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A B S T R A C T

Vanadium oxide-based nanocomposites have gained considerable interest in energy storage and electrochemical 
sensing due to the versatile valence states of vanadium. To enhance electrocatalytic and electrochemical sensing 
properties, this study focuses on the development of V2O5 nanohybrids with nitro-phenylene trimer, synthesized 
via a Suzuki coupling reaction. The electrochemical performance of both solid-state and solution-processed V2O5 
nanohybrids was investigated, with structural and morphological properties evaluated using Fourier Transform 
Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and 昀椀eld 
emission scanning electron microscopy (FE-SEM).The study revealed that the solution-processed V2O5/nitro- 
phenylene nanohybrids signi昀椀cantly outperformed their solid-state counterparts in both oxygen reduction re-
action (ORR) applications and dopamine sensing. The solution-processed samples exhibited a (2 + 2)e− ORR 
pathway, resulting in increased hydrogen peroxide (H2O2) production compared to pristine V2O5. These solution- 
processed nanohybrids demonstrated enhanced selectivity for dopamine detection, achieving a sensitivity of 
1.927 µA µM−1 cm−2 and a lower limit of detection (LOD) of 0.252 µM.

1. Introduction

The increasing demand for enhanced energy storage systems stems 
from the rapid progression of portable electronics, green electric vehi-
cles, and renewable energy storage solutions [1–5]. Metal-air batteries 
offer a promising alternative to traditional energy storage technologies 
because they can be produced from accessible materials, exhibit 
remarkable cyclability, and provide a balance between high power and 
energy densities [6]. A key area of focus is the development of low-cost 
electrocatalysts based on transition metals. While noble metals such as 
platinum (Pt) or Pt-based catalysts are considered excellent cathode 
catalysts for the oxygen reduction reaction (ORR) due to their ability to 
lower activation energy, their high cost contributes signi昀椀cantly to the 
overall expense of the devices [7,8]. Therefore, research has increas-
ingly turned towards transition metal oxides, chalcogenides, nitrides, 
and carbides, which not only reduce costs but also show strong potential 
as ORR catalysts in alkaline media, due to their high stability and 
enhanced catalytic activity [9,10].

Vanadium (V), comprising about 0.02 % of the earth’s crust, is found 
in several oxidation states, such as vanadium dioxide (VO2), vanadium 
trioxide (V2O3), and vanadium pentoxide (V2O5). These vanadium ox-
ides are not only inexpensive and non-toxic but also show promising 
applications as electrode materials due to their high speci昀椀c capaci-
tances (Csp) and energy densities, making them suitable for use in 
supercapacitors and zinc-ion batteries [11,12].

Vanadium pentoxide (V2O5) is an exceptional material for electro-
chemical applications due to its layered structure, ease of synthesis, high 
energy density, and unique physicochemical properties [12]. This 
combination makes V2O5 a prime candidate for various energy storage 
and electrocatalytic systems. Its application in the selective production 
of hydrogen peroxide (H2O2) through the oxygen reduction reaction 
(ORR) has shown signi昀椀cant promise, leveraging V2O5’s redox 昀氀exi-
bility and layered architecture to enhance ef昀椀ciency in energy storage 
and catalysis [12–14]. In addition to these applications, V2O5 has gained 
traction in electrochemical sensing due to its stable oxidation states 
(V4+/V5+), which are highly reactive to speci昀椀c analytes and enhance 
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both sensitivity and selectivity. V2O5-based sensors show strong sensi-
tivity to gases like ammonia [15], hydrogen [16], analytes like H2O2 and 
dopamine [17–20].

Despite the advantages of vanadium pentoxide (V2O5) in electro-
chemical applications, challenges such as long-term stability and 
sensitivity under variable conditions persist. A signi昀椀cant drawback of 
V2O5 as an electrode material is its poor electrical conductivity and 

instability during charging and discharging cycles, which results in 
suboptimal electrochemical cyclic performance [21,22]. Additionally, 
V2O5 is typically semiconducting, further limiting its ef昀椀cacy as an 
electrode material. To address these challenges, incorporating con-
ducting additives such as conducting polymers, nanomaterials, and 
layered carbons has emerged as a promising strategy to enhance inter- 
particle conductivity and catalytic activity [23,24]. Various effective 

Scheme 1. Synthesis of nitrophenylene trimer decorated V2O5.
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approaches have been explored to improve the electrochemical prop-
erties of V2O5, such as elemental doping [20,22,24–27], heterostructure 
formation [28–33], addition of graphene [34,35], reduced graphene 
oxide (rGO) [36], carbon nanotubes (CNTs) [37], activated carbon [38], 
and formulation of composites of V2O5 with conductive polymers [39]
have been reported to enhance the optoelectronic and electrochemical 
properties.

It is well known that the synthesis conditions in昀氀uence the compo-
sition, crystal phase and morphology of V2O5 which in turn effects its 
electrochemical performance. There are few reports in literature 
regarding the electrochemical performance of V2O5 based nanohybrids 
with intercalated organic moieties [10,11,40–46]. However, the 
comparative studies on the effect of solution and solid-state processing 
of the organic moieties haven’t been explored. Hence, in the present 
study, the modi昀椀cation of V2O5 with nitro-phenylene trimer was carried 
out via mechanochemical and solvent-assisted routes [27,45]. Nitro-
phenylene trimer was chosen for modi昀椀cation due to its ability to 
enhance the redox, catalytic, and surface properties of V2O5, making it a 
powerful functionalizing agent for applications that require robust cat-
alytic/electrochemical sensing performance. The nitro group (–NO2) is a 
strong electron-withdrawing group, which can enhance the redox 
properties of V2O5 by modifying its electronic structure. This can lead to 
an increase in the catalytic ef昀椀ciency of V2O5 in various reactions, 
especially oxidation–reduction processes. The variation of spectral and 
morphological properties of the nanohybrid due to differences in the 
synthetic conditions was investigated via FTIR, XRD, XPS and FE-SEM 
studies. The electrochemical performance of vanadium pentoxide 
(V2O5) was studied in the context of both the oxygen reduction reaction 
(ORR) and dopamine (DA) sensing. The study speci昀椀cally aimed at 
exploring how solution-based and solid-state processing methods impact 
ORR pathways, hydrogen peroxide generation, and dopamine detection 
ef昀椀ciency. Ultimately, it seeks to optimize V2O5-based nanohybrids for 
applications in energy storage and clinical diagnostics, offering valuable 
insights into material modi昀椀cation strategies that improve electro-
catalytic performance.

2. Experimental

Para-phenylene, hexa-ammonium heptamolybdate tetrahydrate, 
thiourea, 1-bromo-4-nitrobenzene, 4-nitrophenylboronic acid, 1,4-phe-
nylene diboronic acid, 4,4′-dibromobiphenyl, tetrakis(triphenylphos-
phine)palladium [Pd(PPh3)4], cesium carbonate, dichloromethane, 
magnesium sulfate, 1,4-phenylene diboronic acid, Pd/C (10 wt% 
palladium), hydrazine, 1,4-dioxane, ethyl acetate, ethanol, methanol, 
ammonium hydroxide solution, and dimethylformamide (DMF) were 
obtained from Fisher Scienti昀椀c and used as received without additional 
puri昀椀cation. Tetrakis(triphenylphosphine)palladium [Pd(PPh3)4], ce-
sium carbonate, and Pd/C (10 wt% palladium) were stored in a desic-
cator until use.

2.1. Synthesis of V2O5 via precipitation method

The synthesis of V2O5 nanoparticles was achieved using an 
ultrasound-assisted precipitation method. First, 3.4 g of ammonium 
metavanadate (NH4VO3) was combined with 0.05 g of CTAB, followed 
by the addition of 50 ml of ethanol and 50 ml of distilled water. To adjust 
the pH to 2.29, 5 ml of sulfuric acid was added, and the solution was 
treated in an ultrasonic bath at 30 çC for 5 h. Afterward, the mixture was 
re昀氀uxed for 2 h at 180 çC. Once cooled to room temperature, the 
resulting precipitate was collected and placed in an oven at 110 çC to dry 
overnight. Finally, the dried sample was calcined at 600 çC for 2 h to 
yield the V2O5 nanoparticles.

2.2. Synthesis of nitro-phenylene oligomers via Suzuki coupling reaction

In a three-neck round-bottom 昀氀ask equipped with a re昀氀ux condenser, 
nitrogen inlet, and magnetic stirrer, 1-bromo-4-nitrobenzene (1 g, 4.95 
× 10−3 mol), 4-nitrophenylboronic acid (1.23 g, 7.43 × 10−3 mol), and 
cesium carbonate (2.41 g, 7.43 × 10−3 mol) were added and suspended 
in a 3:1 mixture of 1,4-dioxane and water. The mixture was stirred at 
room temperature and bubbled with nitrogen for 30 min. Pd(PPh3)4 
(4.95 × 10−3 mol) was added as a catalyst, and the reaction was stirred 
at 80 çC for 16 h under a nitrogen atmosphere. Thin-layer chromatog-
raphy (TLC) was used to monitor the reaction, with a mobile phase of 5 

Fig. 1. FTIR spectra of V2O5 and V2O5- nitro-phenylene nanohybrids.
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% ethyl acetate in hexane. Upon completion, the reaction mixture was 
washed with distilled water and 昀椀ltered under vacuum. The residue was 
extracted with dichloromethane, dried over magnesium sulfate, and 
concentrated using a rotary evaporator. Puri昀椀cation was done by col-
umn chromatography on silica gel, using 5 % ethyl acetate in hexane as 
the eluent. The puri昀椀ed product was dried in a vacuum oven at 25 çC for 
48 h. Structural con昀椀rmation of the product was achieved through 1H- 
Nuclear Magnetic Resonance (NMR), Fourier-Transform Infrared Spec-
troscopy (FTIR), and Mass Spectroscopy (MS), with 1H NMR data pro-
vided in the Supporting information as Fig. S1. Sodium sul昀椀de was 
added to precipitate out palladium as a solid compound (palladium 
sul昀椀de), which was 昀椀ltered off.

2.3. Preparation of nanohybrids of nitro-phenylene trimer with V2O5 via 
sonication

For the synthesis of WP-V2O5-nitro-phenylene (solution-processed 
hybrid), 20 mg of V2O5 was combined with 20 mg of nitro-phenylene 
trimer and dispersed in 3 ml of distilled water. The mixture under-
went sonication for 30 min at 30 çC. The resulting hybrid was washed 
with a 1:1 v/v ethanol and distilled water solution, then dried in a 
vacuum oven at 70 çC. For the synthesis of SS-V2O5-nitro-phenylene 
(solid-state processed hybrid), 20 mg of V2O5 was mixed with 20 mg of 
nitro-phenylene trimer and ground together using a mortar and pestle 
for 2 h. This hybrid was then dried in a vacuum oven at 70 çC. The re-
action scheme is shown as Scheme 1.

2.4. Structural, spectral, and morphological measurements

FTIR spectra were taken in powder form on diamond spectropho-
tometer. FEI XL30 SEM-FEG Scanning Electron Microscope was used to 
examine the morphology and elemental mapping via Energy Dispersive 
X-ray (EDX) analysis. Powder X-Ray Diffraction (XRD) data were 
collected on a Malvern Pan analytical Empyrean diffractometer. The 
instrument was equipped with a copper source, operated at a voltage of 
45 keV and a power of 40 kW. Patterns were obtained utilizing re昀氀ection 
mode and a PIXcel 3D detector. XPS experiments were performed using 
a Physical Electronics Versa Probe III instrument equipped with a 
monochromatic Al kα X-ray source (hν = 1,486.6 eV) and a concentric 
hemispherical analyzer. Charge neutralization was performed using 
both low energy electrons (<5 eV) and argon ions. The binding energy 
axis was calibrated using sputter cleaned Cu (Cu 2p3/2 = 932.62 eV, Cu 
3p3/2 = 75.1 eV) and Au foils (Au 4f7/2 = 83.96 eV. Measurements 
were made at a takeoff angle of 45ç with respect to the sample surface 
plane. This resulted in a typical sampling depth of 3–6 nm (95 % of the 
signal originated from this depth or shallower). Quanti昀椀cation was done 
using instrumental relative sensitivity factors (RSFs) that account for the 
X-ray cross section and inelastic mean free path of the electrons. On 
homogeneous samples major elements (>5 atom%) tend to have stan-
dard deviations of <3 % while minor elements can be signi昀椀cantly 
higher. The analysis size was ~200 µm in diameter.

2.5. ORR studies

The electrochemical measurements were performed on Waverider 
200 Bipotentiostat (Pine Research). The oxygen reduction reaction 
(ORR) assessments were carried out in 0.1 M KOH with oxygen purging. 
For comparison cyclic voltammograms (CV) were also recorded under 
nitrogen saturation. The working electrode was a change-disk rotating 
ring disk electrode (RRDE) having 5 mm diameter of glassy carbon as 
disk electrode and Pt as the ring. The counter and reference electrodes 
were graphite rod and Hg/HgO, respectively. The reference electrode 
was calibrated against reversible hydrogen electrode (RHE) using Ar/H2 
(20 %), with Pt wires as working and counter electrodes. The calibration 
curve is shown in Fig. S3(a) (provided in Supporting information).

The dispersions of the samples were prepared using 5 mg of the 
powder material, 900 µl of isopropanol, 100 µl of DI water and 100 µl of 
Na昀椀on binder (5 % in isopropanol, Sigma Aldrich). After sonication for 
15 min, 10 µl of the dispersion ink was drop cast onto the disk of the 
RRDE and allowed to dry in the oven at 80 çC. The CV scans were 
recorded in the potential window of 0.5 to −1.2 V vs Hg/HgO at a scan 
rate of 5 mV/s in static mode. Linear sweep voltammograms (LSV) 
corresponding to the disk and ring currents were measured at different 
rotation speeds (400–2400 rpm) under continuous oxygen purging. The 
scan rate of 10 mV/s used for the LSV. The RRDE measurements for 10 % 
Pt/C are shown in Fig. S3(b) (provided in Supporting information). All 
potentials are converted to RHE for comparison.

Fig. 2. XRD of V2O5 and V2O5-nitro-phenylene nanohybrids.
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2.6. Dopamine sensing

For dopamine sensing, we used the conventional three-electrode 
con昀椀guration with glassy carbon electrode (3 mm diameter), platinum 
wire (Pt) as the counter electrode and Ag/AgCl (3.5 M KCl) as the 
reference electrode. The voltametric cell was placed in a cell stand (C3, 
BAS Inc) with controlled stirring and Ar gas purging. Cyclic voltammetry 
(CV), differential pulse voltammetry (DPV), and chronoamperometry 
(CA) signals were recorded to examine the sensing performance towards 
dopamine and other analytes (uric acid, NaCl, H2O2 and ascorbic acid). 
For the electrochemical measurements, 15 mL of phosphate buffer saline 
(PBS 1X, pH 7.4) was taken in the voltammetric cell and purged with 
argon gas for 30 min, with stirring at 400 rpm. During the electro-
chemical measurements, the stirring and purging was momentarily 

stopped to record the CV and DPV scans. The potential window was 0.8 
to −0.9 V vs Ag/AgCl. The scan rate used was 10 mV/s. The pulse pa-
rameters for DPV, i.e., height, width, period and increment were 50 mV, 
0.01 s, 0.1 s and 10 mV, respectively. The DPV scans were recorded 
without applying any inversion in the cathodic and anodic sweeps. The 
initial CV and DPV scans of the electrode, in blank electrolyte, i.e., 
without dopamine addition were performed, prior to sensing tests. 
Initially, 150 µL of dopamine from 2 µM stock solution was added. The 
effective concentration of dopamine in the electrolyte was 100 times 
lower. Purging and stirring were continued for 5 min with each addition 
of dopamine. The stock solutions of 2, 20, 200, 1000 and 10000 µM were 
used for dopamine sensing. The effective concentration at each addition 
of dopamine was calculated and used in the sensitivity (S) and limit of 
detection (LOD) evaluation.

Fig. 3. (a) XPS spectra of (a) V 2p3/2 and V 2p1/2 states in V2O5, (b) V 2p3/2 and V 2p1/2 states V2O5 in WP-V2O5-nitro-phenylene (c) and V 2p3/2 and V 2p1/2 states in 
SS-V2O5-nitro-phenylene, (d) O 1 s in V2O5 (e) O 1 s in WP-V2O5-nitro- phenylene, (f) O 1 s in SS-V2O5-nitro- phenylene, (g) C 1 s in WP-V2O5-nitro- phenylene, (h) C 
1 s in SS-V2O5-nitro-phenylene, (i) N1s in WP-V2O5-nitro- phenylene, (j) N 1 s in SS-V2O5-nitro- phenylene.
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For the chronoamperometry tests, analytes of 100 mM concentra-
tions (stock) were used. Since uric acid has negligible solubility in water, 
0.39 mM solution of this analyte was prepared. 150 µl of these stock 
solutions were periodically added at 100 s time intervals. The concen-
tration of the interferant analytes (uric acid, NaCl, dopamine and 
ascorbic acid) was purposefully kept high to study the ef昀椀cacy of the 
V2O5 sample towards dopamine detection. Additionally, CV and DPV 
scans were carried out to con昀椀rm the selectivity of the samples towards 
dopamine.

3. Results and discussion

3.1. Spectral studies

The FTIR spectrum of V2O5, Fig. 1, revealed sharp peaks at 983 cm -1, 
777 cm -1, 601 cm -1, 568 cm -1 due to V-O-V asymmetric stretching and 
V-O-V symmetric stretching vibrations respectively [39]. The FTIR 
spectrum of WP-V2O5-nitro-phenylene and SS-V2O5-nitro-phenylene 
nanohybrid, showed peaks at around 1438 cm−1, 1367 cm−1, 1132 cm−1 

associated with the nitro-phenylene trimer, while the peaks of V-O-V 
asymmetric stretching and V-O-V symmetric stretching showed an 
appreciable decrease in intensity presumably due to encapsulation of the 
metal oxide with the polymer. The peak positions of the V-O-V in WP- 
V2O5-nitro-phenylene and SS-V2O5-nitro-phenylene nanohybrid were 
found to be similar thereby con昀椀rming that the processing conditions 
had no impact on the structure of V2O5.

3.2. XRD studies

The XRD pattern of V2O5 is shown in Fig. 2. The XRD peaks were well 
matched with the orthorhombic phase V2O5 with JCPDS card-no 1–359 

[47]. The average crystallite size of the V2O5 was calculated using the 
Debye-Scherrer’s equation and found to be 18 nm. As reported in 
literature, the structure of V2O5 is trigonal bipyramidal coordination 
polyhedral having oxygen (O) atom around vanadium (V) atom which 
are formed by the shared edges of polyhedral along (001) direction and 
shared corners are crossed linked along (100) direction. Distorted 
polyhedra have a short vanadyl bond, [VO]2+, i.e., (1.58 Å) and at basal 
plane the oxygen atom is located in between the distance range of 
1.78–2.02 Å. The XRD pattern of the WP-V2O5-nitro-phenylene and SS- 
V2O5-nitro-phenylene nanohybrid showed decrease in the peak in-
tensities corresponding to (111) plane while, an increase in the peak 
intensities was noticed for the (011) plane for WP-V2O5-nitro-phenyl-
ene. The changes in the peaks’ intensities of WP-V2O5-nitro-phenylene 
as compared to SS-V2O5-nitro-phenylene was presumably due to higher 
extent of encapsulation of the V2O5 by the trimer. This was established 
from the SEM-EDX as discussed in the preceding section.

3.3. XPS studies

The XPS survey spectra are shown as Fig. 3(a-j) and the survey 
spectrum are provided in Supporting information as Fig. S2(a–c). The 
high-resolution XPS spectra of V2O5 revealed peaks with binding en-
ergies 517.5 and 525.5 eV respectively, corresponding to V 2p3/2 and V 
2p1/2 states Fig. 3(a) [48]. The high-resolution XPS spectra of WP-V2O5- 
nitro-phenylene and SS-V2O5-nitro-phenylene nanohybrid, Fig. 3(b) and 
(c) revealed peaks at 517 and 517.5 eV respectively, corresponding to V 
2p3/2 and V 2p1/2 states. The full width at half maxima was higher for 
the WP-V2O5-nitro-phenylene and SS-V2O5-nitro-phenylene nano-
hybrids as compared to pristine V2O5 thereby con昀椀rming higher 
encapsulation of the trimer. The peak signals were found to be in the 
ratio of 2:1. The O 1s peak, was noticed at 530.5 eV in V2O5, Fig. 3(d) 

Fig. 3. (continued).
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and at 530.5 eV as well as 532.5 eV in WP-V2O5-nitro-phenylene and SS- 
V2O5-nitro-phenylene nanohybrids, Fig. 3(e, f). The peak at 530.5 eV 
was correlated to the lattice oxygen of V2O5. While the peaks at 532.5 
eV observed in the nanohybrids were due to the oxygen of the nitro 
group present in the nitro-phenylene trimer. The peak appeared to be 
diffused in case of SS-V2O5-nitro-phenylene nanohybrid with energies of 
529.7 eV and 532.1 eV. The C 1 s peak in WP-V2O5-nitro- phenylene and 
SS-V2O5-nitro-phenylene was noticed at 284.5 eV, Fig. 3(g, h) whereas 
the N 1 s peaks were noticed at 406 eV, Fig. 3(i, j). The N 1 s peak was 
found to be broader with FWHM to be 2.3, while in case of SS-V2O5- 
nitro-phenylene, the N 1 s peak showed a FWHM of 1.8 eV. This was also 
attributed to higher extent of encapsulation of the trimer in the WP- 

V2O5-nitro-phenylene as compared to SS-V2O5-nitro-phenylene.

3.4. SEM-EDX studies

The FE-SEM of V2O5, Fig. 4(a), shows the formation of fused rod like 
aggregates. From the EDX spectrum the weight percent of V:O was 
calculated to be 10 wt% and 50 wt% con昀椀rming the stoichiometric ratio. 
The atomic percent values are provided in Supporting information as 
Table S1. The peak intensity was also found to be higher for oxygen as 
compared to vanadium, Fig. 4(b). The elemental mapping showed the 
surface to be oxygen rich with uniform distribution of V, Fig. 4(c, d). The 
FE-SEM of WP-V2O5-nitro-phenylene, Fig. 4(e), showed a mixed 

Fig. 4. (a) SEM of V2O5, (b) EDX of V2O5, and corresponding elemental mapping of (c) O, and (d) V. (e) SEM of WP-V2O5-nitro-phenylene, (f) EDX of WP-V2O5-nitro- 
phenylene, (g) elemental mapping of WP-V2O5-nitro-phenylene, and corresponding elemental mapping of (h) O, (i) V, and (j) C. (k) SEM of SS-V2O5-nitro-phenylene, 
(l) EDX of SS-V2O5-nitro-phenylene, (m) elemental mapping of SS-V2O5-nitro-phenylene, and corresponding elemental mapping of (n) O, (o) V, and (p) C.
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morphology of coral-like structures with C to be distributed uniformly 
over the surface of V2O5, Fig. 4(f). These clusters of the trimer appeared 
to be densely distributed over the surface of the V2O5, Fig. 4(g). The 
loading of nitro-phenylene was found to be 35 wt% as shown by the EDX 
spectrum, Fig. 4(f). The surface was found to be homogenously 
composed of V, O and C, Fig. 4(h, i, j). The FE-SEM of SS-V2O5-nitro- 
phenylene, Fig. 4(k), revealed 昀氀aky particles of V2O5 covered with C, 
Fig. 4(m). The EDX spectrum showed the C content to be 30 %, while the 
elemental mapping shows the surface to be intensely distributed with V 
and scattered distribution of nitro-phenylene, Fig. 4(n, o).

Morphological features, such as the open pores and jagged surfaces, 
can create localized high-energy regions that are more reactive, leading 
to enhanced electrocatalytic activity, better diffusion of molecules (like 
dopamine or oxygen) to the electroactive sites on the nanohybrids. The 
昀氀at and layered nature of 昀氀aky particles on the other hand reduces the 
availability of high-energy surface sites, which are critical for catalysis 

and electrochemical sensing. Therefore, the morphological differences 
play a key role in the observed differences in electrochemical behavior.

3.5. Electrochemical studies for oxygen reduction reaction (ORR)

The ORR peak was observed in all three samples, with a reduction 
peak at around 0.75 to 0.40 V vs. RHE (Fig. 5(a–c)). The WP-V2O5-nitro- 
phenylene and SS-V2O5-nitro-phenylene nanohybrid demonstrated an 
earlier onset (0.70 V and 0.64 V, respectively) of the oxygen reduction 
reaction than the V2O5 sample (0.71 V). The peak current density was 
also higher in the hybrid samples, indicating better electrical conduc-
tivity and/or activity.

The nanohybrid samples showed higher disk currents than the V2O5 
sample, speci昀椀cally, the WP-V2O5-nitro-phenylene nanohybrid exhibit-
ing the highest disk and ring currents (Fig. 5(d–f)). The increase in ring 
current in the trimer functionalized nanohybrids, observed in Fig. 5

Fig. 4. (continued).
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(d–f), indicated an increase in the production of H2O2. The hydrogen 
peroxide selectivity (p) was calculated from the values of disk current ID, 
the ring current IR, and the collection ef昀椀ciency N using Eq. (1) [49]: 

p =
2 IR

N
ID + IR

N
(1) 

The current collection ef昀椀ciency was found to be 0.222, which is eval-
uated from the RRDE studies carried out in nitrogen saturated 1 mM 
hexa-amine-ruthenium (III) chloride dissolved in 0.1 M KCl.

The hydrogen peroxide selectivity was then used to calculate the 
number of electrons transferred, using equation (2) [50,51]: 
n = 4−2(p) (2) 

The H2O2 yield for all three samples was calculated using Eq. (1) and are 
reported in Fig. 5(h). The H2O2 yield of the trimer functionalized 
nanohybrids was signi昀椀cantly higher than V2O5 within the potential 
range of 0.6 to 0.4 V vs RHE. For comparison, at 0.55 V the WP-V2O5- 
nitro-phenylene nanohybrid showed the highest increase in peroxide 
yield of 13 % when compared to the V2O5 sample (5 %) and the SS-V2O5- 
nitro-phenylene nanohybrid (8 %). The higher hydrogen peroxide yield 
in the solution-processed V2O5 nanohybrids is primarily due to the coral- 
like morphology, which increases surface area and allows for more 
effective electron and ion transport. This leads to a more ef昀椀cient (2 + 2) 
e− oxygen reduction pathway, favoring H2O2 production rather than the 
full reduction to water. Additionally, structural modi昀椀cations, increased 
electron density, and enhanced catalytic activity contribute to the 
higher electrocatalytic ef昀椀ciency, resulting in greater peroxide yield. 
The solution-processing method can facilitate better dispersion of the 
V2O5 nanohybrids in the reaction medium, ensuring that there is a 
higher concentration of protons (H+) available for the reaction. This is 
crucial because the (2 + 2)e− ORR pathway requires protons for the 
formation of hydroperoxide and hydrogen peroxide.

As a result, the solution-processed hybrids, with their more effective 
dispersion and structural properties, can generate more protons at the 
interface, leading to higher H2O2 yield. The peroxide yield is > 50 % for 
the SS-V2O5-nitro-phenylene sample in the potential range 0.6 to 0.63 V. 
The number of electrons transferred (n) was calculated using equation 
(2) and was reported in Fig. 5 (g).

Within the potential window of 0.55 to 0.4 V, the V2O5 sample saw 
an average ‘n’ value of 3.92, while the nanohybrid samples saw a 
decrease in the average ‘n’ value within the same potential range, with 
the WP-V2O5-nitro-phenylene (3.80) showing a lower average ‘n’ value 
than the SS-V2O5-nitro-phenylene (3.88). This is consistent with the 
increase in H2O2 yield seen in the WP-V2O5-nitro-phenylene nano-
hybrid. In comparison Pt/C demonstrates ‘n’ value of 4 with negligible 
H2O2 formation as expected. Overall, an improvement in the kinetics for 
ORR is observed in the WP-V2O5-nitro-phenylene nanohybrid, which 
can be attributed to the higher extent of encapsulation of trimer in the 
WP-V2O5-nitro-phenylene compared to the SS-V2O5-nitro-phenylene as 
seen in XPS studies. Furthermore, the tolerance towards methanol 
poisoning is studied using chronoamperometry (Fig. 5(f). Unlike Pt/C, 
which is readily poisoned by methanol and thereby gets restricted for 
usage in direct methanol fuel cells, the V2O5 based samples can be useful 
ORR catalysts owing to their low cost and almost negligible poisoning. 
The onset potential and Tafel slopes values are listed in Table 1.

The higher hydrogen peroxide (H2O2) yield in the solution-processed 
V2O5/nitro-phenylene nanohybrids compared to solid-state processed 
hybrids can be attributed to several key factors, including the morpho-
logical differences, electronic structure modi昀椀cations, and the reaction 
pathway involved in the oxygen reduction reaction (ORR). The solution- 
processed nanohybrids follow a (2 + 2)e− pathway for oxygen reduc-
tion, as opposed to the more traditional (4e− ORR pathway, which 
directly reduces oxygen to water (H2O). In the (2 + 2)e− pathway, ox-
ygen (O2) is 昀椀rst reduced to hydrogen peroxide (H2O2) as an interme-
diate product, rather than being fully reduced to water. This leads to a 

Fig. 4. (continued).
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higher yield of H2O2, as the intermediate product accumulates before 
further reduction. Mechanism of the (2 + 2)e− ORR can be explained on 
the basis that the oxygen molecule (O2) adsorbs onto the surface of the 
V2O5 nanohybrids and One oxygen atom accepts two electrons (2e−) and 
reacts with protons (H+) to form hydroperoxide (O2H−). The hydro-
peroxide (O2H−) intermediate is further reduced by the second pair of 
electrons (2e−) to produce hydrogen peroxide (H2O2). This mechanism 

contrasts with the (4e− pathway, where oxygen is fully reduced to water, 
resulting in much less hydrogen peroxide being produced. The presence 
of nitro-phenylene trimer could modify the electronic properties of the 
V2O5 surface, facilitating a more ef昀椀cient reduction of oxygen and 
enhancing the formation of H2O2. The interactions between the V2O5 
and the nitro-phenylene groups may also stabilize the intermediate 
hydroperoxide species (O2H−), promoting its conversion into H2O2 
rather than further reduction to water. The solution-processing method 
can facilitate better dispersion of the V2O5 nanohybrids in the reaction 
medium, ensuring that there is a higher concentration of protons (H+) 
available for the reaction. This is crucial because the (2 + 2)e− ORR 
pathway requires protons for the formation of hydroperoxide and 
hydrogen peroxide. As a result, the solution-processed hybrids, with 
their more effective dispersion and structural properties, can generate 
more protons at the interface, leading to higher H2O2 yield. Higher 
hydrogen peroxide yield in the solution-processed V2O5 nanohybrids is 
primarily due to the coral-like morphology, which increases surface area 
and allows for more effective electron and ion transport. This leads to a 
more ef昀椀cient (2 + 2)e− oxygen reduction pathway, favoring H2O2 
production rather than the full reduction to water. Additionally, struc-
tural modi昀椀cations, increased electron density, and enhanced catalytic 
activity contribute to the higher electrocatalytic ef昀椀ciency, resulting in 
greater peroxide yield.

Fig. 5. CV scans in static mode under N2 and O2 saturation in 0.1 M KOH for (a) V2O5, (b) SS-V2O5-nitro-phenylene, and (c) WP-V2O5-nitro-phenylene samples. 
RRDE-LSV scans of (d) V2O5, (e) SS-V2O5-nitro-phenylene and (f) WP-V2O5-nitro-phenylene nanohybrid in 0.1 M KOH, continuously purged with O2. (g) Electron 
transfer number for V2O5, WP-V2O5-nitro-phenylene, and SS-V2O5-nitro-phenylene nanohybrids. (d) Hydrogen peroxide generation of V2O5, WP-V2O5-nitro-phe-
nylene, and SS-V2O5-nitro-phenylene nanohybrids. (f) Methanol tolerance study of WP-V2O5-nitro-phenylene nanohybrid.

Table 1 
Comparison of the performance parameters of ORR with other reported V2O5 
nanohybrids and recent materials.

Sample Onset potential 
(V vs. RHE)

Tafel slope 
(mV/dec)

Reference

V2O5 0.74 88.30 [52]
Ag/AgCl@TiO2/V2O5-x − 64.18 [53]
Fe/rGO 0.81 105 [54]
Zn/rGO 0.76 82 [55]
ZnCu/rGO 0.79 87 [55]
Ce-ZSM-5 cal 0.81 70 [56]
Co3O4/SnO2 0.77 97 [57]
V2O5 0.62 117 This work
SS-V2O5-nitro-phenylene 0.61 134 This work
WP-V2O5-nitro-phenylene 0.66 68 This work
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3.6. Electrochemical sensing of dopamine

The CV and DPV scans (Fig. 6) reveal clear indication of the sensing 
ability of the V2O5 based samples towards dopamine. The redox peaks in 
CV scans were observed at 0.35 (oxidation) and 0.04 V (reduction), 
respectively, for pristine V2O5. These redox peaks in CV become visible 
only at high concentrations of dopamine. There is some visible shift and 
change in intensity of the redox peaks in case of nanohybrids. For SS- 
V2O5-nitro-phenylene, the redox peaks are observed at 0.35 and 0.11 V, 
while for WP-V2O5-nitro-phenylene the redox peaks are observed at 0.39 
and 0.03 V. The additional reduction peak below −0.40 V possibly 
originates from the metal oxide.

The DPV technique shows much better sensitivity compared to CV 
[58]. The changes in the current values become signi昀椀cant even at low 

concentrations. Therefore, for the evaluation of sensitivity (S) and limit 
of detection (LOD), we consider the DPV scans, (provided in Supporting 
information as Fig. S4). The LOD and S can be obtained from the plot of 
the peak current with respect to the concentration of the analyte 
[58,59], as per the equations below. 

LOD = 3.3*(σk) (3) 

S =
k
A (4) 

where, σ is the standard deviation of the response, k is the slope of the 
linear plot, and A is the area of the working electrode in cm2.

The DPV scans shows multiple peaks, and the patterns change with 

Fig. 6. Selected CV scans with dopamine addition for (a) V2O5, (b) SS-V2O5-nitro-phenylene, and (c) WP-V2O5-nitro-phenylene samples. DPV scans for (d) V2O5, (e) 
SS-V2O5-nitro-phenylene, and (f) WP-V2O5-nitro-phenylene samples.
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increasing dopamine concentration in the electrolyte. For ease of ana-
lyses, we consider the major peak around 0 V (−0.17 V for V2O5) for the 
calculation of LOD and S. The values are provided in Table 2. The linear 
昀椀ts are provided in Supporting information as Fig. S5). The WP-V2O5- 
nitro-phenylene sample showed a lower limit of detection (LOD) 0.252 
µM and, a higher sensitivity of 1.927 µA µM−1 cm−2 compared to the 
other samples.

The selectivity towards dopamine was evaluated using CV, DPV and 
CA, for the WP-V2O5- nitro-phenylene sample (Fig. 7(a, b, d)). The 150 

µL of the analytes were added sequentially in the same electrolyte. 
Clearly, the CV and DPV techniques highlight the high selectivity to-
wards dopamine. The chronoamperometry test was performed at 0.02 V 
(reduction peak in CV, Fig. 7(a)). We observe a change in current even 
upon addition of H2O2. However, this discrepancy can be due to the 
slight change in capacitive current. Nevertheless, the change in current 
is more signi昀椀cant for dopamine. In comparison the V2O5 sample also 
shows similar behavior (Fig. 7(c). To further verify our claim for the high 
selectivity of these samples towards dopamine, we carried out the DPV 
scans for various concentrations of H2O2 (provided in Supporting in-
formation as Fig. S6) and clearly observe no change in the DPV signals. 
Thus, the DPV and CV techniques are more con昀椀rmatory and reliable 
towards the selectivity test, as they explore the entire potential range 
(provided in Supporting information as Figs. S7–S9) [24].

4. Conclusion

The nanohybrids of V2O5 with nitro-phenylene trimer were suc-
cessfully synthesized via solution and solid-state methods. XRD studies 
con昀椀rmed better encapsulation of the V2O5 by the trimer in the solution 
state as compared to solid state synthesis. This was established from the 
SEM-EDS discussed in the proceeding section. The loading of nitro- 
phenylene was found to be 35 wt% for solution processed V2O5-nitro- 
phenylene and 30 wt% for solid state processed V2O5-nitro-phenylene. 
The study demonstrates that the solution-processed V2O5/nitro-phe-
nylene nanohybrids exhibit signi昀椀cantly enhanced electrochemical 
performance compared to their solid-state counterparts, particularly in 
applications such as the oxygen reduction reaction (ORR) and dopamine 

Table 2 
LOD and sensitivity values evaluated for the samples.

Samples Linear 
range

Limit of 
Detection

Sensitivity Reference

V2O5@PANI/ 
GCE

6.6–110 
µM

39 µM 0.015 μA μM−1 [19]

Ni-doped V2O5/ 
GCE

6.6–62.6 
µM

0.028 µM 0.132 μA μM−1 [20]

Li-doped V2O5/ 
GCE

2.0–100 
µM

0.1 µM − [60]

V2O5/graphene 
oxide/GCE

10–70  
µM

0.07 µM 0.025 μA µM−1 cm−2 [61]

VOx@ 
graphene/ 
GCE

1–150  
µM

0.029 µM − [12]

V2O5 10–810 
µM

0.134 µM 1.662 µA µM−1 cm−2 This work

SS-V2O5- nitro- 
phenylene

10–810 
µM

0.103 µM 0.610 µA µM−1 cm−2 This work

WP-V2O5- nitro- 
phenylene

10–810 
µM

0.252 µM 1.927 µA µM−1 cm−2 This work

Fig. 7. (a) CV and (b) DPV scans with incremental addition of different analytes (100 mM stock) for the selectivity test. Chronoamperometry tests with different 
analytes (100 mM stock) for (c) V2O5 and (d) WP-V2O5- nitro-phenylene samples. 150 µL was added each time in 15 ml PBS 1X.
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sensing. The superior performance of the solution-processed nano-
hybrids can be attributed to their coral-like morphology, which provides 
a larger surface area and improved electron and ion transport, crucial 
factors for ef昀椀cient electrocatalysis and enhanced sensor sensitivity. 
This structure promotes a (2 + 2)e− ORR pathway, leading to increased 
hydrogen peroxide (H2O2) production, which is advantageous for 
various electrocatalytic and sensing applications. In addition to 
morphology, the interaction between V2O5 and nitro-phenylene trimer 
likely contributes to the enhanced electrocatalytic activity by modifying 
the electronic properties of the material and stabilizing intermediate 
species, thereby facilitating more ef昀椀cient reduction reactions. The 
solution-processing method also ensures better dispersion and avail-
ability of active sites, further improving the selectivity and sensitivity for 
dopamine detection, with a low detection limit and high sensitivity. He 
solution-processed V2O5/nitro-phenylene nanohybrids show great 
promise for a range of applications, including electrocatalysis, energy 
storage, and biosensing, where high ef昀椀ciency, selectivity, and sensi-
tivity are essential. The 昀椀ndings underline the importance of morpho-
logical design and material processing in tailoring the properties of 
nanomaterials for advanced electrochemical applications.
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