibacterial potential of VO-based compounds is needed.
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This work reports the charge storage properties along with antibacterial properties of vanadium oxide (VO)
and purchased coconut-shell derived activated carbon (AC)-based composite prepared via the hydrothermal
technique. The nanocomposite samples were prepared by varying weight percent ratios of vanadium and AC.
Further, these were characterized through SEM, TEM, and RAMAN. Their electrochemical properties were
studied using CV (cyclic voltammetry), GCD (Galvanostatic charge-discharge), and EIS (Electrochemical
impedance spectroscopy) in 3-electrode configurations. Additionally, the composites’ antimicrobial activity was
evaluated by a well-diffusion method against gram-negative and gram-positive bacteria.

Experimental

Material and synthesis of nanocomposite samples

AC was purchased from Merck (up to 50 pm sized particles), and bulk VO, (99% purity) was purchased from
SRL Pvt. Ltd., India. The composite of vanadium oxide and activated carbon was prepared through a one-step
hydrothermal process at 160 °C for 5 h.

AC and bulk VO, were taken in weight ratios 1:3 and 3:1, and the resulting composites were named VO1/
AC3 and VO3/ACI, respectively. The mixture (3 g AC with 1 g VO,) was mixed in DI water, and 5 ml H,0,
(30% concentration, CDH, India) was added to the solution. A reddish to reddish-brown color change was
observed after stirring and sonicating for 1 Hr each. Later, the composition of AC and bulk VO, was changed to
1 g and 3 g, respectively. After uniform dispersion of the solution, the contents were poured into a hydrothermal
autoclave (100 ml) and treated at 160 °C for 5 h. After the autoclave cooled down, the contents of the autoclave
were washed using DI water and ethanol alternately till a neutral pH was achieved. The product thus obtained
was then dried in a muffle furnace at 150 °C for 2 h and then collected for testing and charge-storage evaluation.

Morphological and electrochemical evaluation

Scanning Electron Microscopy (SEM, Model: Zeiss Gemini 300) was done to observe the morphology of the
composite, and Transmission Electron Microscopy (TEM, Model: TALOS F200X) analysis was done to study the
internal structure of the material. RAMAN spectroscopy was done to analyze a sample’s chemical composition
and structure and find the degree of graphitization obtained. Electrochemical Analysis was done to study the
charge storage properties of the material through Cyclic Voltammetry (CV), Galvanostatic charge-discharge
(GCD), and Electrochemical Impedance Spectroscopy (EIS).

Antibacterial study

The vanadium oxide NPs’ antibacterial activity against Escherichia coli (gram-negative (-)) and Staphylococcus
aureus (gram-positive (+)) bacterial strains was determined using a well diffusion method. A cleaned and
autoclaved petri dish was filled with nutrient agar medium and allowed to solidify. After solidification 5 circular
wells (5 mm) were created using a borrer and 4 wells filled with different nanoparticles dispersed in distilled
water at different concentrations (25, 50, 75, and 100 uL). One well filled with antibiotic ampicillin (1 mg/ml) was
taken as a control. Afterward, 1 mL of bacteria culture (O.D.=1 at 600 nm) was spread onto the medium using
a spreader and incubated at 37 °C. After 24 h zone of inhibition of bacteria was measured to the antimicrobial
activity of the prepared nanomaterial.

Results and discussion

Morphology

The SEM images of VO3/AC1 and VO1/AC3 are displayed in Fig. 1a,b, showing the presence of VO, nanorods
(VONRs) enwrapped around activated carbon.

Due to the excess amount of VO, in VO3/ACI1, VONRs are formed in abundance, and AC can be seen
enwrapped with the NRs in Fig. 1a. Small NRs of VO, are visible in Fig. 1b inside the AC’s porous matrix where
AC is in excess amount than VO,. The formation of NRs can be attributed to the self-assembly of nanocrystals,
where the growth of nuclei into nanorods is anisotropic, i.e., growth rates vary along different crystallographic
directions. In the case of V,0,, the layered structure of the material promotes faster growth along the c axes,
leading to the formation of rod-like structures’. Figure 1c,d show TEM images of VO3/AC1 and VO1/AC3,
respectively, where the formation of VO, NRs enwrapped around AC is evident.

Raman analysis

RAMAN bands of the material in Fig. 2 show the three prominent bands at 181, 1341, and 1592 cm™L. The low
wavenumber band around 180 cm™! is attributed to V—O—V bending/wagging and V—O—V stretching modes
present in VO, which is characterized by a layered structure®. In addition, the D and G bands located at 1341
and 1592 cm‘%’ are associated with carbon atoms in various hybridization modes, and higher intensity peaks
for sample VO1/AC3 are due to the abundance of carbon. The integrated area ratios of D and G bands (I,,/1,)
are approximately 2.34 and 2.21 for VO1/AC3 and VO3/ACI, respectively’. The low value of I,/I.=2.21 in the
composite with higher AC content (VO3/AC1) indicates improved graphitization and fewer defects compared to
the sample with less AC(VO1/AC3). Increased graphitization also leads to improvement in the conductivity of
the composite'’, which is also indicated by the low equivalent series resistance value of VO3/AC1 in EIS analysis.

Antibacterial study
To study the effect of inhibition under S. aureus and E. coli bacterial culture after 24 h of incubation, vanadium
and a sample containing more AC were selected for comparison (See Fig. 3).

The activity of NPs and the control was performed against the specified bacterial strain. The inhibition
zones diameters are presented in Table 1. The vanadium oxide NPs showed inhibition zones of 20 mm, 25 mm,
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Fig. 1. SEM image (a) and (b) VONRs in sample VO3/ACl, (c) and (d) a VONR enwrapped with AC in
sample VO3/ACI1 and VO1/ACS3, respectively.

18 mm, and 30 mm in S. aureus and 15 mm, 14 mm, 20 mm, and 10 mm in S. aureus at 25,50,75, and 100 mg/
mL concentrations, respectively'®!l. Similarly, the inhibition zone produced by VO1/AC3 NPs were 10 mm,
15 mm, 20 mm, and 20 mm in S. aureus and 10 mm, 10 mm, 16 mm, and 25 mm at 25, 50, 75, and 100 mg/mL,
respectively.

These results indicate that both vanadium oxide NPs and VO1/AC3 NPs exhibited antimicrobial effectiveness
against S. aureus in a concentration-dependent manner, with larger inhibition zones observed at higher
concentrations. Vanadium oxide NPs demonstrated superior antibacterial activity compared to VO1/AC3
NPs, as indicated by consistently larger inhibition zones. These findings highlight the potential for vanadium
oxide-based nanomaterials in antimicrobial applications, which require further investigation to improve their
mechanisms of action and effectiveness.

Electrochemical analysis

The materials were tested as active materials for supercapacitor electrodes by coating their slurry on a conducting
substrate and using it as a working electrode. The charge storage properties were measured using a 3-electrode
cell with the material VO3/AC1 and VO1/AC3 as a working electrode. Platinum wire and Ag/AgCl served as the
as counter electrode, and reference electrode respectively,in a 1 Mole Na,SO, electrolyte. TheCV, GCD, and EIS
were used to evaluate the nature of charge storage, specific capacitance, and impedance behavior of the active
material.

The redox peaks in CV curves, along with slant shapes in Fig. 4a,b, show a mixed mechanism of charge
storage. This shows that the total capacitive current from both VO1/AC3 and VO3/AC1 is the result of EDLC
current from AC and pseudocapacitive current from VO, NRs. It can also be observed that the redox peaks in
the CV of VO1/AC3 and VO3/ACI are more prominent at lower scan rates due to the formation of a steady state
between the electrochemical reaction and reactants. Also, the area enclosed by the CV loop is indicative of the
charge stored by the material, which is larger for VO3/ACI1 than VO1/AC3 at the same 100 mVs™ scan rate,
showing better charge storage'2.

Further investigation of CV curves was done to calculate the b value, which is mathematically equal to the
slope of the log (scan rate) versus log(current density) curve, as shown in Fig. 4c,d. Figure 4d represents the b
values for VO1/AC3 and VO3/ACI as 0.69 and 0.94, respectively. b value helps determine whether the charge
storage is primarily governed by surface redox reactions (capacitive behavior) or diffusion-controlled processes
(Faradaic behavior). b=0.5 indicates a diffusion-controlled process, typically associated with faradaic reactions
(like battery-type behavior where ion diffusion limits the rate of charge storage), and b= 1.0 indicates a capacitive

Scientific Reports |

(2025) 15:32895 | https://doi.org/10.1038/541598-025-09390-4

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1592 cm™! VO1/AC3
VO3/AC1

1341 cm™

—_— (1y/L,= 2.34)

bending & streching

181 cm™

(I4/1,=2.21)

Intensity (a.u.)

500 1000 1500 2000 2500 3000
Wavenumber (cm™)

Fig. 2. RAMAN spectra of VO1/AC3 and VO3/AC1 samples.

process, meaning the charge is stored primarily via surface reactions (pseudocapacitance). Hence, b=0.64 for
VO1/AC3 is a marker of diffusion-limited charge storage, often associated with slower Faradaic processes in
contrast to b=0.94 for VO3/AC]1, for which charge storage is capacitive dominated"’.

Conclusively, VO/AC; (b=0.69) demonstrates diffusion-limited charge storage, which is related to slow
Faradaic processes, while VOs/AC,; (b=0.94) demonstrates capacity-dominated charge storage, which allows
for rapid charge-discharge cycles.

A galvanostatic charge-discharge test was performed to calculate and compare the discharge times of the
electrodes, and specific capacitance was calculated using the Eq. (1). Further energy density and power density
were also calculated through Egs. (2) and (3), which are summarised in Table 2. The shape of the GCD curves
has a plateau-like feature instead of straight lines. The non-linear shape points towards the Faradaic behavior of
charge storage in the electrode, which is also evident from the presence of peaks in CV curves of the electrodes.
Figure 5a,b show the voltage variation response of composites with increasing time at constant currents 2, 5,7,10,
and 12 mA. The VO1/AC3 composite shows specific capacitance of 545.56, 266.29, 166.80, 132.40, and 118.55
while VO3/AC1 shows specific capacitance of 503.25, 256.77, 194.39, 139.87, and 117.57 at 2, 5, 7, 10, and
12 mA current, respectively depicted in Fig. 5c. Figure 5¢ also shows that the VO1/AC3 composite shows better
capacitance and capacitive retention as compared to VO3/AC1, reflecting that AC is responsible for providing
better charge storage and better synergy between components, vanadium oxide and carbon at a 1:3 weight
ratio. However, the potential drop (IR drop), which is caused by an additional resistance, the uncompensated
resistance, experienced by VO1/AC3 is larger as compared to VO3/ACI, showing that the internal resistance is
larger in VO1/ACS3 as seen in Fig. 5d. This assumption is supported by the results of the EIS analysis, which is
discussed later.

The values of discharge time were used for calculating specific capacitance (C) using the following equation*:

C=(I-At)/(m-AV) (1)

where T is the current, ‘m’ is the active mass loading, which is taken as 1 mg, At is the discharge time, and AV
is the voltage window.

Also, energy density and power density were calculated through the following equations'*:

E=(1/2)-C-AV? )
P=E/At (3

The values of ‘C, ‘Ez and ‘P’ are tabulated in Table 2.
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Fig. 3. Diameter of inhibition under E. coli and S. aureus bacterial culture (24 h of incubation).

25 25 15 14 10
50 20 14 15 10
75 18 20 20 16
100 30 10 20 25

Table 1. Diameter of inhibition for different microorganisms.

EIS testing was done to calculate the prepared electrodes’ equivalent series resistance R, charge-transfer
resistance, and ion diffusion. The Nyquist plots of VO3/ACI and VO1/AC3 electrodes are displayed in Fig. 6.
The intercept of the curves on the x-axis gives the series resistance (R) of the electrodes, whereas in the high-
frequency region, the semicircle diameter indicates the charge transfer resistance. The value of R  for VO3/AC1
and VO1/AC3 was found to be 12.8 and 17.5, respectively and showed that the solution resistance increases.

when the ratio of AC increased in the composite. As the ratio increases in the composite, the absence of a
semi-circle in the high-frequency region shows indicates low charge transfer resistance and promote facile ion
diffusion in the electrode material'®. The result collaborates well with the values of potential drop obtained from
the GCD curves.

The electrochemical results show that the higher ratio of the composite sample (VO3/AC1) offers less
resistance as compared to the sample containing low vanadium oxide (VO1/AC3) of the composite; however,
a higher ratio of AC is responsible for higher charge storage properties. Furthermore, the electrochemical
parameters of vanadium and other metal oxide composites have been presented in Table 3.
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Fig. 4. (a) VO1/AC3, (b) VO3/ACI, (c) comparison of CVs at 100 mV s7}, (d) Calculated ‘b’ value of VO1/
AC3 and VO3/AC1.

Current density (A g™) ‘ Discharge time (s) ‘ Potential drop (mV) ‘ Specific capacitance (C) (F g™') ‘ Energy density (E) (Whkg™) ‘ Power density (P) (W kg™)
VO1/AC3

1 862 65 545.56 189.16 790

2.5 168.3 149 266.29 92.33 1975
3.5 75.3 217 166.80 57.83 2765

5 41.84 312 132.40 45.90 3950

6 31.22 374 118.55 41.10 4740
VO3/AC1

0.6 1207.8 50 503.25 178.93 533.33
1.6 246.5 103 256.77 91.29 1333.33
2.3 133.3 157 194.39 69.11 1866.66
33 67.14 288 139.87 49.73 2666.66
4 47.03 344 117.57 41.80 3200

Table 2. Electrochemical parameters in three cell study.

Conclusion
The composites synthesized by varying concentrations of VO2 and AC through hydrothermal were studied.
Their anti-microbial and charge storage properties were investigated. SEM, TEM, and RAMAN spectroscopy
confirmed the formation of vanadium oxide nanorods with AC. The higher AC content sample (VO3/AC1)
exhibited better capacitance, energy density, and power density than the sample with less AC (VO1/AC3). The
AC was found to contribute to a synergistic effect to the composite. Whereas, the calculated ‘b’ value of (VO3/
ACI) exhibited capacitive-dominated charge storage, and the sample AC (VO1/AC3) exhibited diffusion-limited
charge storage. The antimicrobial properties of pure vanadium oxide were found to be better than those of its
composite with AC.
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Specific
Composite Method used Electrolyte | capacitance References
-1
VO, (B) nanobelts/rGO Hydrothermally grown VO, on rGO 05MK, SO, f\sgf g el e
V,0,/N-rGO nanoflakes NH, reduction of V,0 gel/GO films 1MNa, SO, |216mFcm™2 |V
V,0, nanocomposites Calcination of hydrothermally grown (NH,), V,O, 5M LiCl 458.6Fg! 18
V,0,@C core-shell nanorods Single pot hydrothermal process using V,0, nanorod 5 M LiCl 228 Fg—1 19
VZO3 nanofoam@activated carbon Calcination of NH 4 VO3 solution and activated C NaNO3 185 F g’1 20
N ) 653Fgl@l |y
rGO/V,0, nanosheet Mixing rGO with hydrothermally grown V,0, 1 MKCl Ag!
. 1MLIiClO,/ |384F g '@1

rGO/V,0, hybrid aerogel One-pot Hydrothermally grown PPC 1 Agl §e 2
NVO-PAC (Ammonium vanadium oxide and | NH SO 367mFem™ |,
porous activated carbon 474 @2 mA cm™2
Vanadium oxide composite electrodes ggl’?;ilum oxide composite electrodes with an embedded conducting network of _ 350mAhg? |
Bamboo-basc:d activated carbon @ MnO, Bamboo-based AC powder and KMnO, were dispersed in DI water, followed by 1 M Na.SO 2145F ¢! 25
nanocomposites hydrothermal synthesis 274
Birnessite-type MnO,/AC nanocomposite Chemical precipitation of MnO, from KMnO, in a solution containing AC 1 MNa,SO, |210Fg™! 26
Activated mesocarbon microbead/Mn,0, Physical adsorption of Mn(NO,), on the surface of activated microbeads, followed 1 M LiPFe6/ 17 1 27

R . 3 8Fg
composite by annealing (EC+DMC)
Activated carbon loaded with nickel oxide Suspending AC in Ni(NO,), solution, followed by neutralization 6 M KOH 194.01Fg! 2
A-MnO,/carbon Treating LiMn,O,/carbon powder with diluted sulphuric acid 1 MNa,SO, [120Fg 2
MnO,/AC Bio-ghar deriveq AC and KMnO, were dispersed together in DI water, followed by 1 M KOH 1126 F ¢! 30

stirring and drying

Activated coconut-shell carbon and hydrous - . . . -1 31
ruthenium oxide (RuO*(OH)) Sonication of AC in a colloidal solution of RuO,_(OH) IMH,S0, |[250F¢g
RuO,/carbon composite RuCl, colloidal particles absorbed on Carbon black powder, followed by annealing | 1 M H,SO, 863Fg! 2
Hydrous ruthenium oxide/mesoporous carbon | Impregnating ruthenium(III) acetylacetonate into a mesoporous carbon followed by o 33

X H R . . 20MHSO, |243Fg
composite annealing through chemical vapor impregnation method 27
RuO,-C composite Electroless deposition of Ru on activated carbon in an alkaline bath IMH,SS0, |265Fg™! 34
(ZnO)-AC composite electrode ZnO-AC electrode is prepared at room temperature by a co-precipitation method ?\I;la lg/lo 106.1 mF cm™2 | %

2oV

Table 3. Electrochemical parameters of vanadium and other metal oxide composites.

Data availability
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