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� Phase and lattice parameters of

zinc vanadate are changed due to

difference in ionic radii of dopant

element (Ag).

� Variable oxidation of states of va-

nadium are observed which cause

improvement in electrochemical

response.

� Ag (2%) doped magnesium vana-

date shows higher specific capaci-

tance (Cs ¼ 706 Fg�1) than

undoped (325 Fg�1).

� Silver-modified electrode exhibits

energy density and power density

of 65.5 Whkg�1 and 12,100 Wkg�1

respectively.
. Javed).

ons LLC. Published by Elsevier Ltd. All rights reserved.
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Transition metal vanadate nanostructures are getting significant importance as an efficient

electrode material for modern energy storage applications. In this work, a simple hydro-

thermal method is employed for the synthesis of magnesium vanadate (MgV2O5) and Ag-

doped magnesium vanadate (Ag doped MgV3O8) nanomaterials. The X-ray diffraction

(XRD) analysis reveals the formation of an orthorhombic structure for magnesium vana-

date, whereas the Ag-doped magnesium vanadate results in a monoclinic structure.

Interestingly, the optical bandgap is observed to increase from 2.85 eV to 3.92 eV with the

increase in Ag-doping as revealed from Tauc's plot of the UV-visible absorption spectrum.

The electrochemical performance of magnesium vanadate electrodes is thoroughly

investigated by cyclic voltammetry (CV), Galvanostatic charge-discharge (GCD), and elec-

trochemical impedance spectroscopy. The Ag-doped magnesium vanadate shows higher

specific capacitance (Cs ¼ 706 Fg�1) in comparison to undoped (325 Fg�1) at a current

density J ¼ 5 Ag�1. The theoretical investigations through Dunn's model demonstrate a

major contribution arises from surface-controlled processes, which increase as high as 91%

at scan rate of 60 mVsec�1. Our findings indicate that Ag-doping significantly improves the

overall electrochemical response of magnesium vanadate as an efficient electrode material

for supercapacitor applications.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Industrial and population growth led to massive use of fossil

fuels, culminating in the gradual degradation of their sources

[1]. This ultimate increase in the population has triggered an

energy problem all over the world [2e4]. Researchers are

paying very close attention to eco-friendly energy trans-

formation and storage systems [5e10]. Electrochemical energy

storage mechanizations have now leading and playing an

attractive role in the worldwide efforts to solve the issues of

sustainable energy production. Over the last two decades,

enormous work has been reported for both rechargeable bat-

teries and electrochemical capacitors development; however,

both are still inadequate in terms of fossil fuel usage [11].

Supercapacitors are notable for their remarkable energy

storage features, which include superior capacity, high power

density, rapid charge/dischargemechanisms and longer cyclic

stability. The supercapacitor can be divided into two cate-

gories i.e. Pseudo-capacitors and electrical double-layer ca-

pacitors depending on the charge storage process. Electrical

charges can store in supercapacitors by two mechanisms i.e.,

faradaic (pseudo) or non-faradic (double-layer) reactions.

Supercapacitors have the potential to be used as power

sources in hybrid vehicles and mobile electronic gadgets in

the future [12].

The choice of electrodematerial is essential in determining

the electrical behavior of supercapacitors. Transition metals

that have tunable valence states may give excellent pseudo

capacitance. Metal compounds should possess three qualities

to be a candidate as an electrode material; i.e., high conduc-

tivity, multiple valence states, and the proton intercalation

into the lattice [13]. Due to its remarkable specific capacitance

and strong conductivity, vanadium-based materials are

considered important for supercapacitors. In the field of en-

ergy storage systems, V2O5 played a crucial role. The multiple
redominated capacitive b
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oxidation states, higher specific capacitance, greater energy

density, and proper cycle stability, with a novel layered

structure, V2O5 is well-suitable [10,13,14]. Alkali earth metals

exhibits two valence electron and superior electrical conduc-

tivity. Many alkali earth metal vanadium oxides, AVxOy

(A¼Mg, Ca.), have been used in rechargeable batteries such as

(zinc, lithium, sodium, and magnesium ion batteries) [15e19].

However, from the perspective of supercapacitors, the explo-

ration of alkali earth metals vanadium-based nanomaterials

is less explored and neglected. Xu et al. (2020) reported thatMg

could be adopted to achieve a higher capacity because it has a

lower molecular mass than Ca, Sr, Ba, and Ra [20].

Metal doping is a potential approach for improving the

electrical, optical, and electrochemical properties of magne-

sium Vanadate [21]. There are several doping materials (Cu,

Nb, Zn, and Ag) but silver has been chosen due to simple link

matrix nature and activity towards surface states in the

nanostructures [22]. Additionally, silver doping can tailor the

crystal structure of magnesium vanadate. To improve, the

charge and discharge capacity of the batteries, silver is also

reported in the literature. For example, Liang et al. (2013)

fabricated Ag/AgVO3 nanorods for lithium-ion batteries that

exhibited a high specific capacity of 242 mA hg�1 at a current

density of 50mAg�1 and Li et al. (2016) synthesizedmulti-scale

AgVO3 particles for electrochemical performance and showed

high capacity 243 mA hg�1 at current density of 1 Ag�1 [23,24].

To overcome the above gap, herein, we synthesized the

magnesium vanadate and silver (1%, 1.5%, 2%) doped mag-

nesium vanadate nanomaterials by using the hydrothermal

method. X-ray diffraction analysis determines the ortho-

rhombic and monoclinic crystal structure of undoped and

doped magnesium vanadate respectively. Other materials

related properties are investigated by SEM, EDX, UVeVis

spectroscopy, FTIR and XPS techniques. The electrochemical

response of magnesium vanadate and silver-doped magne-

sium vanadate modified electrodes was also evaluated.
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Experimental

Chemicals

Magnesium nitrate (Mg (NO3)2$6H2O) (Daejung, 98%), Ammo-

nium metavanadate (NH4VO3) (Daejung, 99%), Silver nitrate

(AgNO3) (Daejung, 99.8%), Sodium hydroxide (NaOH) (Sigma

Aldrich, 97%), and Cetyltrimethyl ammoniumbromide (CTAB)

(Glentham life sciences, 99%). No additional purification was

performed to use any of the chemicals.

Synthesis protocol

Magnesium vanadate and silver (1%, 1.5%, 2%) doped mag-

nesium vanadate nanoparticles were synthesized by using the

hydrothermal method. In the typical synthesis of magnesium

vanadate, 0.5 mol of Mg (NO3)2$6H2O (12.82 g) and NH4VO3

(5.84 g) were dissolved in 100ml distilledwater separately. The

two prepared solutions were mixed and stirred for 30 min.

0.2 g CTABwas added into the solutionmixture as a stabilizing

agent. The 0.5 M NaOH (2 g) solution was added dropwise into

the mixture to maintain the pH between 10 and 12 and stirred

for 1 h. This final mixture was shifted into a 100 ml Teflon-

lined autoclave and put into the oven for 14 h at 180 �C for

hydrothermal treatment. The autoclaves were cooled at room

temperature after the hydrothermal process and the obtained

suspension was centrifuged and washed three times with

distilledwater. The obtained precipitateswere dried at 60 �C in

an oven overnight and ground to form magnesium vanadate

powder. The silver-doped magnesium vanadate nano-

materials were prepared by addingmolar ratio of silver nitrate
Fig. 1 e Flow chart of different steps i
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as 1% (0.16 g), 1.5% (0.25 g), and 2% (0.33 g) in the magnesium

nitrate and ammonium vanadate solution, followed by the

above-mentioned process. The schematic flow chart of

different steps involved in the hydrothermal synthesis pro-

cess is given in Fig. 1.

Characterization tools

X-raydiffractionanalysis employingX-raydiffractometerwith

a Cu-Ka beam (l ¼ 0.15406 nm) revealed the crystalline nature

of the synthesized nanomaterials. The surface morphology of

synthesizednanomaterialswas examinedbyusingNovaNano

SEM. Fourier transform infrared spectroscopy was used to

investigate functional groups of the synthesized nano-

materialsusing a (Cary-630) FTIR spectrophotometer.AUV-Vis

spectrometer (T80) (200e900 nm range) was used to evaluate

the optical properties of synthesized nanomaterials.

Electrochemical studies

The electrochemical response of magnesium vanadate and

silver (2%) doped magnesium vanadate electrodes were

analyzed by using a three-electrode assembly. 1 M KOH so-

lution was utilized as an electrolyte. In a three-electrode sys-

tem, one worked as a counter electrode, the second as a

reference electrode, and the nanomaterials modified Ni foam

as a working electrode. The working electrode was fabricated

by using the weight percentage (10:10:80%) of polyvinyl

alcohol (PVA), graphite, and synthesized material respectively

[25e28]. The synthesized slurry was coated on 2� 2 cm2 nickel

foam and dried. The deposited mass of the electrode was

�2 mg.
nvolved in the synthesis process.
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Results and discussion

Materials’ characterization

Fig. 2a shows the XRD spectra of as-synthesized magnesium

vanadate and silver (1.0%, 1.5%, 2.0%) doped magnesium

vanadate. In case of magnesium vanadate, all the diffraction

peaks are correlatedwell with JCPDS card number 00-030-0801

with an orthorhombic crystal structure and space group

Cmc21. The chemical formula for relatedmagnesium vanadate

observed from the JCPDS card isMgV2O5. The diffraction peaks

present at 2q ¼ 34.5�, 36.2�, 42.5�, 56.8�, 60.6�, and 62.7�

correspond to (113), (130), (114), (116), (204), and (154) planes,

respectively. After Ag doping, the XRD patterns reveal the

phase transformation of magnesium vanadate from MgV2O5

to MgV3O8 as diffraction peaks in magnesium vanadate with

different Ag doping are matched with JCPDS card number 01-

073-1022. The crystal structure of MgV3O8 is monoclinic. The

peaks in the diffraction pattern are indexed to (�202), (�221),

(310), (�312), (�222), (022), (221), (�132), (�511), (�133), (042),

(004), (133), (�315), (350), (260), (005), (�535), and (261) planes of

MgV3O8 structure. There are three diffraction peaks corre-

sponding to (111), (200), and (220) planes in doped XRD pat-

terns, which indicate the presence of Ag species in the lattice

(JCPDS # 00-004-0783) [29].
Fig. 2 e (a) X-ray diffraction patterns of magnesium vanadate a

vanadate nanomaterials, (b) FTIR spectra of undoped and silver

absorption curves, (d) Tauc's plot, of magnesium vanadate and
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The average crystal size (D) is estimated by using the

Debye-Scherrer's formula (equation (1))

D¼ kl
b Cos q

(1)

Here D represents crystal size, k is shape constant (~0.94), l is

the wavelength of Cu ka ¼ 1.54056 �A, b is full width at half

maximum (FWHM), and q is Bragg's angle. The average

crystallite size estimated by using Scherrer's formula is given

in Table 1, which shows the increase in the crystallite size

with increasing the silver doping concentration. This is

attributed to the difference between the ionic radii of

substituting ions (Agþ, 1.26 �A) with parent ions (Mg2þ, 0.72 �A).

In brief, the XRD results exhibit that doping makes an in-

crease in the crystallite size and transforms the crystal

structure from orthorhombic to monoclinic for magnesium

vanadate [30e32].

The lattice parameters for orthorhombic and monoclinic

crystal structures are determined by using the following

equations (2) and (3), respectively.

1
d2
═
h2

a2
þ k2

b2
þ l2

c2
ðOrthorhombicÞ (2)

1
d2

¼ 1

Sin2
b

 
h2

a2
þ k2 Sin2

b

b2
þ l2

c2
� 2hlCosb

ac

!
ðMonoclinicÞ (3)
nd silver (different concentrations) doped magnesium

-doped magnesium vanadate nanomaterials, (c) UV-Visible

silver doped magnesium vanadate.
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Table 1 e Crystallite size, lattice parameters, and volume of synthesized materials.

Sample Crystallite size (nm) Lattice parameters Volume (�A3)

Experimental Ref.

a (�A) b (�A) c (�A) a (�A) b (�A) c (�A)

MgV2O5 17 3.64 10.16 11.16 3.69 9.96 11.01 114.05

Ag (1%) MgV3O8 45 10.48 8.47 7.72 10.29 8.53 7.74 597.36

Ag (1.5%) MgV3O8 55 10.53 8.64 7.37 10.29 8.53 7.74 583.97

Ag (2%) MgV3O8 60 10 8.51 7.75 10.29 8.53 7.74 574.94

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 5
Where a,b, and c represent lattice parameters, h, k, and l are

miller indices, d corresponds to inter atomic spacing, and the

value of b is 119.5�. The unit cell volume is estimated by using

the following equations (4) and (5);

V¼abcðOrthorhombicÞ (4)

V¼ðabcÞSin bðMonoclinicÞ (5)

Functional groups of magnesium vanadate-based nano-

materials are further investigatedbyFTIR in the650e4000 cm�1

range at room temperature (Fig. 2b). The transmittance band

found in the range from 3443 to 3648 cm�1 is attributed to the

OH stretching of water molecules. The bands detected in the

range of 2848e2925 cm�1 belong to CeH stretching, whereas,

bands at 1635, 1636, and 1652 cm�1 are related to the C]C

stretching. The bands at wave numbers 1457, 1465, and

1488 cm�1 correspond to CeH bending. The new functional

groups evolved at 2100, 1012 and 1017 cm�1 with silver doping

which are assigned to the C^C stretching and C]C bonding.

The transmittance bands detected at 801, 812, and 828 cm�1

belong to VO4
�4, VO4

�3, and MgeO, respectively [33]. The band

located at 731 cm�1 clearly shows the presence of silver ions in

the magnesium vanadate lattice as AgeO bond [34e36].

The optical properties of magnesium vanadate and silver-

doped magnesium vanadate are examined using UV-Visible

spectroscopy. The absorption curves of MgV2O5 and Ag-

doped MgV3O8 at different Ag concentrations (1%, 1.5%, 2%)

are shown in Fig. 2c. The absorption spectrum of MgV2O5

shows a broad peak at 415 nm in the visible light region. Li

et al. (2015) also reported the absorption spectra of different

phases of magnesium vanadate to appear in the visible light

region [37]. The increase in broadness and a red shift is clearly

observed for silver (1%) doped magnesium vanadate. Howev-

er, for 1.5% and 2.0% doped samples, the peak in the visible

region is suppressed significantly, whereas, a new peak at

262 nm is appeared. The optical bandgap is determined by

using well known Tauc's plot (equation (6)) [38];

ahn¼b
�
hn� Eg

�m
(6)

Here, b is a constant, a symbolize the absorption coefficient,

ℎ ¼ Planck constant, n stand for photon frequency, Eg denotes

the energy band gap, and m factor represent the transition

mode [39]. The direct band gap value of magnesium vanadate

andAg (1%) dopedmagnesium vanadate is ~2.85 eV. This band

gap is in good accord with magnesium vanadate, which

ranges from 2.2 eV to 3.1 eV [37] (Fig. 2d). However, further

increase in silver doping increases the band gap to 3.92 eV. It is

stated in the literature that Ag doping up to 3% can rise the
Please cite this article as: Umair M et al., Predominated capacitive b
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optical band gap, whereas further increase in Ag concentra-

tion can narrow the band gap of the host material [40]. The

Burstein Moss effect, which occurs due to a rise in carrier

concentration, led the energy band gap to wider with doping

concentration. Due to the constraints of solid dissolution at

higher doping levels, electron density dropped, which slightly

lowered conductivity [41].

The morphological analysis of synthesized magnesium

vanadate and silver (2%) doped magnesium vanadate nano-

particles (NPs) is performed by SEM. The SEM images of

MgV2O5 and Ag (2%) MgV3O8 are depicted in Fig. 3a and (c)

respectively. SEM analysis shows that both theMgV2O5 andAg

(2%) MgV3O8 nanoparticles have spherical shape particles,

however, Ag (2%) MgV3O8 also exhibits some large aggregates.

Additionally, it is revealed that nanoparticles have smooth

surface dense grains, demonstrating their excellent crystal-

line nature [42]. Fig. 3(b) and (d) display the size distribution

histograms of the materials. The magnesium vanadate and

silver doped magnesium vanadate have average particle sizes

of 40 ± 10.5 nm and 55 ± 18.7 nm respectively, which clearly

demonstrates that Agþ doping increases the particle size and

is consistent with XRD results [43]. Additionally, EDX analysis

is performed for compositional analysis of synthesized Ag

(2%) MgV3O8 nanomaterials. EDX spectrum displays the peaks

for silver (Ag), magnesium (Mg), vanadium (V), and oxygen (O)

which affirms the purity of synthesized Ag (2%) MgV3O8

nanomaterials (Fig. 3e). The atomic percentages of Ag, Mg, V,

and O are 1.89%, 19.36%, 17.44%, and 61.32% respectively.

Silver doping is further verified by using EDX chemical map-

ping (Fig. 4a-f). The chemical maps show the distribution of

respective elements in the Ag (2%) doped MgV3O8 material.

The bounding types and valence states of elements

involved in Ag (2%)MgV3O8 composition are investigated by X-

ray photoelectron spectroscopy (XPS). Fig. 5a demonstrates

the survey spectrum of Ag (2%) MgV3O8, and depicts the fea-

tures of Ag3d, Mg2s, V2p3, and O1swhich further confirms the

formation of the silver (2%) doped magnesium vanadate

nanostructures. The high-resolution XPS spectrum for Ag3d

shows doublet peaks which accommodate further four bind-

ing energies (Fig. 5b). The binding energies for Ag0 3d5/2 and

Ag0 3d3/2 are detected at 365.4 and 374.4 eV respectively,

whereas two higher peaks at 368 and 373 eV are allocated to

Agþ 3d5/2 and Agþ 3d3/2 [23]. In the case of the Mg 2s spectrum,

the binding energy peaks at 90.2 eV and 92 eV correspond to

divalentMg, while the peak at 88.66 eV is attributed tometallic

Mg as shown in Fig. 5c [44e47]. The V 2p3 is divided into three

sub-peaks (Fig. 5d). The broad peaks V 2p3/2 at binding en-

ergies of 516.4 eV and 515 eV correlate to V5þcation, whereas

the smaller peak at 510.4 is related to V4þ. According to these
ehavior of Ag-doped magnesium vanadate as a novel electrode
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Fig. 3 e SEM micrographs and related size distributions of (a, b) Magnesium vanadate, (c, d) Ag (2%) doped magnesium

vanadate, (e) EDX spectrum of Ag (2%) doped magnesium vanadate.

Fig. 4 e EDX chemical mapping of Ag (2%) dopedMgV3O8 nanomaterials; (a) TEM image of selected area, chemical maps of (b)

Mg, (c) O, (d) V, (e) Ag, (f) Overlay image of the chemical maps.
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findings, V3O8 shows a mixed valence vanadium oxide nature

[17,48,49] and can be useful for better electrochemical prop-

erties. In the case of the O 1s spectrum, three binding energy

peaks are found. The peaks at 531.5 eV, 530 eV, and 525 eV are

identified as lattice oxygen, OeV5þ, and OeV4þ respectively,

and shown in Fig. 5e [49,50].
Please cite this article as: Umair M et al., Predominated capacitive b
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Electrochemical studies

Cyclic voltammetry investigates the capacitive behavior and

the charge storage nature ofmaterials. The CVmeasurements

at different scan rates (5 mVs�1 to 60 mVs�1) are performed to

examine the electrochemical behavior of magnesium
ehavior of Ag-doped magnesium vanadate as a novel electrode
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Fig. 5 e XPS analysis of Ag (2%) doped MgV3O8; (a) Survey spectrum. High-resolution spectra (b) Ag 3d, (c) Mg 2s, (d) V 2p3, (e)

O 1s.
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vanadate (MgV2O5) (Fig. 6a) and silver-doped magnesium

vanadate [Ag (2%) MgV3O8] modified electrodes (Fig. 6b). All

the CV spectra are determined in the potential window

ranging from0 to 0.6 V. The peaks appear in the anodic zone as

a result of oxidation, whereas the peaks appear in the cathodic

region as a result of the reduction reaction [51]. Fig. 6a shows

CV profile changeswith increasing the scan rates where single

reduction peak changes to a doublet, however, the prominent

peak still belongs to 0.31 V. Sometimes there are multiple

peaks; this may indicate a cascade of electrochemical activ-

ities involving the same or distinct species that exist in the

slurry at the surface of the electrode [52]. In the case of Ag (2%)

MgV3O8, the reduction peak is more prominent, well defined

(Fig. 6b) and positioned at 0.29 V. The Ag(2%)MgV3O8 modified

electrode exhibits considerably larger CV area than the

MgV2O5 modified electrode as shown in Fig. 6c, which con-

firms the enhanced specific capacitance of the Ag(2%)MgV3O8

[53]. This improved response makes Ag (2%) MgV3O8 nano-

particles noble for electrode material in supercapacitor ap-

plications. Pseudo-capacitive nature is further revealed by the

non-rectangular shape of CV in undoped and doped samples.

The possible redox mechanism is given below

MgV2O5 þKOH / MgOHþV2O5 þKþ1 þ e�1 (7)

Agþ þ e� # Ag (8)

MgV3O8 þKOH / MgOHþV3O8 þKþ1 þ e�1 (9)
Please cite this article as: Umair M et al., Predominated capacitive b
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The specific capacitance (Cs) is estimated by using the

relation (10) [54].

Cs ¼

Z
I� DV

m� DV� n
(10)

Where ! I � DV ¼ area enclosed by the CV curve, n ¼ scan rate,

m symbolizes the mass of active material, and DV ¼ potential

window. The estimated value of specific capacitance for

MgV2O5 is~ 704 Fg�1, 676 Fg�1, 620 Fg�1, 587 Fg�1, 565 Fg�1,

546 Fg�1, and 535 Fg�1 at the scan rate 5 mVs�1, 10 mVs�1,

20 mVs�1, 30 mVs�1, 40 mVs�1, 50 mVs�1, and 60 mVs�1,

respectively. The specific capacitance increases to 920 Fg�1,

757 Fg�1, 666 Fg�1, 634 Fg�1, 616 Fg�1, 606 Fg�1, 596 Fg�1 for Ag

(2%) MgV3O8 at the same scan rates. The specific capacitance

drops as the scan rate increases due to a rise in resistance

(Fig. 6d) [55]. The incorporation of Ag to the magnesium

vanadate improved its conductivity and specific capacitance

rises from 704 Fg�1 to 920 Fg�1 at scan rate of 5 mVs�1 because

silver atoms engage in redox processes that provide a pseudo-

capacitance contribution to Ag (2%) MgV3O8 [56].

The Randles-Sevick plot is used for the estimation of cur-

rent contributions due to diffusive-controlled (faradaic) and

surface-controlled (non-faradic) processes [57]. Fig. 7a,b

shows the linearly fitted Randles plot for anodic and cathodic

peaks. In each case, the main graph indicates the material's
non-faradic behavior, while the inset shows the faradaic

response. The correlation coefficient (R2) values indicate the

absolute mechanism of charge storage. The value of R2 is
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Fig. 7 e Faradaic/non-faradic contribution in Ag (2%) MgV3O8: (a) Anodic peaks, (b) Cathodic peaks.

Fig. 6 e (a) CV curves of MgV2O5, (b)Ag (2%) MgV3O8 at scan rates from 5 mV/s to 60 mV/s, (c) Comparative CV curves of

MgV2O5 and Ag (2%) MgV3O8 at 60 mV/s scan rate, (d) Specific capacitance variation with scan rate of MgV2O5 and Ag (2%)

MgV3O8 based electrodes.
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0.9918 and 0.9955 for faradaic and non-faradic graphs,

respectively which indicates that both processes contributed

equally to the electrochemical response (Fig. 7a). The cathodic

peaks show identical behavior as presented in the case of

anodic peaks and provide evidence of the high reversibility

and permanence nature of the material (Fig. 7b).

The electro-kinetics of the charge storage mechanism are

understood by examining CV curves at different scan rates. A
Please cite this article as: Umair M et al., Predominated capacitive b
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relatively quick surface-controlled process and a slower

diffusion-controlled mechanism determine the charge stor-

age in the electrode [58]. Dunn's model offers a novel method

for investigating various charge storage mechanisms. The CV

data at different scan rates are carefully examined to define

capacitive effects by using the power's law (equation (11))

Ip¼a nb (11)
ehavior of Ag-doped magnesium vanadate as a novel electrode
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The equation can be modified further to equation (12) and

equation 13

logðIpÞ¼ logðaÞ þ b logðnÞ (12)

logðIpÞ
logðnÞ ¼bþ logðaÞ (13)

here, Ip symbolizes the redox peak current, n ¼ scan rate, and

both a and b are constant. There are two distinct conditions,

the first is b ¼ 0.5 and the second is b ¼ 1. When b ¼ 0.5, the

diffusion-controlled process occurred, while, b ¼ 1 represents

thesurface-controlledprocess.The linearfitprovides thevalue

of b ¼ 1, which suggests surface controlled process or pre-

dominantly capacitive nature of the material (Fig. 8a) [59,60].

The value of b is also determined at different fixed poten-

tials ranges from 0.25 V to 0.52 V (Fig. 8b). At the lowest po-

tential of 0.25 V, the b value is 0.87 which decreases when the

peak potential increases. The lowest b value is 0.55 at poten-

tial 0.34 V then rises again with the increases in potential

(Fig. 8c). This fluctuation reveals that current emanates from

the surface-controlled process which gradually transforms

into diffusion-controlled process with an increase in poten-

tial. The maximum current at peak potentials is ascribed to a

surface-controlled mechanism which is in good accord with

the reported work of Wang et al. (2007) [60].
Fig. 8 e Charge storage mechanism in Ag (2%) MgV3O8 (a) Plot b

determine b, (b) Plot between log (current) and log (scan rate) at

potentials.
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We can also quantify the capacitive contribution to the

current behavior by paying closer attention to the CV scan rate

dependency. The total current contribution at fixed potential

is expressed by combining two distinct currents i.e. capacitive

and diffusive mechanisms. equation (14) is given below [61].

IðVÞ¼ Ic þ Id (14)

According to the Randles-Sevick equation, (Icfn) and (Idfffiffiffi
n

p
) Therefore, the above equation can transform into equa-

tion 15

IðVÞ¼K1nþ K2

ffiffiffi
n

p
(15)

here, the K1n and K2
ffiffiffi
n

p
belong to the capacitive and diffusion-

limited contributions respectively.

This can be adjusted to equation 16

IðVÞ� ffiffiffi
n

p ¼ K1

ffiffiffi
n

p þ K2 (16)

The K1 and K2 values are determined by using Fig. 9a at

different fixed potentials. By figuring out K1 and K2, we can

quantify the percentage of each current contribution. Fig. 9b

shows that when the scan rate increases, capacitive current

surpasses diffusive current. It is depicted that at a scan rate of

60 mVs�1, Ag (2%) MgV3O8 displays a very high capacitive

contribution of 90.90%. These outcomes show that pseudo-
etween log (anodic peak current) and log (scan rate) to

different fixed potentials, (c) Variation in b at different fixed

ehavior of Ag-doped magnesium vanadate as a novel electrode
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Fig. 9 e (a) Plot for k1 and k2 determination, (b) current contributions at different scan rates, (c) graph between (DE) of redox

peaks and scan rates.
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capacitive-dominated behavior is favorable for providing a

fast charging and discharging rate [62e64].When the scan rate

increases, the change in potential (DE) between redox peaks

rises. This is shown in Fig. 9c and may be attributed to the

polarization effects.

The galvanostatic charge-discharge (GCD) technique is also

used to evaluate the electrochemical performance of fabri-

cated electrodes. GCD curves of MgV2O5 and Ag (2%) MgV3O8

modified electrodes are obtained at different current densities

(5, 10, 15, and 25 Ag�1) are shown in Fig. 10 (a, b). The GCD

curves have non-linear behavior. It is depicted that the silver

(2%)dopedmagnesiumvanadatehas a longerdischarging time

than magnesium vanadate, might be related to the fact that it

hashigher electrical conductivity [55]. The specific capacitance

is also calculated using GCD curves (Equation (17)).

Cs ¼ I� Dt
m� DV

(17)

Here, I belong to applied current density, m ¼ mass of

active material, Dt and DV correspond to discharge time and

potential difference respectively. The specific capacitance for

MgV2O5 is 325 Fg�1, 315 Fg�1, 254 Fg�1, and 117 Fg�1 at the

current density 5 Ag�1, 10 Ag�1, 15 Ag�1, and 25 Ag�1 respec-

tively, whereas, in the case of Ag (2%) MgV3O8, the specific

capacitance is determined as 706 Fg�1, 666 Fg�1, 592 Fg�1, and

364 Fg�1 at the same current densities. The specific
Please cite this article as: Umair M et al., Predominated capacitive b
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capacitance drops when the current density rises (Fig. 10c).

For example, the specific capacitance drops from 706 Fg�1 to

364 Fg�1 when the current density increases from 5 Ag�1 to

25 Ag�1. The drop in specific capacitance value may be due to

the electrolyte ion's slow interaction with the surface of the

electrode at higher applied current densities and their slow

diffusion across the electrolyte/electrode interface [65]. The

Ag (2%) MgV3O8 has much superior electrochemical perfor-

mance over the MgV2O5 electrode consistent with CV results

because silver exhibits higher conductivity, mechanical ri-

gidity, and significant surface area which leads to highest

specific capacitance. Zhao et al. (2017) reported that Ag

network may also significantly improve the mechanical

strength of the electrode [66]. The comparison with other

previously reported materials is also provided in Table 2. The

coulombic efficiency of 87% is observed after 3000 cycles for

Ag (2%) MgV3O8 as shown in Fig. 10d.

The energy density (Ed) and power density (Pd) are also

determined from the GCD curve by using equations (18) and

(19) respectively [53,55,71].

Ed ¼ 1
2
CsðDVÞ2 (18)

Pd ¼ Ed

Dt
(19)
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Fig. 10 e GCD curves; (a) MgV2O5, (b) Silver (2%) dopedmagnesium vanadateat 5, 10, 15, 25 Ag¡1 current densities, (c) Specific

capacitance of MgV2O5 and Ag (2%) MgV3O8 at different current densities, (d) Coulombic efficiency of Ag (2%) MgV3O8 based

electrode for 3000 cycles, (e) Energy density and power density variations, (f) The Nyquist plots comparison of magnesium

vanadate and silver (2%) doped magnesium vanadate (inset: high frequency spectra), (g) Fitting for equivalent series model

(inset: equivalent circuit).

Table 2 e Comparison of reported specific capacitance of
magnesium vanadate and silver-based electrode
materials.

Electrode material Current
density

Specific
capacitance

Ref.

MgV2O5-NC composite 2 Ag�1 358 Fg�1 [21]

Mn3O4 0.5 Ag�1 302 Fg�1 [67]

Cr-doped Mn3O4 0.5 Ag�1 272 Fg�1 [68]

MnV2O6 0.5 Ag�1 348 Fg�1 [69]

AgVO3 1 Ag�1 243 mA hg�1 [23]

Ag4V2O7 1 Ag�1 548 Cg�1 [70]

Ag/AgVO3 50 mA g�1 242 mA hg�1 [24]

MgV2O5 5 Ag�1 325 Fg�1 Present work

Ag (2%) MgV3O8 5 Ag�1 706 Fg�1 Present work
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where Cs denotes the specific capacitance, DV symbolizes the

potential window, and Dt represents discharging time. The

doped magnesium vanadate modified electrode exhibit a

higher power density of 12,100 Wkg�1 with an energy density
Please cite this article as: Umair M et al., Predominated capacitive b
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of 65.5Whkg�1 at 25 Ag�1 current density. Fig. 10e displays the

calculated (Ed) and (Pd) for Ag (2%) MgV3O8 and MgV2O5

modified electrodes.

Electrochemical impedance spectroscopy (EIS) is used to

determine electron transfer behavior of the prepared elec-

trodes [72]. EIS analyzed the electron transfer process and

conductivity parameters of fabricated magnesium vanadate

and silver (2%) doped magnesium vanadate electrodes. There

are two methods for presenting impedance data one is the

Bode plot and the other is the Nyquist plot. The Nyquist plot

draws between imaginary and real impedances. Impedance

data is commonly captured and presented from high-

frequency to low-frequency domains [73]. The Nyquist plot

having EIS spectra of both materials is shown in Fig. 10f. The

charge transfer of electrons in both electrodes (doped and

undoped) is monitored by using charge transfer resistance

(RCT). The RCT value for magnesium vanadate and silver (2%)

doped magnesium vanadate modified electrodes at high-

frequency region have been determined as 5.9 U and 5 U

respectively. It is depicted that doped material has a smaller
ehavior of Ag-doped magnesium vanadate as a novel electrode
gy, https://doi.org/10.1016/j.ijhydene.2023.05.279

https://doi.org/10.1016/j.ijhydene.2023.05.279


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x12
value of Rct than undoped. The transport of ions into electro-

active material can be assisted by the lower resistance [74].

The conclusions support the theory that a silver (2%) doped

magnesium vanadate modified electrode is more effective in

process of transferring electrons. The EIS study of silver (2%)

doped magnesium vanadate is evaluated by fitting equivalent

circuit analysis (R(CR)(QR)(CR)) as shown in Fig. 10g. A series of

components are used to construct the model where Rs

affirmed the solution resistance of the prepared electrode and

KOH electrolyte. R1 is the charge transfer resistance and C1

corresponds to capacitance. Q indicates the constant phase

element which is connected side by sidewith R2 (resistance) to

provide the series connection to R1, C2, and R3 correspond to

capacitor and resistance respectively [75e77].
Conclusion

Silver-doped magnesium vanadate nanomaterials (1%, 1.5%,

2%) are successfully prepared by using a simple hydrothermal

process. When utilized as electrodes for supercapacitor,

MgV2O5 and Ag (2%) MgV3O8 nanomaterials revealed the

remarkable pseudo capacitance effect. The MgV2O5-based

electrode materials display the specific capacitance of

325 Fg�1 at a current density of 5 Ag�1. The capability to store

electrochemical energy is improved considerably by doping of

silver. Thus, the electrochemical performance of Ag (2%)

MgV3O8 electrodes attained their highest specific capacitance

of 706 Fg�1 at a current density of 5 Ag�1. Further, the fabri-

cated silver-modified electrode exhibits low resistance, with a

maximum energy density of 65.5 Whkg�1 and power density

of 12,100 Wkg�1, which can perform as an excellent energy

storage source. Our study opens up new avenues for devel-

oping an electrode for high-performance energy storage pur-

poses such as supercapacitors in the future.
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