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A B S T R A C T

Phase purity, morphology and physical characteristics are effective parameters which affect on the electro
chemical behavior of electrode materials. So, iron vanadate materials (FV) synthesized through sol-gel method 
by changing different operational parameters such as molar ratio of Fe:V, amount of fuel and type of fuel 
(saccharide) to compare influence of different phase purity, microstrain and morphology on the energy storage 
ability of obtained samples. The FeVO4/Fe2V4O13 nanocomposites (FV2) with particle size of 36 nm presents 601 
mAhg-1 hydrogen storage capacity which is higher than pristine FeVO4 (FV4) with capacity of 298 mAhg-1 after 
15 cycles. The capacity of electrochemical hydrogen storage for diverse samples compared through chro
nopotentiometry charge discharge experiments in three-electrode cell with 2.0 M KOH electrolyte. The 
Williamson-Hall and Scherrer equations were utilized to determine the strain and size of the crystallites.

1. Introduction

Today energy is producing from two main groups of renewable and 
non-renewable resources [1]. As scientists look for a new way to find 
renewable resources, they introduced hydrogen to the scientific com
munity [2,3]. One of the best advantages of hydrogen as a renewable 
energy is that no tolerance has seen, while other renewable resources 
such as sun, wind, water etc. have tolerance in producing energy. 
Hydrogen is the simplest and copious element on the word. Hydrogen 
has the most energy between all energies. Consequently it can be used 
instead of nonrenewable energies for transportation, heating, etc. [4,5].

Hydrogen can be used in chemical industrials product such as food to 
make hydrogenated vegetable oil [6]. Hydrogen has used to refinement 
crude oil in petrochemical [7]. An other usage of hydrogen is extracting 
of metals in chemical materials [8], etc. One of the best and the most 
important advantage of using hydrogen energy not only goes back to its 
renewability and an easy way to synthesize hydrogen in a large scale [9] 
but also, it’s a green fuel [10]. Hydrogen can never be found in its pure 
form, so various methods are used to obtain hydrogen, some of which 
will briefly mention [11].

One of the fundamental methods of hydrogen production is the use of 

hydrocarbons, usually methane which called steam reforming method. 
In this process, methane gas is heated in the presence of water vapor and 
a nickel catalyst, as a result of this process, CO and H2 are produced. 
Hydrogen can also be produced in large quantities when CO which 
combined with water vapor passed over iron oxide, which is a phe
nomenon related to a reaction called water gas shifting reaction. This 
process can be dangerous for the environment only because of CO and 
CO2 that are produced in the process [12–14].

In contrast to the mentioned method, the photocatalytic water 
splitting, which is an environmentally friendly, can be used [15]. This 
method not only operates at very low operating temperatures but also 
does not emit carbon dioxide [16]. Another advantage of this method is 
economical in hydrogen production [17]. The second method used to 
produce hydrogen from water by using electricity called electrolysis 
method. The disadvantages of this method are that it is not economically 
viable and expensive [18,19]. The third one is the simplest method 
which called thermochemical cycles. In this simple reaction, water plays 
the main role. This time, heating is also used as an agent to convert water 
into oxygen and hydrogen by using chemical reactions. This reaction, 
which is a cyclic reaction, means that hydrogen, oxygen and water can 
be recycled [20]. The fourth method for hydrogen production is known 
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as a photobiological water splitting method. This method is one of the 
methods for large-scale hydrogen production. In this method, water in a 
container of algae is split into oxygen, protons, and electrons by the 
sun’s rays. This method is also known as the photosynthesis method, due 
to their same identical function [21–23]. The last method has known as 
fermentative hydrogen production and also called biological method 
[24]. It is another simple and rapid method for hydrogen production 
[25]. In this method fermentative bacteria [26], anaerobic bacteria [27] 
and cyanobacteria [28], which feed on hydrocarbons from organic 
waste [29] and produce hydrogen and carbon dioxide [30]. One effec
tive method for producing renewable and clean energy is through 
hydrogen production via water splitting in an electrolyte [31]. The 
produced hydrogen should be stored. The hydrogen storage can be 
divided in to four main groups. a) Compressed gas [32], b) Liquified 
hydrogen in cryogenic tanks [33], c) Cryo-compressed [33] storage, and 
d) Solid state storage in which the solid state storage is the safe way to 
store hydrogen in synthetic nano-materials [34].

If hydrogen be stored by the compressed gas method, the use of a 
premium cylinder is essential, and we must be careful about the critical 
safety concerns that arise during its operation [32]. The other methods 
to store hydrogen are the liquified hydrogen in cryogenic tanks and 
cryo-compressed. Consequences of these methods are losing of fuel due 
to their boiling-off [33]. The last method is the solid-state storage. In this 
method there is less hydrogen storage capacity. In this innovative 
method, hydrogen is adsorbed onto solid materials through the process 
of physisorption. This approach not only offers a high level of safety but 
also serves as a cost-effective solution for efficient hydrogen storage 
[35]. Ultimately, considering the disadvantages mentioned, it is clear 
why the use of general methods for producing and storing hydrogen has 
decreased. How ever the problem that can be raised here is the synthesis 
of nano materials with significant storage [36].

This storage based on atomic hydrogen and also based on some 
theories based on the molecular hydrogen. Atomic hydrogen emigrates 
inside and between the most profound and the smallest pores (ultra 
micropores) synthetic nano materials. atomic hydrogen adsorbed on the 
surface of synthetic nano materials by weak van der wall forces in which 
by the potential difference, desorption occurred [37].

Electrode materials for hydrogen storage application can be selected 

among diverse category of materials such as carbonous compounds, 
alloys, metal hydrides, metal organic frameworks, metal sulfides, metal 
selenides and metal oxides. The keen on the studying for applying 
nanostructured metal oxides are developed due to its facile synthesis and 
structural stability [35,38–41].

Metal vanadate materials stand out as exceptionally promising ma
terials, celebrated for their multifunctional capabilities. They find ap
plications across a diverse array of fields, including catalysis, 
optoelectronics, energy conversion, and storage devices [42–45]. The 
incorporation of various transition and rare-earth metals enhances the 
remarkable properties of vanadate materials, making them even more 
intriguing for future innovations [46].

Vanadium oxides have captivated researcher’s attention as prom
ising candidates for both primary and secondary lithium batteries [47]. 
Their remarkable advantages include a substantial capacity, impressive 
voltage, and outstanding kinetics, all thanks to their unique layered 
structure. These qualities make them an alluring choice for energy 
storage. However, their tendency to become amorphous with cycling 
poses a significant challenge, ultimately restricting their practical utility 
[48,49].

Vanadium-based materials are a promising choice for next- 
generation electrodes due to their ability to exist in multiple oxidation 
states, from +2 to +5 [50]. Vanadate compounds have advantages but 
also significant drawbacks: low stability and reversibility, along with 
poor electrical conductivity and low specific capacitance, which limit 
energy storage. Research suggests ways to improve these issues, such as: 
1) synthesizing smaller nanomaterials, 2) adding carbon-based nano
materials to enhance conductivity, and 3) doping to increase the space 
between the layers of vanadium compounds [51]. Iron vanadate are 
materials that contain iron and vanadium, found commonly in the 
Earth’s crust. This makes them cost-effective and suitable for various 
applications. One important compound is Fe2V4O13, known for its 
unique structure. It has tetrahedrally coordinated VO4 units and octa
hedrally coordinated Fe2O10 units connected through edge-sharing 
links, forming a horseshoe-like chain. Its tetrahedral and hexagonal 
holes and channels enhance its usefulness in different fields and also 
applications [52]. The Fe2V4O13 was synthesized by Shreenivasa Lak
kepally et.al by a Sol-Gel method and reported as a cathode material as 

Table 1 
Synthesis condition and structural derived data for iron vanadate samples (*=Williamson-Hall (XRD), #=Scherrer (XRD), $=Average particle size (FE-SEM)).
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cathode for lithium secondary batteries. As a result, Fe2V4O13 nano
particles with monoclinic phase has shown high surface area which were 
used as cathode material for lithium secondary battery. After 50 
charge-discharge cycles, results have shown the 154 mAhg-1 is preserved 
after 50 cycle [53]. The nanosheets of Fe5V15O39(OH)9⋅9H2O was syn
thesized by Qiulong Wei et.al by a facile wet-chemical. The synthesized 
iron vanadate nanosheets was used as a cathode for ultrahigh rate 
lithium-ion storage. The synthesized nanosheets was reached to a high 
capacity of 350, 273, and 90 mAhg− 1 is achieved at 0.1, 1, and 20 Ag− 1, 
respectively, along with excellent cycling stability over 1000 of cycles 
[54]. In another work, Xiaoyan Bai et.al synthesized amorphous FeVO4 
as high-capacity cathode precursor for lithium second battery. The 
amorphous synthesized FeVO4 can reversibly react with 1, 1.5, and 2 
lithium ions, leading to capacities of 157, 235, and 314 mAhg-1, 
respectively. Although the medium voltage for each capacity is below 3 
V [55]. Fe2V4O13 and Fe4(V2O7)3⋅3H2O was synthesized by a simple 
co-precipitation method [56,57]. Sébastien Patoux et.al were synthe
sized the mentioned FeVO nano particles. Thus, exhibited discharge 
capacities nearing 200 mAhg-1 at above 2 V versus Li⁺/Li [57]. Xiaolin 
Liu et.al were synthesized FeVO4 nanorods by a facile hydrothermal 
method and utilized as a novel anode for lithium-ion batteries. The 
synthesized FeVO4 and its composite (FeVO4/Graphene) were reached 
to a high discharge capacity of 405.2 mAhg-1 and 1046.5 mAhg-1, 

respectively after 100 cycles at voltage range of 0.01-3 V [58]. 
FeV3O91.2H2O was synthesized by Munseok S. Chae et.al by a facile 
co-precipitation method. Later it used as a high-capacity cathode ma
terial for nonaqueous calcium-ion batteries. After two cycles it showed 
the 303 mAhg-1 discharge capacity. As Munseok S. Chae et.al reported 
the cycling stability of the FeV3O91.2H2O is good, at the 2.6 V discharge 
voltage [59].

Sébastien Patoux et.al were synthesized Fe2V4O13 and 
Fe4(V2O7)3⋅3H2O by direct precipitation method. The discharge capac
ity of the synthetic materials were reported 205 and 193 mAh/g, 
respectively [57]. In another work Zhiqiang Xie et.al were synthesized 
NaV3O8.1.35H2O, Zn3V2O8.1.85H2O for superior aqueous rechargeable 
zinc-ion batteries. The synthetic materials leading to capacities of 366 
mAhg⁻¹ and 328 mAhg⁻¹ at 0.1 A g-1 respectively [60]. 
Na2V6O16.1.63H2O nanowire was synthesized by Ping Hu et.al by a 
hydrothermal method, then it used as a cathode for aqueous zinc-ion 
battery. After two cycles it showed the 303 mAhg-1 discharge capac
ity. As reported the synthetic nanowire deliver a high specific capacity of 
352 mAhg− 1 at 50 mAg− 1 [61].

In this study, FeVO4/Fe2V4O13 nanocomposites were synthesized 
using simple sol-gel methods in the presence of saccharides. Various 
phase of iron vanadate was synthesized by changing different parame
ters such as molar ratio of precursors, amounts of fuel and type of fuel. 

Fig. 1. XRD pattern for prepared samples (a) FV1, (b) FV2, (c) FV3 and (d) FV4.
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These synthesized samples with different phase purity and particle size 
were then used as cathodes for hydrogen storage. The chrono potenti
ometric method was employed to measure the hydrogen storage ca
pacity of the different main and composite nanomaterials. All samples 
characterized in terms of crystalline phase, microstrain, chemical purity, 
morphology, particle size and electrochemical properties. Then, opti
mized samples studied in terms of surface area, porosity and magnetic 
behaviors.

2. Experiments

2.1. Material

The chemicals used as precursors for the sample’s synthesis, such as 
ammonium meta vanadate (≥ 99.0%), iron nitrate nonahydrate, and 
glucose, sucrose and cellulose, were bought from a Merck firm and used 
straight from the container without any purification.

2.2. Synthesis of nanostructured iron vanadate (FV)

In order to the synthesis of iron vanadate samples, the sol-gel method 
was applied in the presence of saccharides as fuel and capping agent. So, 
iron nitrate nonahydrate and ammonium vanadate dissolved in water 
and mixed under stirrer. The solution of saccharides (glucose, sucrose 
and cellulose) was added to the mixture of iron and vanadium to prepare 
dark red solution. The resultant solution heated under heater stirrer at 
120◦C to gain green product. Finally, the obtained green product 
calcined at 500 ◦C in a furnace for 60 minutes [53]. Table 1 summarizes 
the effects of altering the molar ratio of Fe:V and Fe:Fuel as operational 
parameters in order to evaluate the phase purity of the samples.

2.3. Electrochemical method

The hydrogen storage performance will be investigated in a three- 
electrode cell including a Pt which called counter electrode, a refer
ence electrode (3.0 M KCl) Ag/AgCl and a working electrode consisting 

Fig. 2. XRD pattern for prepared samples (a) FV5, (b) FV6, (c) FV7 and (d) FV8.
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of a copper substrate along with electrode active materials on the copper 
substrate in a 2.0 M KOH solution as electrolyte. The electrode is sup
plied calibrated from Azar Electrode Company.

We made the functioning electrode by putting a thin layer of powder 
samples that were as-synthesized on top of a pure copper plate. We made 
a homogeneous coating solution by mixing as-synthesized nano
structures with ethanol and then sonicating them for 15 minutes in an 
ultrasonic bath with power of 40 kHz. The ideal nanostructure layer is 
deposited onto the copper substrate with drop cast method. The drop- 
cast technique is used to deposit the ideal nanostructure onto the pre
pared copper substrate. Making a dispersed solution of the desired 

nanostructure and pouring it over the substrate’s surface is the foun
dation of the drop-cast technique. To do this, ultrasonic was used to 
create a certain quantity of ideal nanostructure in very pure ethanol. 
Next, apply a drop of the nanostructure-containing solution using a 
dropper. After being poured over the copper surface, it was heated for 
five minutes at 80◦C. The grid was positioned to provide the ideal sur
face and totally evaporate the ethanol. Until a homogeneous surface was 
achieved, these procedures were repeated. To construct the working 
electrode, a thin layer of nanocomposite powders was applied to a pure 
copper substrate (1×2 cm2) at 100◦C without the use of a binder.

It was feasible to make an electrochemical cell that worked in the 

Fig. 3. Williamson-Hall plots for samples (a) FV2, (b) FV3, (c) FV4, (d) FV5, (e) FV6, (f) FV7 and (g) FV8.
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Fig. 4. FT-IR spectra for prepared samples (a) FV2, (b) FV7 and (c) FV8.
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open air. To find out how much potential the working electrode had 
compared to the reference electrode, a steady current was transmitted 
between the two electrodes. The charge-discharge chronopotentiometry 
for all samples was conducted in 15 cycles.

3. Results

3.1. Phase purity and chemical compounds

Effect of different synthesis parameters on the phase purity and 
crystallite phase of iron vanadate samples was investigated using XRD 
diffractograms. Sample FV1 which synthesized in the presence of su
crose and calcined at 350 ◦C shows amorphous XRD pattern (Fig. 1a). So, 
this sample calcined at 500 ◦C and iron vanadate compounds with 
suitable crystallinity was obtained as can be seen in Fig. 1b. According to 
Fig. 1(b-d), by changing the molar ratio of Fe: V, and using 4 mol sucrose 
the phase purity of samples can be changed. Samples FV2 and FV3 shows 
both phased of FeVO4 and Fe2V4O14. However, sample FV4 (Fe: V=1:1) 
shows pure phase of FeVO4. Effect of molar ratio of fuel to iron was 
studied in Fig. 2(a, b) for samples FV5 and FV6 which can be compared 
with sample FV2. Different molar ratio of sucrose (Sucrose:Fe = 4/8/ 2: 
1) led to synthesis of FeVO4/Fe2V4O14 texture. Also, effect of different 
saccharides on the phase purity of samples was studied which obtained 
in Fig. 2(c, d). Samples FV7 and FV8 synthesized in the presence of 
monosaccharide of glucose and polysaccharide of cellulose which led to 
prepare FeVO4/Fe2V4O14 composite texture. Also, disaccharide of su
crose led to FeVO4 and Fe2V4O14 phases.

The obtained phases of FeVO4 and Fe2V4O14 are related to JCPDS 
code of 00-024-0541 and 01-087-1845, respectively. The Fe2V4O14 
phase has monoclinic crystal system with space group of P21/c. Corre
spondingly, anorthic FeVO4 has Space group of P-1.

Peak width or full width at half maximum (β) in XRD pattern related 
to two main sources of crystallite size and microstrain. According to the 
Scherrer formula, β=Kλ/DCos(θ) and assumes all peak width is from size 
and the strain was ignored. However, Williamson–Hall assumes peak 

width is a sum of two terms. Therefore, βTotal is considered as βTotal =

βSize + βMicrostrain. The detailed formula can be clarified as follows: 
βtotalcos(θ)= Kλ/D+4εsin(θ). Where, ε, K, λ, θ and D are microstrain in 
the crystal, shape factor (~0.9), wavelength of X-rays (0.154 nm), 
diffraction angle and grain size, respectively. The equation looks like a 
straight line. When we plotted βcosθ against sinθ, we got the grain size 
(D) equal to Kλ/Intercept, and the microstrain (4ε) was linked to the 
slope of each plot [62].

Table 1 shows the computed grain size for samples from the Scherrer 
equation and the Williamson-Hall plots. We looked at the crystal 
structure of each sample in terms of microstrain and grain size, which we 
calculated with the Williamson-hall and Scherrer methods. Fig. 3 shows 
how to use the Williamson-hall plot to look at the grain size. The exis
tence of microstrain in the created samples caused a non-zero slope, 
which demonstrates that the size values obtained from Williamson-hall 
plots are larger than those derived from Scherrer equation. But sample 
FV2, FV6 and FV8 has a slope of zero and the Scherrer and W-H plot 
grain size values are the same.

Chemical bonds for iron vanadate samples investigated in Fig. 4(a-c) 
based on FT-IR spectra for samples FV2, FV7 and FV8 which synthesized 
in the presence of different fuel of sucrose, glucose and cellulose, 
respectively. The vibrations that show up between 822-1029 cm-1 are 
associated with the V-O terminal stretching; the vibrations that appear 
between 614-822 cm-1 are associated with the V-O-Fe bridging and V-O- 
V stretching mode; and the vibrations that appear at about 464 cm-1 are 
associated with the V-O-V deformation mode [63,64].

The elemental purity of sample FV2 is indicated visually in Fig. 5 in a 
manner that is distinct. In the absence of any impurities, each and every 
EDS test reveals the presence of iron, oxygen, and vanadium. Results of 
EDS, FT-IR and XRD show all samples after calcination process at 500 ◦C 
have no carbonous compounds caused by utilizing saccharides as fuel.

3.2. Morphology and size

Effect of molar ratio of fuel and type of fuel on the morphology, size 

Fig. 5. Elemental EDS analysis for sample FV2.
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and uniformity of particles was investigated using FE-SEM images. Ac
cording to Fig. 6(a-c), samples FV2, FV5 and FV6 which synthesized in 
the presence of 4, 8 and 2 mol sucrose show assembled nanoparticles 
form spheres. The particle size distribution was depicted in Fig. 7(a-c) 
for samples FV2, FV5 and FV6, respectively. The average particle size for 
samples FV2, FV5 and FV6 are 36.47, 61.58 and 62.53 nm, individually 
that confirms using 4 mole sucrose led to uniform and tiny particle size. 
However, using higher or lower sucrose as fuel and capping agent led to 
growth of particle to higher size.

Also, effect of type of fuel can be detected from Fig. 6(d, e) related to 

samples FV7 and FV8 which synthesized in the presence of glucose and 
cellulose, respectively. Average particle size for samples FV7 and FV8 
are calculated about 56.46 and 51.83 nm, separately. Synthesized 
sample in the presence of cellulose (FV8) as polysaccharide with huge 
structure shows agglomerated particles with non-uniform particles. On 
the other hand, using glucose (FV7) as monosaccharide with small 
structure led to larger particle size than prepared sample in the presence 
of disaccharide of sucrose (FV2).

Therefore, optimized sample in terms of particle size is FV2 which 
synthesized in the presence of 4 mol sucrose. TEM images for this sample 

Fig. 6. FE-SEM images for prepared samples in different conditions (a) FV2, (b) FV5, (c) FV6, (d) FV7 and (e) FV8.
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provided for better determination morphology and shape of FV2 sample. 
According to the Fig. 8(a-c), presence of nanoparticles with uniform size 
and shape can be distinguished.

Saccharides are readily accessible as reducing agents. They are also 
economical, non-toxic, renewable and environmentally friendly. 
Furthermore, stabilizing or capping agents are unnecessary upon their 
use [65,66]. Saccharides are pivotal in the synthesis of samples via the 
sol-gel method. Saccharides, when utilized as chelating agents, can form 
complex structures through chemical interactions with metal cations. 
Moreover, these complexes, designed for agglomeration and size 

regulation, possess the potential to significantly contribute to the envi
ronmentally sustainable sol-gel synthesis method. Moreover, saccha
rides function as a chelating agent and serve as a natural fuel, hence 
lowering the temperature of the reaction during the dissolution of metal 
complexes. As a result of the effective execution of the nucleation pro
cess, the acquired samples exhibited a specific morphology. The as
sembly of particles into spheres was enabled by saccharides acting as a 
template. During the reaction between saccharides and nitrate salts, 
nuclei were produced, followed by their aggregation. Subsequently, 
nanoscale particle architectures were engineered and designed utilizing 

Fig. 7. Particle size distribution for samples (a) FV2, (b)FV5, (c)FV6, (d) FV7 and (e) FV8.
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the minute crystals formed throughout time at the nanoscale. The 
resultant nano components were collected and utilized for the fabrica
tion of spheres (Schematic 1).

These results indicate that saccharides with substantial structures 
resulted in the agglomeration of structures and the development of 
crystals to a considerable size. Cellulose, a polysaccharide with a poly
meric structure can readily establish hydrogen bonds with one another, 
resulting in the formation of agglomerated products. Glucose, a 

monosaccharide due to little structure cannot prevent growth of parti
cles and led to formation of particles with large size. However, 
employing sucrose as a disaccharide carbohydrate with a medium 
structure aimed at producing small and homogeneous nanoparticles.

3.3. Hydrogen storage

In order to comparing the ability of different samples for hydrogen 
storage through electrochemical method, charge-discharge chro
nopotentiometry experiment was conducted in three-electrode cell. 
Fig. 9(a-c) presents discharge profile for samples FV2, FV3 and FV4, 
respectively. Samples FV2 and FV3 shows 601 and 223 mAhg-1 after 15 
cycles, individually. However, sample FV4 (FeVO4) shows hydrogen 
storage of 85 mAhg-1 in 1st cycle which increased to 298 mAhg-1 in 15th 

cycle. Fig. 10a displays discharge profile for sample FV5 which shows 
capacity of 225 mAhg-1 in 1st cycle which enhanced to 521 mAhg-1 in 5th 

cycle and then decreased to 425 mAhg-1 in 15th cycle. According to 
Fig. 10b, discharge capacity of sample FV6 enhanced to 478 mAhg-1 

from 1st to 5th cycle and decrease to 422 mAhg-1 in 15th cycle. Sample 
FV7 (Fig. 10c) demonstrates maximum discharge capacity in 15th cycle 
about 108 mAhg-1 and sample FV8 (Fig. 10d) expressions increasing 
hydrogen storage capacity from first (175 mAhg-1) to eleventh (309 
mAhg-1) cycle and then decrease to fifteen cycle (282 mAhg-1). Conse
quently, higher discharge capacity for electrochemical hydrogen storage 
achieved in the presence of FV2 with phase purity of FeVO4/Fe2V4O13. 
The plot of discharge capacity versus cycle number display for all 
samples in Fig. 11. The energy storage performance of this work 
compared with different vanadate-based materials as summarized in 
Table 4. Also, capacity of all electrode samples compared in Schematic 
2.

The activation behavior and changing in the capacity during 
different cycles can be related to the diverse reasons. 1- Wetting of pores 
and electrolyte infiltration into the electrode microstructure may be 
incomplete initially; progressive wetting during early cycles improves 
ionic access to active sites [67]. 2- Transition-metal oxides can develop 
catalytic surface structures that promote proton dissociation and 
hydrogen spillover onto the host lattice. Early cycles can change the 
distribution of catalytic sites, altering storage kinetics [68]. 3- Cycling 
can improve contact between active particles and current collector, 
lowering charge transfer resistance and permitting higher utilization of 
active material [69]. 4- Particle cracking or delamination during early 
cycles exposes fresh surfaces and increases active area, which appears as 
a capacity increase. This effect is enhanced in brittle, larger-grained 
particles and suppressed in ductile or highly porous nano-architectures 
[70]. 5- Repeated insertion/extraction induces lattice strain; partial 
amorphization or formation of metastable phases may open new inter
stitial sites for hydrogen insertion or create pathways for proton con
duction, increasing capacity. Conversely, in some systems, excessive 
amorphization leads to capacity fade; the net effect depends on whether 
new sites are reversible [71]. 6- Introducing hydrogen into the nano
structure of the electrode active material enhances storage capacity. 
This is because the addition of hydrogen increases the distance between 
particles—such as those in nanosheets—creating more pathways for 
hydrogen atoms to enter and exit [43]. 7- The aging effect can be 
observed in the formation of oxide layers on the electrode active ma
terial and even on the copper electrode (working electrode) after taking 
long charge and discharge cycles, as these thin oxide layers formed 
minimize the conductivity at the surface and show a very resistive 
behavior [44,45]. 8- Activation of redox sites due to presence of redox 
couple of Fe²⁺/Fe³⁺ and V⁴⁺/V⁵⁺ in the electrode structures.

In the FeVO4/Fe2V4O13 system, the relationship between structure 
and electrochemical hydrogen storage performance is direct and crucial. 
The discharge capacity (reflecting the amount of hydrogen reversibly 
stored) is strongly governed by the structural characteristics, phase 
composition, and redox behavior of the mixed iron vanadate phases. 
FeVO4 and Fe2V4O13 possess distinct crystallographic frameworks that 

Fig. 8. TEM images for sample FV2 in different magnifications.
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influence hydrogen absorption and desorption mechanisms. FeVO4, 
with its open-framework triclinic structure, provides channels that 
facilitate proton or hydrogen insertion, while Fe2V4O13, containing 
mixed-valence Fe²⁺/Fe³⁺ and V⁴⁺/V⁵⁺ centers, supports multielectron 

redox reactions that enhance charge storage. During electrochemical 
cycling, partial reduction of Fe³⁺ to Fe²⁺ and V⁵⁺ to V⁴⁺ generates active 
sites that promote hydrogen adsorption and improve conductivity, 
thereby increasing discharge capacity. In summary, the discharge 

Schematic 1. Sol-gel synthesis mechanism for iron vanadate in the presence of saccharides as fuel.

Fig. 9. 15th discharge profile for sample (a) FV2, (b) FV3 and (c) FV4.
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Fig. 10. 15th discharge profile for sample (a) FV5, (b) FV6, (c) FV7 and (d) FV8.
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capacity of FeVO4/Fe2V4O13 electrodes is intrinsically linked to their 
structural evolution, where the synergistic interaction between the Fe 
and V redox couples, supported by a stable crystalline framework, 
governs hydrogen insertion/extraction dynamics and overall storage 
efficiency [58,72,73].

The hydrogen storage process may occur through physisorption and 
redox reactions. A positive electric current facilitates the binding of 
newly generated H+ ions to the electrode material’s surface. This occurs 
when charge movement is directed positively. Hydrogen is released 
when the working electrodes are discharged, liberating the previously 
trapped hydrogen molecules. The physisorption mechanism underpins 
this process [74].

Electrochemical methods elucidate the mechanisms of adsorption- 

based storage. Water acts as a proton donor in the electrolyte solution 
around the working electrode, facilitating the electron process that 
generates OH-. Equation 2 indicates that the produced hydrogen is 
subsequently adsorbed onto the surface of the adsorbent (MV). 
Conversely, it may undergo self-reaction to produce hydrogen mole
cules, as seen in Equations 3-5. 

H2O + e − → Hads + OH− (1)

(FV) + H → (FV)Hads                                                                     (2)

(FV)Hads + H2O + e- → H2 + OH- + (FV)                                       (3)

2H → H2                                                                                       (4)

Fig. 11. Discharge capacity vs. cycle number for samples (a), FV2, (b) FV3, (c) FV4, (d) FV5, (e) FV6, (f) FV7 and (g) FV8.
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(FV)Hads + (FV)Hads → H2 + 2(FV)                                                 (5)

The Volmer, Heyrovsky, and Tafel reactions are represented by 
Equations (1), (3), and (4), respectively, in the electrochemical process. 
The formulae are applied correctly. Molecular hydrogen is generated 
through an electrochemical process that involves the recombination of 
hydrogen atoms. This occurs when the activation barrier for both pro
cesses is sufficiently low, and the energy generated by the Tafel or 
Heyrovsky reactions is less than that produced by hydrogen adsorption. 
Another possibility is that the adsorbed hydrogen may penetrate further 
into the adsorbent and occupy regions with higher adsorption energy 
[75].

The redox process indicates that the electrode materials have vana
dium, which exists in the +5 oxidation state and can be reduced to a 
lower valence state. A crucial stage in ion intercalation is the reduction 
of the vanadium ion’s valence from high to low. This ensures that the 
oxides remain electrically neutral. Vanadium is expected to undergo a 
reduction process, with its redox pair considered essential for hydrogen 
absorption. Previous research has established the foundation for this 
concept. The absorption of hydrogen enabled the vanadate structure to 

achieve charge equilibrium. Vanadate molecules readily form hydrogen 
bonds when hydrogen is available, resulting in the generation of hy
droxyl ions. Furthermore, vanadium transitions from its +5 oxidation 
state to its +2 oxidation state throughout this process. Also, iron with +3 
oxidation state can be reduced to a lower valence state and redox couple 
of Fe+3/Fe+2 led to electrochemical process.

The results from the cyclic voltammetry experiments are presented in 
Fig. 12. The researchers aimed to investigate the electrochemical char
acteristics of the synthesized materials. Sample FV2 exhibited higher 
current values for the anodic peaks compared to other samples. Table 2
indicates that the values can be ascertained through the collection of 
electrode response samples or by employing a cyclic voltammogram. 
Thus, the anodic segment of the CV curves exhibited oxidation peaks, 
potentially resulting from hydrogen adsorption as a consequence of 
water combustion, according to one hypothesis. The detection of 
reduction peaks in the cathodic branch may indicate the release of 
hydrogen.

Schematic 2. Comparing 15th discharge profile for synthesized iron vanadate samples in different conditions.
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3.4. BET and VEM analysis

The results of determining the surface area, porosity, and pore vol
ume of iron vanadate using the BET-BJH method are shown in Fig. 13(a- 
c), which also characterizes the pore size distribution and nitrogen 
adsorption-desorption isotherms for samples FV2, FV8, and FV5 
respectively. The IUPAC classification indicates that the nitrogen 
adsorption-desorption isotherm follows the same pattern as the IV types 
(H3 category), which suggests the construction of structures with a non- 
uniform range of diameters for the mesopores and slit pores. Table 3
compared the derived surface area and porosity data from nitrogen 
adsorption-desorption isotherms.

The magnetic characteristics of sample FV2 examined using a 
vibrating sample magnetometer. To examine the magnetic behavior of 
sample, the VSM curves in Fig. 14 assess the relationship between the 
electrical and magnetic properties. This diagram’s hysteresis loop ex
hibits ferromagnetic phenomena. The derived data from VSM hysteresis 
are: Magnetic saturation=0.77 emu/g, Magnetic remanence= 0.089 and 
Coercivity=1088 Oe. A

It is reported that large coercive force can retain the large fraction of 
the saturation field as driving force removed. Previous research used 
material with magnetic parameters as a potential hydrogen storage 
compound [76]. results show, material with narrow hysteresis loop led 
to improvement in electrochemical hydrogen storage capacity. limited 
dissipated energy is implied by a narrow hysteresis loop. It is well known 
that when the driving force is removed, a significant portion of the 
saturation field can be maintained in the presence of a strong coercive 
force.

Vanadate materials can undergo structural changes, dissolution or 
unfavorable phase transformations during electrochemical cycling, 
limiting cycle life unless engineered (coatings, composites, doping). 
Achieving long cycle life at scale is a materials-engineering challenge. 
Also, manufacturing reproducibility and quality control rely on tight 
morphology/defect control to achieving excellent performance [77,78].

The FE-SEM images for sample FV2 after cycling show nanoparticles 
with an average size of 51 nm (Fig. 15 (a, b)). The electrochemical 
hydrogen storage and insertion/extraction ions did not cause agglom
erated structures but rather broke apart the nanoparticles.

4. Conclusion

Iron vanadate materials synthesized by adjusting numerous oper
ating factors, like the molar ratio of Fe:V, the amount of fuel, and the 
type of fuel. We did this to see how varied phase purity, microstrain, and 
morphology affect the energy storage capabilities of resultant samples. 
The ability of electrochemical hydrogen storage to hold different sam
ples was tested using chronopotentiometry charge-discharge tests in a 
three-electrode cell with a 2.0 M KOH electrolyte. The optimized sample 
with higher capacity is FV2 with purity of FeVO4/Fe2V4O13 and average 
particle size about 36 nm. Sample FV2 expressions 601 mAhg-1 

Fig. 12. Cyclic voltammograms for selected samples.

Table 2 
CV electrode response for attained samples.

Electrode No. Electrode Response

IPa/µA EPa/V IPc/µA EPc/V

FV2 11057 -0.42 -9262 -0.68
FV3 6721 -0.43 -3354 -0.68
FV4 7000 -0.42 -4682 -0.67
FV5 6817 -0.43 -3758 -0.70
FV6 6231 -0.43 -4534 -0.70
FV7 4435 -0.43 -3140 -0.68
FV8 1915 -0.44 -2377 -0.70
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hydrogen storage capacity with stable cycle ability, which is more than 
the 298 mAhg-1 that sample FV4 with pure phase of FeVO4.
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Fig. 13. BET N2 adsorption-desorption and BJH plots for prepared samples (a) FV2, (b) FV8 and (c) FV5.

Table 3 
BET data for selected iron vanadate samples.

No. as, BET 
[m2g-1]

Total pore volume (p/p0=0.990) 
[cm3g-1]

Average pore diameter 
[nm]

FV2 6.2485 0.05696 36.463
FV8 7.1559 0.071755 40.109
FV5 9.3641 0.090743 38.762

Table 4 
Comparison of different electrode materials applied in energy storage systems with the results of this work.

No. Electrode material Capacity Electrolyte Energy storage system Ref.

1 Zn3V2O7(OH)2⋅2H2O 213mAh/g ZnSO4 (1 M) Zinc-Ion battery [79]
2 Fe5V15O39(OH)9.9H2 385 mAh/g Zinc (II) bis (trifluoromethanesulfonyl) imide (0.3 M) Zinc battery [80]
3 Cu1.1V4O11 260 mAh/g LiPF6 (1 M) Li Batteriy [81]
4 ZnV2O4 360 F/g KOH (2 M) Supercapacitor [82]
5 V2O5 235 F/g Na2SO4 (1 M) Supercapacitor [83]
6 FeVO4 402 F/g KOH (2 M) Supercapacitor [84]
7 CuO-MWCNTs 158.84 KOH (6 M) Hydrogen storage [85]

Fe2O3 MWCNTs 112.78
Co3O4 MWCNTs 90.13
NiO-MWCNTs 89.91

8 MS2 (M = Mo, Ti) 262 KOH (5 M) Hydrogen storage [86]
9 Co9S8 577 KOH (6 M) Hydrogen storage [87]
10 CNT/TiO2-Co 305 KOH (6 M) Hydrogen storage [88]
11 FeVO4/Fe2V4O13 601 mAh/g KOH (2 M) Hydrogen storage This work
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Fig. 14. M-H hysteresis for sample FV2.
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