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Facile Electrodeposition Technique for the Fabrication of MoP
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ABSTRACT: The continued environmental pollution caused by fossil fuel consumption has prompted researchers
around the world to develop environmentally friendly energy technologies. Electrochemical energy storage is the
significant area of research in this development process, and the research significance of supercapacitors in this field is
increasing. Herein, a simple electrodeposition synthetic route was explored to develop the MoP layered cathode
material. The layered structure provided a highly ion-accessible surface for smooth and faster ion adsorption/
desorption. After Fe was doped into MoP, the morphology of MoP changes and the electrochemical performance was
significantly improved. Specific capacitance value of the binder-free FeMoP electrode was found to be 269 F g at 2 A g*
current density in 6 M aqueous KOH electrolyte. After adding Fe to MoP, an additional redox contribution was
observed in the redox conversion from Fe** to Fe?* redox pair, and the charge transfer kinetics of MoP was effectively
improved. This research can provide guidance for the development of supercapacitor electrode materials through

simple electrodeposition technology.
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1. INTRODUCTION

With the modernization of global technology development,
energy consumption is increasing, causing the exhaustion of
fossil fuel reservoir and degradation of the environment.
Therefore, development of a highly efficient renewable energy
storage and conversion system is exceedingly desirable in
modern civilization to alleviate the future energy crisis [1].
Rechargeable batteries, supercapacitors (SC), fuel cells, and
water electrolyzers are becoming important renewable energy
harvesting and storage units. In the prior art, SCs have the
attractive characteristics of long life, energy and power density
compared to the batteries. Therefore, SCs are considered as the
most promising energy storage devices [2]. Due to the high
energy requirements of automobiles, portable electronics, elec-
tric vehicles, defense, aerospace and other fields, the energy

performance of SCs needs to be improved.

SCs can store charge by two mechanism; pseudocapacitor
and electrochemical double layer capacitor [3]. Redox-active
metal oxides, sulfides, phosphide, nitrides, polymers etc. are
used as cathode material in pseudocapacitor and conducting
carbonaceous materials are generally used in electrochemical
double layer capacitor [4]. The pseudocapacitors store charge
via redox reaction and electrostatic adsorption/desorption
takes place in electrochemical double layer capacitor. Different
types of metal oxide, sulfide, phosphideetc are widely studied
as the SCs cathode materials [4-6]. In particular, metal phos-
phides are extremely attractive due to their low resistive nature
(consisting of free electron), high specific surface area, unique
structure, and high theoretical capacity [7]. Shao et al. syn-
thesized hierarchical 3D NiCo, ,O/Ni Co, P@C through
phosphorization technique [8]. The resulting 3D structures
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exhibited excellent stability of ~84% capacity retention after
3000 cycles and showed outstanding 2638 F g capacitance at
1 A g current density [8]. Similarly, Kong et al. proposed
conductive NiCoP nanoarray on Ni-foam as binder free SC
electrode material followed by hydrothermal and annealing
process [9]. The cathode material exhibited 9.2 F/cm™ specific
capacitance at 2 mA/cm™ current density [9]. Hu et al. prepared
high electrical conductive CoP via solid-state synthesis route
by varying the annealing temperature and elucidated their
electrochemical performance in 6M KOH electrolyte [10].
Wang et al. synthesized Ni-P by a facile solvothermal process
and analyzed as pseudocapacitance properties in alkaline elec-
trolyte. The NiP cathode exhibits 71.4% capacitance retention
after 1000 cycles and displayed 1597 F g™ specific capacitance
at 0.5 A g current density [11].

Recently, MoP cathode materials have gain significant atten-
tion towards the energy storage technology owing to their
high theoretical capacity (632 mAh g"), high electrical con-
ductivity [12]. Due to the larger size of the P atom, the MoP
crystal has obtained a nine-fold tetrakaidecahedral coordina-
tion sphere which results an active corners and edge [12,13].
Based on the above merits, Tian et al. have developed MoP/
MnO,/CNT composite for the SC application through micro-
wave irritation and define the electrochemical performance of
the electrode in 6M KOH alkaline electrolyte [14]. The com-
posite electrode exhibited ~447.6 F g specific capacitance at
1A g' and maintain 86.5% initial capacitance after 10000
cycles [14]. Jin et al. used MoP to stabilize Mo oxide nanotube
for SC application which can exhibit high electrochemical sta-
bility in acidic medium [15]. Zong et al. proposed MoP@N-
doped carbon nanosheets potassium ion hybrid capacitor. The
cathode materials displays long term cycling stability 89.9%
capacity retention after 800 cycles and 256.1 mA h g capacity
at 0.1 A g’ current density [16].

This work is focused on the development of Fe-doped MoP
cathode material for SC applications. A facile electrodeposi-
tion technique was employed for the deposition of FeMoP
material over nickel foam. A layered structured was obtained
for FeMoP electrode materials which was beneficial for faster
ion movement and smooth ion adsorption/desorption. The
binder free FeMoP electrode exhibited 269 F g specific capac-
itance at 0.2 A g' current density in 6M KOH electrolyte
which was higher than MoP electrode. This finding suggested
that an additional redox contribution was observed for FeMoP
electrode from the redox conversion of Fe** to Fe?* redox cou-
ple. The Fe incorporation into MoP enhances the electrical
conductivity, resulting low charge transfer resistance.

2. MATERIALS AND EXPERIMENTAL

2.1 Materials
Molybdenumchloride (MoCl), Iron chloride (FeCl,), diso-

dium phosphate (Na,HPO,) potassium hydroxide (KOH) and
potassium chloride (KCI) were purchased from Sigma
Aldrich, India. All the chemicals are of analytical grade and
used as received without further purification. Nickel foam
(NF) was obtained from Shanghai Winfrey New Material Co.,
Ltd., Sanghai, China. De-ionized (DI) water was used for all
experimental procedure.

2.2 Preparation of Fe-doped MoP

The Fe-doped MoP cathode was prepared by a facile elec-
trodeposition route in three-electrode set-up. The NF was
washed with water, ethanol and acetone mixed solution. The
platinum mesh, Ag/AgCl and washed NF were used as
counter, reference and working electrode, respectively in
three-electrode set-up (schematic representation was demon-
strated in Fig. 1(a)). About 300 mg of MoCl; and 3 mg of FeCl,
was dissolved in 80 ml DI water and stirred for 15 min. Then,
200 mg of Na,HPO, and 100 mg KCI were added to the afore-
mentioned solution under constant stirring for 10 min. The
resultant aqueous solution was used as electrolyte for Fe-
doped MoP electrodeposition. The chronoamperometry pro-
cess at fixed potential ~ -1.2'V was maintained for 10 min.
After performing the electrodeposition process, the NF was
dried at vacuum oven at 80°C for overnight and directly used
for electrochemical analysis. The MoP was electrodeposited
over NF by following similar procedure except Fe precursor.

2.3 Physical characterization

Rigaku X-ray powder diffractometer was used to record the
powder X-ray diffraction (PXRD) pattern of the samples.
Sigma HD (Carl Zeiss, Germany) field-emission scanning
electron microscopy (FE-SEM) was used to record the surface
morphology of the samples.

2.4 Electrochemical characterization

The PARSTAT 3000 electrochemical work station (Princeton
Applied Research, USA) was used to record the electrochem-
ical performance. The 6M KOH electrolyte was used for elec-
trochemical test. The electrodeposited NF was used as
working electrode. The platinum mesh and Ag/AgCl were
used as counter and reference, respectively in three-electrode
set-up. The galvanostatic charge/discharge (GCD) at 2, 3, 5, 7,
and 10 A g’ current densities, potentiostatic cyclic voltam-
metry (CV) at 10, 30, 50, 70 and 100 mV s scan rates and
electrochemical impedance spectroscopy (EIS) tests were
recorded in between 0.1 Hz to 1 MHz. ZView (3.5f) software
was used to fit the Nyquist plot. The specific capacitance (Csp)
of the electrode was determined by using following equation:

Csp = == [iV(1)dt (1)
mV’

Where, dt is the discharge time of the GCD curve, m (gm) is
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the loaded mass of synthesized material, dV (V) is the working
potential window and I (A) represents the constant GCD
current.

3. RESULTS AND DISCUSSION

3.1 Physicochemical characterization

The XRD pattern of the electrode materials were recorded
as demonstrated in Fig. 1(b). The characteristic diffraction
peaks situated at 27.8, 31.39, 42.8, 56.9, 57.2, 64.6, 67.1, 67.8,
and 74.3° were correspondence to the (001), (100), (101),
(110), (002), (111), (200), (102) and (201) planes, respectively
(JCPDS No.- 65-6487) [12,14,15]. Appearance of sharp and
broad peaks indicated an amorphous crystalline structure was
formed which beneficial for faster ion movement. In addition,
a small peak at 12.2° was attributed to the MoOQ, crystal phase
[14]. Interestingly, after doping Fe into the MoP crystal phase,
the peak was observed to shift to a lower angle. This finding
indicated that the lattice spacing of the MoP lattice was
increased which improved ion insertion/de-insertion mech-
anism during the charge/discharge process [17].

The FE-SEM images of the developed materials are shown
in Fig. 2. The MoP material deposited over NF posseses a
unique flake like architecture (Fig. 2(b)). An interconnected
framework of ultrathin MoP sheet was observed at higher
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Fig. 1. Schematic of the electrodeposition processes (a), PXRD
pattern of MoP and FeMoP material

Fig. 2. FE-SEM images of MoP (a-b) and FeMoP (c-d) materials at
different magnification

magnification (Fig. 2(b)). The MoP sheets were stacked layer
by layer during the Fe doping and formed a 3D porous archi-
tecture (Fig. 2(c-d)). This kind of architecture provides higher
active surface area, resulting to improve charge storage per-
formance [1,17].

3.2 Electrochemical properties

The electrochemical properties of the prepared material
were performed using 3-electrode setup in 6M KOH electrolyte.
Fig. 3(a-b) represents the CV curve of the MoP and Fe-MoP
electrode material within -0.1 to 0.4 V (vs Ag/AgCl) potential
ranges at 10, 30, 50, 70, 100 mV s scan rates. Characteristic
four redox peaks were present for both electrode at 0.23 &
0.27 V and 0.203 & 0.12 V at 10 mV s scan rate, indicating
the pseudocapacitive behavior of MoP electrode [14-16]. The
cathode and anode peaks move towards negative and positive
potentials region, respectively with increasing the scan rate
from 10 to 100 mV s. This finding suggested that the elec-
trode materials showed quasi-reversible behavior which was
governed by the alkaline anion of electrolyte [1-3]. In addi-
tion, the peak current response increases with increasing the
scan rate suggesting the faster redox kinetics and conforms the
Ohms law. Furthermore, the anodic and cathodic current lin-
ear relationship was observed for both electrode which sig-
nifies that the redox conversion was controlled by the
diffusion process [1,2,14-16]. As the scan rate increases, the
time for ion diffusion becomes less and less. Therefore, the
intensity of the redox peak at ~0.27 V is slowly reduced. It was
evident that the current response of Fe-doped MoP was higher
compared to the bared MoP electrode. This result suggested
that an additional redox contribution was observed for FeMoP
electrode from the redox conversion of Fe’* to Fe" redox
couple.
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Fig. 3. CV curve of the MoP and FeMoP electrode at different

scan rates (a-b), GCD curve of the MoP and FeMoP elec-

trode at different current densities (c-d)
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Fig. 4. Nyquist plot of the MoP and FeMoP electrode materials
(a), log (scan rate) vs. log (peak current) plot (b)

GCD of the electrode materials was carried out in the
potential range of 0 to 0.4 V at various current densities (2 to
10 A g") using three-electrode set-up in 6M KOH electrolyte
(Fig. 3(c-d)). The characteristic GCD curve associated with
MoP and FeMoP electrode materials is consistent with the
redox peak observed in the CV curve. Specific capacitance val-
ues of the MoP and FeMoP are 161 and 269 F g' at 2 A g
current density, respectively. It is found that the specific capac-
itance values decreased with increasing the current density due
to the non-accessibility of the active electrode surface at higher
current density [1-3,14,15]. The FeMoP electrode showed
higher specific capacitance compared to MoP electrode with
higher discharge time. This result demonstrated that the Fe
doping can effectively improve the specific capacitance due to
the addition Faradaic contribution.

The EIS of the electrode material was carried out in the fre-
quency range of 0.1Hz to 1MHz. Fig. 4(a) showed the
Nyquist plot of the electrode material that showing the imag-
inary and real component of the impedance. Appearance of
semicircle part at high-frequency region and straight line at
low-frequency region are the general observation in the
Nyquist diagram of a SC electrode material. The semi-circle
provides resistance properties of the electrode material and
electrode/electrolyte interface [1-3,17]. The charge transfer
resistance characteristic of the electrode can be calculated
from the semicircle of the Nyquist diagramas displayed in Fig.
4(a). It was evident that the FeMoP electrode showed lower
charge transfer resistance compared to the MoP electrode sug-
gesting incorporation of Fe into the MoP electrode enhanced
the electrical conductivity. The long vertical line at the lower
frequency region is associated with the ion diffusion which
can be calculated from the following eq. (2)

D = RT/QAn*F'C*d’) (2)
Where, D, 0, R, T, A, n, F and C are the standard symbols
[18]. All the parameters in eq. (2) are constants except o. In

addition, the o is proportional to real Warburg component
(Z,.) and angular frequency

Z, o ow'? 3)

Thus, the Z,, vs w* diagram gives the concept about D and

o for the electrode materials. The ion diffusion also showed
that the FeMoP electrode material showed faster ion diffusion
at the interface of electrode/electrolyte compared to the MoP
electrode. The inferences from EIS analysis support CV and
GCD results.

The power law equation i = av® was used to study the charge
storage mechanism, where i and v are the anode peak current
and scan rate, a, b are the adjustable parameter, respectively
[14,18]. The unit b value suggested the capacitive controlled
current and b=0.5 implies ideal diffusion-controlled Faradic
current [14,18]. The log(scan rate) vs. log (peak current) plot
was used to calculate the b value of the electrode material as
demonstrated in Fig. 4(b). It was found that the b values of
MoP and FeMoP electrodes were 0.937 and 0.778, respectively.
This finding indicated that both capacitive and Faradic control
current equally involved in charge storage mechanism. The
lower b value for FeMoP implied that the addition Faradic
contribution from the Fe’* to Fe** redox couple.

4. CONCLUSIONS

In this study, a facile electrodeposition technique was
employed for the development of MoP and Fe-doped MoP
cathode material for SC application. The sheet like structure of
MoP changed to a layered structure after Fe doping into MoP.
The layered structure provided an open framework for
smooth and faster ion adsorption/desorption. The specific
capacitance of FeMoP cathode was recorded as 269 Fg' at2 A g
current density which was higher than MoP electrode in 6M
KOH electrolyte. This result indicated that an additional redox
contribution was observed for FeMoP electrode from the
redox conversion of Fe’* to Fe’* redox couple. In addition, the
Fe incorporation into MoP can effectively reduced the charge
transfer resistance, resulting high specific capacitance. These
results can provide guidance for improving the electrochem-
ical performance of Fe-doped MoP as a SCs cathode. This
study shows that the rapid synthesis of electrode materials for
SC applications by electrodeposition was an effective way for
large-scale industrial production without scarifying the elec-
trochemical performance.
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