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MICROPLATE-LIKE METAL PYROPHOSPHATE ENGINEERED ON NI-FORM
TOWARDS MULTIFUNCTIONAL ELECTRODE MATERIAL FOR ENERGY
CONVERSION AND STORAGE

An Abstract of the Thesis by
Rishabh Srivastava

High clean energy demand, dire need for sustainable development, and low
carbon footprints are the few intuitive challenges, leading researchers to aim for
research and development for high-performance energy devices. The development of
materials used in energy devices is currently focused on enhancing the performance,
electronic properties, and durability of devices. Tunning the attributes of transition
metals using pyrophosphate (P207) ligand moieties can be a promising approach to
meet the requirements of energy devices such as water electrolyzers and
supercapacitors, However, such a material’s configuration is rarely exposed for this

purpose of study.

Herein, we grow Ni,P207, Co2P207, and Fe;P>07 composites on conductive Ni-
foam using a hydrothermal procedure. The results indicated that, among all the
synthesized samples, Fe;P>O7 exhibited outstanding oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER) with the least overpotential of 220 and 241 mV
to draw a current density of 10 mA/cm?. Further, wastewater rich in urea from sanitary
units and industries is subjected to produce green energy through wastewater-splitting.
Thus, urea oxidation reaction (UOR) is the most widely promoted. We employed
synthesized composites towards UOR investigation, and it was found that Fe,P>O-
exhibits splendid performance with the low onset potential of 1.317 V (vs RHE) at 10
mA/cm? of current density. The low Tafel slope, high turnover frequency, low charge

transfer resistance, greater electrochemical surface area, and roughness factor



contribute to enriching the performance of Fe,P>O7 as an effective electrocatalyst
towards OER, HER, and UOR. Theoretical studies indicate that the optimal electronic
coupling of the Fe site with the pyrophosphate enhances the overall electronic
properties of Fe,P>07, thereby, showing its electrocatalytic performance concerning
freshwater and wastewater-splitting. Moreover, the composite materials showed the
best capacitive properties for supercapacitor energy storage applications. The specific
capacitance offered by composite materials ranges from 3000-8000 mF/cm® at 1
mA/cm?. Additionally, it possessed high capacitance retention and coulombic efficiency

up to 5,000 charge/discharge cycles.

Consequently, this work suggests how to use pyrophosphate moieties to
fabricate non-noble metal-based electrode materials to achieve good performance in
electrocatalytic splitting water as energy conversion and supercapacitors as energy

storage applications.

Vi
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CHAPTER 1

INTRODUCTION

1.1 Need for Energy

The global energy crisis and prominent environmental concerns significantly
influence our ecosystems, public human health, and the economy. Therefore, proper
action is required to limit the negative impact of such certainties on our everyday lives,
for instance, the increase in oil prices, and health complications due to environmental
contamination. To tackle these challenges, we have fastened the step to exploit a new
type of clean energy technology, and efficient energy storage devices are required. Of
high energy density, power density, efficiency, and green nature, splitting water for
hydrogen energy generation has drawn the momentous attention of researchers and
supercapacitor devices towards storing energy, consequently known as energy

conversion and storage, respectively.

1.2 Introduction of electrocatalyst for water splitting

The sixth assessment report of the Intergovernmental Panel on Climate Change
(IPCC), USA, released in August 2021, concerns the seriousness and urgency of the
climate crisis [1]. Therefore, the United States and China recalled their joint statement,
which addressed the successful implementation of policies and measures to reduce the

emissions of greenhouse gases effectively. To corroborate the action, they reemphasized



the implementation of the Paris Agreement for combating the climate catastrophe and
targeting the average increase in global temperature for limiting to 1.5 °C, which is
currently increasing at the rate of 2 °C [2]. On the other hand, niches in urbanization
and industrialization have caused tremendous use of fossil fuels, resulting in an upsurge
in metropolitan air pollution, leading to environmental damage, global warming, and
carcinogenic effects. To overcome the running issues, the two countries agreed to
distributed generation policies that encourage clean and sustainable power production
[3,4]. Therefore, the renewable sector is producing and developing cost-effective and
superior-quality electrodes for energy conversion. In this respect, scientists are
developing sustainable alternatives for energy production, as the demand for zero-
emission automobiles has increased. The energy demand is expected to grow from 16
Terawatt (TW) in 2010 to 23 TW in 2030, and even up to 30 TW in 2050 [5]. Thus,
among various greenways of energy production, the best representative is
electrocatalytic water splitting, which involves hydrogen and oxygen evolution from

water.

Hydrogen is a pivotal energy source. It is mainly utilized to produce ammonia for
fertilizer and to refine petroleum. In addition, a tremendous amount of hydrogen is used
for aerospace missions and fuel cell-driven electric vehicles, which have recently
attracted much attention [6]. Hydrogen can be driven by steam methane reforming, coal
gasification, and water electrolysis. On the one hand steam methane reforming and coal
gasification methods are considered as clean energy production with the efficiency of
95% of hydrogen. On the other hand, both processes simultaneously contribute to
environmental pollution due to the emission of CO; [7]. Therefore, many studies were
conducted on water electrolysis methods that do not report the generation of CO; as

one of the end products. Moreover, another important product of water electrolysis is



Oxygen gas, in particular, which is always in higher demand in hospitals for medical
purposes and also used for the storage mechanism of the metal-air battery, recognized
as a new generation battery as it delivers higher energy density of 5,200 Wh/Kg than
Li-ion battery (200-250 Wh/Kg) [8]. For these reasons, the development of a method

capable of producing hydrogen and oxygen from water seems essential.

An electrolyzer is a device that helps to improve the productivity of the water-
splitting process, consisting of cathode, anode, and aqueous electrolyte where hydrogen
evolution reaction (HER) and oxygen evolution reaction (OER) take place on the
cathode and anode, respectively. Based on thermodynamic consideration, the water-
splitting potential is 1.23 V at 25 °C regardless of media. However, extra voltage, called
overpotential should be applied for water-splitting. The anodic process (OER) is
exceedingly sluggish due to the large re-organization energy of oxygen released from
water. This limits the overall water-splitting process and necessitates the use of effective
electrocatalysts. By optimizing the adsorption energies of intermediates (OH", O”, and
OOH") on active sites of a catalyst, an electrocatalyst can often lower the activation
energy of the rate-determining step of water-splitting. Additionally, to attain efficient
overall water-splitting in an alkaline medium, developing an efficient electrocatalyst
for HER (2H" + 2¢” — H3) and OER (40H™ < 2H,0 + O + 4¢") is significantly vital,
where electrocatalyst are needed to reduce the overpotential for the breakdown of water
[6]. Recently, urea-rich wastewater splitting or urea oxidation reaction (UOR) has
attracted great attention in urea-dependent energy conversion technologies, as it allows
for the production of hydrogen and the treatment of urea-rich wastewater [9].
Thermodynamically it requires a lower potential of 0.37 V than the OER. Therefore,
UOR offers more energy efficiency in hydrogen generation via electrochemical water-

splitting. Since UOR is driven by six-electron-transfer process deemed to be kinetically



stubborn (CO(NHz)> + 60H" — N> + SH20 + CO2 + 6¢") [10]. Thus, HER, OER, and
UOR require highly active, stable, and high-performance electrocatalysts. On the other
hand, traditional catalysts such as Pt/C, oxides of ruthenium, and iridium, showed
promising terms towards catalytic activity. However, their use on a broad scale is
driving up both their market prices and the limitations of their use for other applications
[11]. Therefore, the concerned science societies are engaged in finding suitable

alternatives with excellent activities, durability, and stability.

After a long-term exploration by researchers, transition metals (Ni, Fe, Co, and Mn)
are perceived with similar valence shell electronic configuration of 3d®®4s?,
additionally, as expected options for their abundance of presence in nature and sensible
expense so numerous efforts have been done and transition metal-based oxides [12],
hydroxides [13], phosphides [14], sulfides [15], chalcogenides [16], double perovskites
[17], MXenes [18], metal-organic framework [19] and carbon-based composites [20]
have been investigated. However, these materials still possess limitations due to poor
alteration of transition metal electronic characteristics by corresponding oxide, sulfide,
and phosphide frameworks [21]. Thus, it was hypothesized that the pyrophosphate
framework would demonstrate exceptional electronic alteration of transition metal
atoms as well as possess outstanding physical and chemical properties. Pyrophosphates
have been also investigated due to their layered crystal structure and unique
physicochemical attributes [22]. These pyrophosphates are the derivatives of metal
phosphates tetrahedra (PO4>) to form one pyrophosphate (P207*) [23]. For example,
Mn, Co, and Ni transition metals were integrated into a pyrophosphate framework,
forming Mn,P>07, Co,P207, and NixP.O7. Hence, the peculiar property of the
pyrophosphate groups has attracted substantial attention from researchers for improved

water-splitting performance. To date, only a few investigations have been reported on



metal pyrophosphates concerning electrocatalytic purposes. For instance, Liu et al. [24]
synthesized cobalt iron orthophosphate, pyrophosphate, and tripolyphosphate by using
a co-precipitation strategy. Among them, cobalt iron pyrophosphate showed high
durability of about 90% after 30,000 s in 1 M KOH due to its nanosheet morphology
with porous structure. Likewise, Chang et al. [25] reported a nanocrystal like Co2P>07
with porous nanocarbon towards OER, attained 397 mV of overpotential in 10 mA/cm?.
Correspondingly, Du et al. [26] and Wulan et al. [27] also fabricated metal

pyrophosphate electrocatalysts for water-splitting.

1.3 Introduction of supercapacitor

An emerging industry of electric vehicles is touching the paramount demand for
lithium-ion batteries due to its high energy densitys; it is also used in various applications
such as laptops, and mobile phones. The rechargeable Li-ion batteries consist of a
cathode which is layered LiMO; (M = Co, Ni, Mn) materials, and anode of graphite
materials. Charge storage can take place when Li-ion is introduced between each layer
of the host materials. Whereas, the diffusion of ions within the bulk of crystalline
materials obstructs the charge-discharge rate of the battery, resulting in poor power
density [28]. This disadvantage limits the use of batteries in electric vehicles. Therefore,
supercapacitors came into existence which are referred to as promising candidates for
energy storage applications with fast charging and long cycle life. The energy storage
ability of supercapacitors is higher than that of traditional capacitors, and their power
density is higher than secondary batteries [29]. Hence, supercapacitors can be used in
electric and hybrid vehicles to provide a high power density and short duration of

acceleration for energy recovery throughout braking, in this sense, saving energy and



protecting the life of the battery from the rapid phase of high-frequency dynamic
operation [30].

There are three types of supercapacitors based on their working principles. (1)
Electrochemical double-layer capacitors (EDLC), (2) Pseudo capacitors, and (3)
Hybrid supercapacitors [31]. EDLC works on electrostatically ion
adsorption/desorption at the interface of electrode and electrolyte. The electrochemical
double layer is the concept of energy storage in EDLCs. It obeys a non-faradic process
which makes it unique and different from batteries because EDLCs can withstand
millions of cycles in comparison to batteries which go just a few thousand. Secondly,
pseudo capacitors are the supercapacitors that work on faradic mechanisms, like
oxidation and reduction reactions are involved for storing charges, and charges transfer
between electrolyte and electrode. Thus, this type of supercapacitor follows diffusion
and capacitive behavior, resulting in achieving greater specific capacitance as well as
energy densities than EDLCs [32]. Finally, hybrid supercapacitors are devices that
agglomerate the traits of EDLC and pseudo capacitors into one device which is further
bifurcated into two types of asymmetric hybrids and composite hybrids. Asymmetric
hybrids consist of EDLC-type electrodes (carbon-based materials) and pseudo
capacitors-type electrodes (transition metal oxide or conducting polymer) as anode and
cathode, respectively [33]. Whereas, composite hybrids configure pseudo capacitors-
based materials and EDLC-based materials into a single electrode material. The EDLC
materials provide a larger surface area and high conductivity, and pseudo capacitor
materials possess faradic reactions, helping to reach greater specific capacitance [34].

Several attempts have been made to investigate effective electrode materials that
may give high energy density and power density simultaneously, as the performance of

supercapacitors greatly relies on the type of electrode materials [35]. Among various



transition metal-based materials, the olivine-structured transition metal pyrophosphate
(MxP20») is the best choice, as phosphorous is a non-metal having multiple vacancies,
helping to increase the conductivity of the materials [36]. Pyrophosphates are more
stable than phosphides and phosphates as they provide more pathways for a metal ion
at a faster rate [36]. Moreover, metal pyrophosphates showed better results than metal
oxides and metal phosphates due to the contribution from metal ions and strong P—O
bonding which abruptly improved the conductivity and mechanical stability [37]. In
addition to highly efficient electrochemical performance, transition metal-based
pyrophosphates are recognized for their nontoxicity and biocompatibility [38]. A simple
scalable synthesis route, cost-effective approach, appropriate pore network (pore
diameter of around 15 nm), low internal resistance, extensive potential window due to
the presence of oxygen, and excellent electrochemical properties make metal-

pyrophosphate a potential candidate for supercapacitor study [39].

1.4 The objective of the thesis

Transition metal pyrophosphates-based composites are of great interest for studying
their performance as an electrode material for energy conversion and storage purposes
due to their salient features such as providing rich active sites and easily tuneable
properties. However, the limitations of this type of materials bring a new chapter of
interest to the scientific world such as their slow transport kinetics of charge carrier
which hinders its activity, and poor performance in electrochemical reactions which is
one of the reasons that polyphosphates are usually prepared at high temperature, lead
to the shrinking of the materials and not a proper contact with a substrate, poor rate
capability, increasing rate capacity and energy density are ongoing challenges.

Therefore, the purpose of this study was to elevate the performance and stability of the



transition metal-based pyrophosphates for energy conversion and storage. First, the
effective strategy was utilized to synthesize the nanostructured material with a finite
morphology which assisted in getting higher surface area and porosity. Then, to
promote the electrical transport coupling, a Ni-foam was employed as a substrate to
grow composites on it. Later, addressing the rest of the limitations and enhancing its
properties which help to open a new era in pyrophosphates-based material science. For
detailed analysis of the transition metal-based pyrophosphate materials, various

structural, and electrochemical characterizations were carried out.



CHAPTER 11

EXPERIMENTAL DETAILS

2.1. Materials
Nickel foam (NF) was purchased from MTI-KJ Group, Richmond, California,
USA. Nickel (II) nitrate hexahydrate [Ni(NO3)2.6H20, 98%] and cobalt (II) nitrate
hexahydrate [Co(NO3)2.6H20, 98%] were ordered from STREM Chemicals, iron (II)
nitrate nonahydrate [Fe(NO3)2.9H20, 98%] and urea [CO(NHz)2, 98%] from ACROS
Organics, sodium phosphate monohydrate [HoNaPO2.H>0, 99%] from Sigma Aldrich,

ethanol and deionized (DI) water were purchased from Fischer Scientific, USA.

2.1.1 Transition metal pyrophosphates

Various transition metal-based pyrophosphates (M2P>0O7, M = Ni, Co, Cu, Zn,
Fe, Mn, etc.) have been extensively utilized as electrode materials for energy
conversion and storage devices to an edge due to several advantages, such as their
distinct frameworks and structural stabilities which are constructed with
phosphate/pyrophosphate/phosphorous ions [21]. Recently, it was hypothesized that
the pyrophosphate framework would demonstrate exceptional electronic alteration of
transition metal atoms as well as possess outstanding physical and chemical
properties. However, pyrophosphates gathered attention as an electrode material
because they offer a lot of space for the ions to propagate in the medium than the other

phosphate materials [40]. These materials have attracted substantial attention from



researchers for improved water-splitting performance and energy storage capacity. For
instance, Liang et al. [41] Co2P207@N, P co-doped carbon nanocages as Mott-
Schottky electrocatalyst towards better oxygen evolution reaction with the least
overpotential. On the other hand, materials with amorphous phases or poor
crystallinity may exhibit unique physical and chemical properties due to their unique
disordered structures, mechanical and electric isotropy, and defect-rich characteristics.
For example, Na* doped Ni,P>07, amorphous Ni2P207, and porous Co2P,07, having
different morphologies, were constructed and found to be promising materials in
energy storage applications [42]. In the electrocatalytic and electrochemical reactions
of supercapacitors, the amorphous phase of materials would allow deeper diffusion of
the electrolyte ions to access the active materials and produce lower overpotential and
higher capacitance than corresponding crystallized materials. Except the substantial
amount of work that has been done on transition metal integrated pyrophosphate
materials for applications involving energy storage, these materials have been
inadequately investigated in electrocatalytic water splitting, urea oxidation, and
seawater splitting [43]. In addition, theoretical research on pyrophosphate electrode
materials is still limited to investigating the underlying chemistry of the influence that
the framework of pyrophosphate has on transition metal atoms. Therefore, Ni2P20O7,
Co02P207, and Fe2P,07 are extensively considered for water splitting, urea oxidation,
and seawater splitting, and supercapacitors due to their high electrochemical
performance, low cost, chemical stability, easily tuneable properties, and lower

toxicity.

2.2. Synthesis of Fe2P207, Co2P207, and Ni2P20~
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Transition metal-based pyrophosphate was synthesized by the facile hydrothermal
technique. First, 3 mmol of sodium dihydrogen phosphate, 4 mmol of urea, and 20 ml
of de-ionized water were added with 1 mmol of nickel nitrate, cobalt nitrate, and
ferrous nitrate precursors in three different beakers, respectively. Further, the obtained
solutions were homogeneously mixed at room temperature with the help of a stirring
rod and sonication for 5 minutes. Later, all the prepared solutions and the Ni-foam (2
x 2 cm?) were transferred into a 50 ml Teflon-lined stainless-steel vessel and heated
at 180 °C for 12 h. When the reactor cooled to room temperature, the product was
collected by centrifuge and washed with DI water and ethanol. After cleaning, the
obtained Ni foams supported by NizP207, Co2P207, and Fe:P207 arrays were

transferred to an oven to dry overnight.

Ni-oam Hydrothermal
& —— Treatment
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Figure 2.1: A schematic representation of a preparation of Fe2P>O7 by hydrothermal

route.

2.3 Physical characterization

The morphology and structure of synthesized metal-based pyrophosphate

composite materials were investigated by field emission scanning electron microscopy
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(FESEM) (SU 5000 — Hitachi), Energy dispersive X-ray analysis (EDAX, Oxford)
under an operating voltage ranging from 0.1 to 30 kV, X-ray diffraction (XRD; Lab
X, XRD-6000, Shimadzu X-Ray diffractometer Cu Ka source with a wavelength of
1.54 A) (Columbia, MD, USA), X-ray photo-electron spectroscopy (XPS) (Thermo
Scientific K-alpha, East Grinstead, UK) were collected using a Kratos Axis Ultra DLD
spectrometer with a non-monochromatic Al K, radiation and a beam size of ~ 1 mm.
The curve fitting and quantitative analysis were obtained by measuring the area under
the elemental and synthesized peaks. The binding energy of various core levels was
determined by fitting the recorded spectra with Gauss-Lorentz curves. The data was
analyzed using the NIST XPS database for peak assignment, and Fourier transform

infrared spectroscopy (FT-IR) (PerkinElmer, USA).

2.3.1. Field-Emission Scanning Electron Microscopy

Field-Emission Scanning Microscopy was employed to investigate the
morphology of all synthesized materials. The sample’s morphology was obtained as
electrons generated from electron beams bombarding the sample. The interaction
between the incident electron and the sample can produce X-rays, Auger electrons,
backscattered electrons, and secondary electrons. The morphology and topography are
produced by the detection of the secondary electrons (all images were acquired at 10
keV) while the composition of elements in the samples was obtained by backscattered

electrons.
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Figure 2.2: Schematic of SEM and the digital image of FESEM (SU 5000 - Hitachi)

used in this research.

2.3.2. X-ray Diffraction

X-ray Diffraction measurement was utilized to study the crystal structure, phase
purity, and crystallinity of all prepared composites. The XRD mainly consists of an X-
ray tube and detector. The X-ray generated from the tube hit the sample in the middle
of the instrument, and then the scattered X-ray was recorded by the detector. As the
X-ray tube synchronized with the detector, X-ray diffraction patterns were observed
at different angles. The structure and phase of crystalline material were investigated
based on Bragg’s law (2d sinf = nA) where n is the order of reflection, A is the
wavelength of X-rays, d is the inter-planner spacing, and 0 is the diffracted angle. The
XRD pattern of all samples was obtained by Shimadzu X-ray diffractometer (XRD,

CuKal A =1.5406 A).
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Figure 2.3: Digital images of Shimadzu X-ray diffractometer used in this research.

2.3.3. X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy was used to study the elemental chemical
states, the chemical composition, the atomic weight percentage, and the binding
energy of the as-prepared samples. The surface investigation of all materials was
conducted using X-rays. First, an X-ray beam hit the material, and then the X-ray
induced the excited electrons from the inner shell electrons, which are called “photo-
emitted electrons.” The detector probed the kinetic energy of photo-emitted electrons
to generate the spectrum of all samples. All measurements were conducted under
vacuum conditions, and XPS were collected using a Kratos Axis Ultra DLD
spectrometer with a non-monochromatic Al Ka x radiation and a beam size of ~ 1 mm
(hv = 1486.6 eV). The curve fitting and quantitative analysis were obtained by
measuring the area under the elemental and synthesized peaks. The binding energy of
various core levels was determined by fitting the recorded spectra with Gauss-Lorentz
curves. The data was analysed using the NIST XPS database for peak assignment.

14



Detector

5 730 726 720 715 710

Binding energy (eV)

XPS image

Figure 2.4: Schematic of XPS.

2.3.4. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy was used to study the chemical
bonds in a molecule by producing an infrared absorption spectrum. It is considered
one of the useful analytical techniques for confirming the identity of organic,
polymeric, and in some cases inorganic compounds and composites. FT-IR uses a
Michelson interferometer working principle, where the interferometer creates a beam
of different frequencies of light at once, and then that beam strikes the sample,
determining how much of that beam is absorbed by the sample to construct an
interferogram as the raw signal. The FT-IR spectrum is obtained on the system screen,
comprised of infrared light absorbance by the substance on the vertical axis and the
frequency (wavelength) on the horizontal axis. The FT-IR spectrum of all the
synthesized samples was obtained by using the PerkinElmer Spectrum Two FT-IR

Spectrophotometer.
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Figure 2.5: Schematic of FT-IR and the digital image of PerkinElmer Spectrum Two

FT-IR spectrophotometer used in this research.

2.4. Electrochemical characterization

All electrochemical tests were accomplished at room temperature in a PARSTAT
MC electrochemical workstation (Princeton Applied Research, USA) in conventional
three-electrode systems. Three electrode systems consist of working, counter, and
reference electrodes. First, a working electrode was already prepared by growing
metal pyrophosphates on Ni-foam after 12 h. Platinum wire (Pt) was used as a counter
electrode, and saturated calomel electrode (SCE) or Hg/HgO was used as a reference
electrode for the study of its performance in water splitting and its characteristics as a
supercapacitor, respectively. The potentiodynamic and electrochemical supercapacitor
study was conducted based on surface area consideration as the material directly
grown on Ni-foam and mass-loading of material on Ni-foam was not considered for
this purpose of study. However, mass loading is an important parameter during
electrochemical investigations therefore, we have measured mass-loading of the
material on the Ni-foam. The mass-loading of Ni2P.O7, Co2P.07, and Fe.P,O7 are
26.3, 31.8, and 21.9 mg/cm?, respectively. For the potentiodynamic study as an

electrocatalyst, linear sweep voltammetry (LSV), chronoamperometry (CA), and
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electrochemical impedance spectroscopy (EIS) measurements were performed in 1 M
KOH electrolyte. All measured potentials were converted to the reversible hydrogen
electrode (RHE). In that perspective, the LSV was carried out after iR compensation
using the formula: Egpyg = Epg/uger, +0.059 * pH — iR (iR for Fe2P207, Co2P207,
and Ni2P>0O7 is 0.015, 0.064, and 0.065 V, respectively). In the case of supercapacitor
testing, cyclic voltammetry (CV), galvanostatic charge-discharge (GCD)
measurements, and durability tests over 5,000 cycles were employed in 3 M KOH

media for the analysis of energy storage properties.

Figure 2.6: Images of (a) 3 electrode configurations, (b) 2 electrode configurations,
and (c) the digital image of PARSTAT MC electrochemical workstation used in this

research.
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CHAPTER III

RESULTS AND DISCUSSION

3.1 Structure characterization

3.1.1 Field-Emission Scanning Electron Microscopy

The morphology of the as-prepared composites Fe;P207, Co2P207, and Ni2P20O7,
were observed under FESEM or ordinarily known as SEM, as shown in Figure 3.1. A
similar pattern of morphology was noticed for the prepared materials. Firstly, the
powdered form of the prepared composites was investigated by SEM technique, and it
found that the morphology of composites comprised of microplates and agglomerated
nanoparticles with non-homogeneous sizes of 15 to 1 pm of Fe2P207, Co2P207, and
Ni2P20O7 microparticles. Further, SEM-EDX mapping was carried out at 10 pm to
analyze the composition of the prepared samples. The results indicated that the images
taken under the Fe;P207, Co2P207, and Ni2P>O7 samples have corresponding elements,
as shown in the right inset figure of Figure 3.1 and the respective EDX of the samples
were illustrated in Figure 3.2. Furthermore, to gain a better understanding of the
microstructure of the as-prepared materials, the SEM of FeoP>O7, Co2P207, and Ni2P2O7
grown on Ni-foam were taken at different magnifications before electrochemical testing
as well as accounted elemental mapping and EDX analysis for the same in Figure 3.3,
3.4, and 3.5, respectively. Close observations of the SEM revealed a similar 3D

microplate-like structure engineered on the Ni-foam for all three prepared samples.
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Figure 3.1: SEM images of powdered (a-b) FeaP207, (d-¢) Co2P207, and (g-h)
Ni2P>0O7, Elemental mapping at 10 um of (c) P, O, and Fe for FeoP>O7, (f) P, O, and

Co for Coz2P207, and (i) P, O, and Ni for NioP>O7.
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Figure 3.2: EDX analysis (20 kV) of (a) Fe, P, and O emission lines for FeoP207, (b)
Co, P, and O emission lines for Co2P>207, and (c¢) Ni, P, and O emission lines for

Ni2P207.
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Figure 3.3: SEM images of grown FeoP>O7 on Ni-foam before testing (a) at 400 pm,
(b) at 50 pm, (c) enlarged SEM image of Fe;P>07 and elemental mapping (20 kV) of

Fe, P, and O, and (d) EDX analysis of Fe, P, and O emission lines for Fe;P>07.
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Figure 3.4: SEM images of grown Co2P207 on Ni-foam before testing (a) at 400 pum,
(b) at 30 pum, (c) enlarged SEM image of Co2P207 and elemental mapping (20 kV) of

Co, P, and O, and (d) EDX analysis of Co, P, and O emission lines for Co2P207.

Figure 3.5: SEM images of grown Ni2P>O7 on Ni-foam before testing (a) at 400 pm,
(b) at 50 pm, (c) enlarged SEM image of Ni,P>07 and elemental mapping (20 kV) of

Ni, P, and O, and (d) EDX analysis of Ni, P, and O emission lines for Ni2P>O.
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3.1.2 X-ray Diffraction

The Structural changes, phase purity, crystallinity, and crystal structure of the
prepared Fe,P>07, Co2P207, and Ni2P2O7 composites were carried out by the powder
X-ray diffraction measurement as enumerated in Figure 3.6. It can be obvious from the
XRD paradigm of amorphous FeoP>O7 that the diffraction peaks at particular intensities
are associated with 28.9°, 29.7°, 32.8°, 35.3°, and 36.8° correspond to (101), (011), (-
120), (-210), and (220) planes, respectively, reflecting triclinic distortion of the form
Fe:P207 (JCPDS#00-72-1516) [44-48]. Likewise, Li et al. [47] also prepared a low
crystalline FeoP20O7 nanoplates-like structure by adopting interfacial engineering, where
the semicrystalline nature of Fe2P>O7 provides better surface area and more active sites
towards the electrochemical surface phenomenon. Moreover, the main characteristic
diffraction peaks of the Co2P207 lie at 20 between 15° and 50°, the obvious diffraction
peaks that can be indexed to (JCPDS#00-034-1378) (210), (002), (20-2), (311), (022),
(40-2), (420), (402), and (232) planes of monoclinic crystal structure [25,49-51].
Similarly, Chang et al. [25] reported nanocrystals of Co2P207 through polymer gelation
towards water oxidation and emphasized the monoclinic phase of Co2P.07 XRD.
Further, the Ni2P2O7 best matches the indexed pattern of JCPDS #00-039-0710 and has
good agreement with lattice constant parameters (a = 8.823 A, b =8.291 A, and ¢ =
8.961 A [52,53]. The diffraction peaks at 18.9, 21.3, 24.8, 26.8, 28.1, 32.2, 34.7, 36.1,
39.7, 43.0, 44.6, and 48.6 are assigned to (110), (10-2), (21-1), (120), (11-2), (130),
(321), (420), (102), (032), (33-2), and (42-4) planes, respectively, illustrating the
formation of a phase pure monoclinic crystal system [54—56]. The XRD line indicates
a good crystallinity for the agglomerated nanoparticles of Ni2P2O7 obtained at 180° C
after 12 hours. Pang et al. [57] synthesized the nickel pyrophosphate microstructures

at different temperature ranges from 350-700° C and could not obtain a pure crystalline
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phase. However, in this study, we have grown Ni,P,O7; on Ni-foam with a pure
crystalline phase. The XRD data of all the synthesized samples revealed no impurity
peaks, implying that we successfully prepared the transition metal-based

pyrophosphates.
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Figure 3.6: XRD spectra of Fe.P207, Co2P207, and Ni2P207.

3.1.3 X-ray Photoelectron Spectroscopy

Subsequently, to understand the surface composition, elemental configuration,
and chemical valence states of the as-synthesized materials, the X-ray photoelectron
spectroscopy was adopted, and the Gaussian fitting approach was further employed to
analyze the attributable peaks of the prepared samples. Figure 3.7 delineates, the XPS
broad spectrum of Fe;P>07, Co2P207, and Ni2P20O7 composites, the presence of Fe, P,

and O clements indicates the formation of Fe;P2O7, as well as the existence of Co, P,
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and O elements reflects the presence of Co2P207, and the survey spectrum of Ni,P,0O7
indicated the presence of Ni, P, and O elements in the composite. Hence, the survey
spectrum illustrated the main constituent elements present in the obtained composites.
Further, to dig more about chemical valence states and bonding, the high-resolution

XPS was accompanied.
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Figure 3.7: XPS survey spectra of FeoP2O7, Co2P207, and Ni2P2O7.

The defined deconvoluted Ni 2p spectrum as shown in Figure 3.8a of a Ni2P>O7
specifies two significant peaks observed at 856.4 and 874.1 eV attributed to Ni 2p3.
and Ni 2pi., respectively, spin orbitals splitting into Ni*" and Ni** species. At high
binding energy, Ni*" dominates the presence of nickel species [58-60]. The peaks
located at 862.9 and 880.4 eV correspond to shakeup satellite peaks, suggesting that the
Ni is mainly in the state of Ni*". Figure 3.8b shows the P 2p peak centered at a binding
energy of 134.3 and 133.3 eV, attributing that +5 and highly oxidized phosphorous

species (P.07)*, phosphate states for P elements, respectively [61,62]. Further, O 1s
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spectrum (Figure 3.8¢) was deconvoluted in two Gaussian distended peaks at 531.2
and 532.5, resembling the metal-oxide bond (P-O) and oxygen ions in low coordination
at surface and metal oxide (Ni-O), respectively [63]. Thus, it confirms the presence of
Ni, P, and O elements concerning the chemical bonding and structure of Ni2P>O7.
Figure 3.8d enumerates the high-resolution spectra of Co 2p which bifurcated into two
prominent peaks of Co 2ps32 at 781.6 eV with other two spin-orbital of Co*" (781.4 eV)
and Co?" (782.8 eV) and Co 2p1,2 at 797.5 eV which deconvoluted into Co** at 801.2
eV and Co®" 798.2 eV spin-orbit splitting values [25,64]. As per the P 2p spectrum
shown in Figure 3.8e, the peaks at binding energy 133.4 and 134.4 eV correspond to P
2p3,2 and P 2p1., respectively, proving the existence of P (5+) in Cobalt pyrophosphate
[64,65]. The role of O and its existence in the chemical structure and valence states was
confirmed from the XPS of O 1s (Figure 3.8f) where, surface absorbed hydroxyl groups
(OH) at 532.8 eV, lattice oxygen at 531.5 eV and low coordination of metal-oxide (Co-
0O) at 530.9 eV [51]. These outcomes support the successful formation of the Co2P207
composite. Simultaneously, the XPS of Fe,P>O7 was obtained. Figure 3.8g illustrates
the Fe 2p pattern which can be convolved to Fe** (2ps;2 at 710.1 and 714.1 eV, and 2p1/»
at 724.1 eV) and Fe*" (2ps2 at 711.6 eV and 2p1 at 726.3 eV), and respective satellite
peaks [66]. The high-resolution spectra of P 2p (Figure 3.8h) and O 1s (Figure 3.8i),
indicate the presence of P°* (P-O-Fe at 134.3 eV and (P,07)* at 133.4 eV) and oxygen
group (chemisorbed hydroxyl group at 532.9 eV and metal-oxide group at 531.3 eV),
respectively [67,68]. Hence, the findings from the XPS convey the effective formation

of Fe2P>O7 composite.

25



©

(a) Ni 2ps, Ni g

531.2eV

Satellite Ni2p,,  Satellite =
peak = peaks

532568V

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

885 880 875 870 865 860 855 136 135 134 133 132 131 535 534 533 532 531 530 529
Binding energy (eV) Binding energy (eV) Binding energy (eV)

(d) Co2pyp Coze

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

805 800 795 790 785 780 136 135 134 133 132 131 535 534 533 532 531 530 529
Binding energy (eV) Binding energy (eV) Binding energy (eV)
) Fe2p (h) Pal (D) o
Fe2pu 1334 eV 3
- . . —_ 4 ¢ —_ A 531.3 eV
S satellite | © 2Py, o El f 3 ; :
S| el NG s s
.‘? p:;ksItE -é‘ J/ ‘Z‘
0 ) w 134.3 eV () g
g 5 s
E E X =
735 730 725 720 715 710 136 135 134 133 132 131 534 533 532 531 530 529
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 3.8: High-resolution XPS spectra of (a) Ni 2p, (b) P 2p, (c) O s of Ni2P>0O7,

(d) Co 2p, (e) P 2p, (f) O 1s of Co2P207, and (g) Fe 2p, (h) P 2p, (i) O 1s of Fe2P,07.

3.1.4 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy spectra (Figure 3.9) of as-fabricated
samples were collected to reconfirm the possible existing bonds, which are identical to
those of metal-pyrophosphate (M2P207, M = Cu, Co, Ni, Ca, Cd, Fe, Mn) [69]. The
pyrophosphate group frequencies can be allocated to characteristic peaks of the POs
group and P-O-P bridge [70]. The band from 1600 to 500 cm™ typically displays the
region of pyrophosphates. The P-O-P bridge vibration is observed around 946 cm™ [71].
The asymmetric and symmetric absorption peaks at 1098, and 1065 indicates PO;

stretching frequencies. The binding modes of PO3 have been seen in the very weak
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vibration range of 601-515 cm™!, where M-O stretching usually appears [72]. The
appearance of a strong P-O-P band is known to be the most important attribute of
pyrophosphate spectra [71]. The FT-IR and XPS results are consistent with XRD,
suggesting the crystal structure with pyrophosphate group and successful formation of

Ni2P20O7, Co2P207, and Fe,P2O7 samples.

Transmittance (a.u.)

Bending mode of PO,

4000 3000 2000 1000
Wavenumber (cm™)

Figure 3.9: FT-IR spectra of Fe,P207, Co2P207, and Ni2P2O7.

3.2 Electrochemical measurements
3.2.1 Electrocatalytic Performance towards Hydrogen Evolution Reaction

The electrocatalytic attributes of the as-prepared composites (FexP207,
Co02P207, and Ni2P20O7) were analyzed, and the linear sweep voltammetry measurement
was carried out in 1 M KOH electrolyte to investigate the catalytic behavior towards
HER. To reduce the chances of capacitive current a slow scan rate of 2 mV/s was
adopted to observe the indispensable information from the polarization curve. Figure

3.10a shows the typical HER polarization curves for Co2P>07, Ni2P207, and Fe;P>07
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composites, demonstrating overpotential 268 mV, 241 mV, and 219 mV, respectively,
at an accepted benchmark current density of 10 mA/cm? to distinguish the catalytic
activity of the composites. The overpotential at lower and higher current density was
also recorded as depicted in Figure 3.10b where, the overpotential required at 5
mA/cm? for CoP207, NiaP207, and Fe;P207 is 229 mV, 200 mV, and 179 mV,
respectively. Whereas the overpotential at a current density of 50 mA/cm? for Co2P207,
Ni2P207, and Fe;P2O7 1s 346 mV, 311 mV, and 285 mV vs RHE, respectively, revealing
Fe;P>0O7 shows a distinctive decrease in overpotential at a different current density,
which enhances the catalytic activity among other samples. Further, Fe.P.O7; was
compared with the bare Ni foam and Pt/C deposited electrode (Figure 3.10¢). Pt/C-
based electrode is considered an ideal electrode material for HER activity. Pt/C (25 mV)
was markedly lower overpotential, but bare Ni foam possess higher overpotential of
285 mV than Fe;P,05. Besides, it was noticeable that FeoP>O7 represents superior HER
electrocatalyst than other reported catalysts which are tabulated in Table 3.1.
Furthermore, to understand the HER kinetics Tafel slope of the as-prepared composites
was plotted from LSV Curves in Figure 3.10d depending on the equation (3.1) [73—
75], which is elucidated as a rate-determining step where alkaline HER process obeys
classical Volmer-Heyrovsky route (H20 + e — Hags + OH), representing the intrinsic
attribute of the catalysts and could be assist to probe the fundamental steps involved in

the H» production process [76].
n = a+ blogj (3.1)

where 1 is a overpotential, a is a constant, b is the Tafel slope, and j is the current
density. The Tafel slope of FeoP2O7 of 87 mV/dec is significantly lower than those of
Co2P207 (110 mV/dec) and Ni,P,O7 (105 mV/dec), implying that FeoP>O7 could
effectively speed up the dynamic process. However, the Tafel slope is inversely related
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to the charge transfer coefticient, which signifies the swift transfer of the electrons due
to the reduction of free energy barrier for the electrochemical reaction. Thus, the charge

transfer coefficient was calculated by using equation (3.2) [77-79].

b = 2.303RT/anF 3.2)

where R stands for universal gas constant, T symbolizes absolute temperature,
a corresponds to charge transfer coefficient (values lie between 0 and 1), n signifies
number of electrons (n = 2 for HER), and F is the Faraday constant. The smaller the
Tafel slope, the higher the charge transfer coefficient, and the more outstanding
catalytic performance. The charge transfer coefficient for Co2P207, Ni2P2O7, and

Fe2P207 1s 0.26, 0.28, and 0.34. In that sense, FeoP2O7 offers better kinetics than other

samples.
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Figure 3.10: Electrocatalytic performance for HER: (a) LSV curve of the Co,P>07,
Ni,P,07, and Fe,P,07 comparing overpotential at 10 mA/cm?, (b) comparison of

overpotential at 5 mA/cm?, 10 mA/cm?, and 50 mA/cm? for all the prepared samples,
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(c) LSV curve of Ni-foam, Pt/C, and Fe,P,O7 electrode, (d) Tafel slopes, (¢) TOF at

an overpotential of 100 mV, and (f) Exchange current density.

To manifest the comparison on the limiting step of kinetics and corroborating
comprehensive kinetic behavior of the electrocatalysts, further investigation has been
carried out by employing Turnover frequency (TOF) as displayed in Figure 3.10e
which is one of the crucial parameters to determine how rapidly a catalyst can catalyze
the electrochemical reaction. Water splitting catalytic activity obeys pseudo-first-order
kinetics, thereby, TOF is calculated per unit time by using equation (3.3) [80] at a
specific overpotential of 100 mV.

TOF = jN,/nFt (3.3)
where N, is Avogadro’s number, and 1 is the surface concentration of active sites
or the number of participating atoms in the catalyst material. The results suggested the
acquisition of a TOF value of 23.02 s™! by Fe>P>07, which is much higher compared to
Co2P,07 (13.85 s) and NixP,07 (19.76 s71). In this perspective, lower overpotential of
Fe;P207 corresponds with the higher rate of TOF showcasing that amorphous nature of
Fe;P>O7 exercised excellent catalytic activity and efficient charge transfer process
improving kinetics. therefore, the readiness of the electrode is required to be analyzed
hence exchange current density was calculated using equation (3.4), where charge
transfer resistance (O at 0 V) at the electrode-electrolyte interface is taken into account,
and A is the geometrical area of the electrode which determines the flow of current
density in each direction at equilibrium [81,82].
Exchange current density = RT /nFOA (3.4)
The exchange current density of Co2P2O7, Ni2P2O7, and Fe:P2O7 1s 10.46, 13.68,

and 20.22 mA/cm? as illustrated in Figure 3.10f, indicating Fe,P,O7 has a faster
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reaction and more active sites due to higher exchange current density. Moreover, to
check the practical applicability of the electrocatalysts, a durability test was performed
using linear sweep voltammetry. The HER LSV curve for all the samples after 10,000
CV cycles is illustrated in Figure 3.11(a-c). All the samples displayed negligible
fluctuation and cycle 1 overlaps with cycle 10,000, demonstrating their significant

stability during the HER process.
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Figure 3.11: LSV curves after and before 10,000 cycles of cyclic voltammetry for

Co02P207, Ni,P207, and FeoP2O7 samples.

Table 3.1: Comparison of the previously reported electrocatalysts for HER

Electrocatalysts | Electrolyte Overpotential | Tafel slope References
(mV) @ 10 (mV/dec)
mA/cm?
FeP/CN 1M KOH 235 - [83]
FeP 1M KOH 221 134 [84]
WS,/RGO 0.5 M HS04 265 58 [85]
Cuz2MoS,4 pH 0 H2S04 321 95 [86]
NiWSx pH 7 PBS 373 96 [87]
MnNi-hydroxide 1 M KOH 231 110 [88]
FeP/NF 1M KOH 216 154 [89]
Co3S4 1M KOH 266 200 [90]
CoFe-S 1M KOH 229 118 [91]
C02P207 1 M KOH 268 110 This Work
Ni2P207 1 M KOH 242 105 This Work
Fe2P207 1 M KOH 219 87 This Work
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3.2.2 Electrocatalytic Performance towards Oxygen Evolution Reaction

The prepared samples have undergone electrocatalytic OER activity evaluation
in 1 M basic electrolyte and were examined by LSV. A similar slow scan rate was
chosen as selected for HER testing. In Figure 3.12a, at the current density of 10
mA/cm?, the overpotential value for Fe,P207 is 252 mV which is smaller than 270 mV
of Ni2P207 and 318 mV of Co,P>07 composite. Thus, the least overpotential provides
the idea of producing a higher amount of O bubbles from the surface of Fe,P>O7. The
overpotential at lower and higher current density was also recorded as described in
Figure 3.12b, on the one hand, the overpotential required at 5 mA/cm? for Co,P207,
Ni2P207, and Fe;P207 are 299, 260, and 241 mV, respectively. On the other hand, the
potential at a current density of 50 mA/cm? for Co,P207, Ni2P207, and Fe,P,07 are 364,
310, and 281 mV, respectively. As revealed from the polarization curve of as-
synthesized samples, Fe;P>O7 outlined its activity among the other than reported work
such as Chondankar et al. [71] micro sheets of Ni2P20O7 on Ni-foam possess 308 mV vs
RHE overpotential at 10 mA/cm?, Zhu et al. [51] fabricated sandwich structure of
Co2P207/Ni(PO3)@C with 279 mV at 10 mA/cm?, later Yang et al. [92] prepared
CrFePO4/NF requires overpotential of 280 mV at 10 mA/cm? of current density.
Moreover, this conveys that the Fe.P2O7 represents superior electrocatalytic OER
performance relative to most of the other already reported benchmark electrocatalyst
which are tabulated in Table 3.2 for more precise differentiation. The catalytic activity
of the best sample (Fe2P20O7) was compared with the commercially ideal candidate IrO»
which is regarded as the finest material to produce H> and O; after the dissociation of
water. However, it is limited by fancy prices and scarce availability. However, iron-
based material has attracted attention due to its tremendous availability and

affordability. In addition, it shows comparatively significant results for OER, follows 2
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or 4 ¢ driven processes. Herein, the common reaction sequence of OER with iron-

related materials is depicted below [93].

Fe?’"-OH + OH" — Fe’"(0)-OH + H*(aq) + ¢ (3.5)
Fe’*(0)-OH + (OH) (aq) — Fe?"-OH + H*(aq) + O2(g) + & (3.6)
Figure 3.12¢ demonstrates the LSV curves of Ni foam, IrO>, and Fe,P.O; where,
Fe,P,07 exhibited a significant decrease in overpotential of only 252 mV at 10 mA/cm?
and acquired the highest current density of 161.7 mA/cm?, markedly improvised
performance than bare Ni foam (390 mV at 10 mA/cm? and achieved a highest current
density of 29.4 mA/cm?), and IrO> (296 mV at 10 mA/cm? and acquired a highest

current density of 142.8 mA/cm?). In that sense, Fe,P,O7 showed excellent catalytic

activity towards OER.
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Figure 3.12: Electrocatalytic performance for OER: (a) LSV curve of the Co2P207,
Ni>P,07, and Fe,P,07 comparing overpotential at 10 mA/cm?, (b) comparison of

overpotential at 5 mA/cm?, 10 mA/cm?, and 50 mA/cm? for all the prepared samples,
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(c) LSV curve of Ni-foam, IrO,, and Fe;P>0O7 electrode, (d) Tafel slopes, (¢) TOF at an

overpotential of 100 mV, and (f) Exchange current density.

According to the literature, the OER process of metal-pyrophosphates in an
alkaline medium involves a four-step proton coupled electron transfer reaction
mechanism. Thus, the Butler-Volmer equation was employed to investigate the kinetics
of the samples by deriving the Tafel slope from the polarization curve as enumerated in
Figure 3.12d [94]. The Tafel slope of Co2P207, Ni2P2O7, and Fe;P,07 are 63, 53, and
41 mV/dec, respectively. The smaller Tafel slope of Fe;P.O7 describes better charge
transport kinetics and fast ion diffusion kinetics during water oxidation, which is
consistent with the low overpotential in LSV. Additionally, the TOF of OER of the as-
prepared samples is recapitulated in Figure 3.12e to make further evaluation of the
dynamic nature of the OER process. Fe;P207 yielded a TOF of 10.17 s at an
overpotential of 100 mV, which was greater than Ni,P>07 (1.70 s™!) and Co2P207 (0.69
s1), demonstrating relatively superior catalytic performance. Similarly, the same trend
was observed in a theoretically calculated charge transfer coefficient value of Co2P207,
Ni2P207, and FeoP2O7 are 0.23, 0.27, and 0.36, respectively, conveying swift transfer of
the electrons. To probe the charge transfer insight, a detailed investigation was
considered. Those two important parameters in electrochemistry are exchanged current
density and Electrochemical Impedance Spectroscopy (EIS). The exchange current
density (Figure 3.12f) of Co2P207, Ni2P207, and Fe;P>O7 are 5.23, 6.84, and 10.11
mA/cm?, respectively. In that perspective, Fe;P2O7 exhibits faster chemical reaction,

transfer of current density in all possible directions at equilibrium, and conductivity.

Besides, the conductive nature and rate of charge transfer of the as-synthesized

samples were observed through EIS testing. The Nyquist plot was encountered after
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EIS as shown in Figure 3.13(a-c) of all the samples at various potentials ranging from
0.45, 0.5, 0.55, and 0.6 V. The impedance analysis was carried out in the frequency
range from 10 kHz to 0.05 Hz at a 10 mV AC amplitude. The Nyquist plot showing a
semicircular region at high frequency corresponds to the charge transfer resistance (Rct)
at the interface of electrode and electrolyte, where R is directly proportional to the
kinetics and catalytic performance of the materials, so smaller the R refers to better
passivity of ions and correlates to good electrical conductivity [95-99]. Moreover, a
fitted Randles circuit as demonstrated in Figure 3.13d exaggerates the attribute of the
Nyquist plot and after a thorough study of the circuit diagram and Nyquist plot at
various potentials, it was noteworthy finding that FeoP2O7 showed the least charge
transfer resistance among all the samples and over different potentials, tabulated in
Table 3.3, confirming the improved kinetics, conductivity, and higher transfer of ions.
The results indicated that micro sheets of Fe2P207 showed improved sluggish behavior
of 4 e” process of OER in the greatest degree. However, all the samples possess similar
morphology. Thus, to assess the significance of surface area towards catalytic activity,

electrochemical surface area (ECSA) testing was performed.
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Figure 3.13: Nyquist plot of (a) Co2P207, (b) Ni2P20O7, and (c) Fe2P207, and (d)

Randle circuit according to Nyquist plot obtained for Co2P207, Ni2P207, and Fe;P207.

ECSA was a thorough comprehension of the mechanism behind the nature of
the electrocatalysts by developing CV in a non-faradic regime at various scan rates for
the estimation of charging current. After careful analysis of the obtained CV, the
electrochemical double layer capacitance (Cqi) value was calculated by incorporating
charging current vs scan rate plot as shown in Figure 3.14a and equation (3.7) where,

I is current, and v is scan rate [100].

I = del (37)
ECSA = C4/C, ; Cs=0.04 mF/cm’ (3.8)
RF = ECSA/GSA (3.9)

Ca indicates ion adsorption on the surface of the catalyst. The value of Cq for
Co2P207, N12P207, and FeoP2O7 is 12, 74, and 85 mF, respectively. In that sense,
Fe>P>O7 shows more ion interaction on the surface of the electrocatalyst thus it is
important to investigate the active sites of the catalyst. Therefore, equation 3.8 was

adopted to calculate the ECSA where Cs is the specific capacitance [100]. Also, the
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value of ECSA is proportional to the value of Cdl, the higher the Ca value, the higher
the ECSA ensuring more active sites could be exposed on the surface of the catalysts
and the more outstanding electrocatalytic activity. Thus, Fe,P.07 (2125 ¢cm?) showed
much higher results than Ni2P207 (1850 cm?) and Co2P207 (300 cm?) as in Figure
3.14b. It may be anticipated that higher ECSA value exposed more active sites, thereby
generating more Oz and H» bubbles which in turn leads to enhanced catalytic activity.
Equation 3.9 was utilized (where GSA is a geometric surface area) to evaluate the gas
bubble dissipation efficiency by measuring the roughness factor (RF) as displayed in
Figure 3.14c [100]. The RF value of Co2P207, Ni2P2O7, and Fe,P>O7 is 461.53,
3775,51, and 4166.67, respectively. Fe.P.O7 was computed to be incomparable with
other samples, manifesting ideal potential for the release of excess amount of gas
bubbles, which also correlate with enhanced Cg, enriched ECSA, and augmented least
Rct. All these aspects together make Fe;P>O7 a superior electrode, rather a catalyst of
choice for water-splitting in the years to come. Moreover, XRD of FeoP>O7 reveals the
amorphous nature which is advantageous for catalyst purposes. According to the
literature, the amorphous material outlays more surface area, which in turn increases
the absorption of reactants and desorption of gases, thus higher performance can be

achieved [101].
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Figure 3.14: (a) Electrochemical double layer capacitance of Co2P207, Ni2P2O7, and
Fe;P207, (b) electrochemical surface area, and (¢) Roughness factor of all as-

synthesized samples.

Furthermore, the stability of the materials plays a crucial role in influencing the
activity of the catalyst. Electrochemical 4 e sluggish kinetics consistency is required
for long-term running processes in a real-life application. The stability of OER of all
as-prepared samples was examined and confirmed by steady polarization curves as
portrayed in Figure 3.15(a-c) where cycle 1 overlaps with the cycle 10,000 polarization
curve. Further, longevity was tested by long-term chronoamperometry test, herein
shows the durable relationship between current density over time. Thereby, the CA is
recorded as shown in Figure 3.15(d-f), representing stability of all the as-synthesized
composites at 0.65 V potential over 24 hours.The Co,P,07, Ni2P207, and Fe;P,07
electrode’s current density somewhat from 39.1, 47.2, and 114.6 to 23.6, 39.1, and
109.2 mA/cm? respectively. During the process it was observed that the current density
drop fluctuated but it maintains the stable current density without an extreme
deterioration. It was found that the Fe,P>O7 has a least current density difference of 5.4
mA/cm? than Ni2P207 (8.1 mA/cm?) and Co2P207 (15.5 mA/cm?) after 24 hours.
Additionally, a variation might be caused after 22 and 12 hours in Ni2P207 and Fe>P207,
due to release and accumulation of bubbles produced by the water-splitting process. On

the basis, FeoP2O7 possess eminent durability for OER application.
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Figure 3.15: (a-c) Polarization curve stability over 10,000 cycles of all as-prepared

samples, and (d-f) chronoamperometry test of Co2P207, Ni2P207, and Fe;P207

catalysts towards OER.

Table 3.2: Comparison of the previously reported electrocatalysts for OER

Electrocatalyst | Electrolyte | Overpotential Tafel Reference
(mV) @ 10 slope
mA/cm? (mV/dec)
FeoB NMs/NF | 1M KOH 276 - [102]
Mo-Ni-Se@NF | 1M KOH 397 - [103]
FeP/NioP 1M KOH 154 23 [104]
O-CoMoS 1M KOH 272 71 [105]
C009S058P042 | 1M KOH 266 48 [106]
NiSe>-NiP/NF | 1M KOH 249 45 [107]
Gelled 1M KOH 191 - [108]
FeCoW/Au
CoP 1M KOH 345 47 [109]
NiFe LDH/Cu | 1M KOH 199 28 [110]
nanowire arrays
NiisFeosP/CF | 1M KOH 264 55 [111]
CozP 1M KOH 310 50 [112]
N-NisS2/NF 1M KOH 260 70 [113]
NiCoFeP/C 1M KOH 270 65 [114]
FeP 1M KOH 320 51 [115]
Iron 1M KOH 288 43 [116]
oxide/phosphate
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layer coated
FeP
CoP NPs 0.1M 330 50 [117]
NaOH
Ni-P 1M KOH 344 49 [118]
(Coos4Feoas)P | 0.1M KOH 370 - [119]
Co2P207 1M KOH 318 63 This Work
Niz2P207 1M KOH 270 53 This Work
Fe2P207 1M KOH 252 41 This Work

Table 3.3: Rct (/cm?) comparison of Co2P207, NioP20O7, and FexP20O7at 0.45, 0.5,

0.55,and 0.6 V
Electrocatalyst @0.45V @0.5V @0.55 VvV @0.6 V
CosP,07 42.19 Q/cm? | 36.45Q/cm? | 30.01 Q/cm? | 25.21 Q/cm?
Ni2P,07 13.27 Q/cm? | 11.02 Q/cm? 5.14 Q/cm? 3.30 Q/cm?
FeoP,0- 4.89 Q/cm? 4.71 Q/cm? 4.58 Q/cm? 3.06 Q/cm?

3.2.3 Overall water-splitting performance of Fe:P:0;

Since the FeoP>O7; composite showed excellent bifunctional OER and HER
performance, an electrocatalytic water-splitting device was built with Fe;P,O7 sample
serving as both anode and cathode (Figure 3.16b) to test its ability for practical
application in water electrolyzer as a fuel cells. This is an alternative, renewable, and
sustainable approach to produce products for a fuel and medical purposes. The results
show that a sample of Fe;P>0O7 can faithfully adhere to either 2 or 4-electron process
over an extended period. The Fe;P>O7||Fe2P207 on NF purveyed a low cell potential of
just 1.68 V at a current density of 10 mA/cm? (Figure 3.16a) comparatively lower cell
voltage than already reported work as tabulated in Table 3.4, while still creating a huge
bubble with a high endurance, as seen by the overlap between the cycle 1 and 1000 of
polarization curves as shown in Figure 3.16a. Furthermore, long term durability test
was performed for 24 hours (Figure 3.16c¢), to elucidate and reassure the stability over

perennial period and it was observed that the electrolyzer attained 58.9 mA/cm? of
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current density and after 24 hours it goes down to 57.4 mA/cm?, indicating highly stable

device material for splitting water into H> and O».
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Figure 3.16: (a) LSV curve for electrolyzer and polarization stability over 1000
cycles, (b) working of the electrolyzer FeoP>O7||FeaP207, and (c) chronoamperometry

test for electrolyzer over 24 hours.

Table 3.4: Comparison of two electrode water splitting cell voltage of

Fe2P>07||Fe2P207 electrocatalyst with other bifunctional electrocatalyst.

Electrocatalyst Support Overall cell Reference
voltage (V) @ 10
mA/cm?
NiC0204 Ni foam 1.84 [120]
Co-P Copper foil 1.65 [109]
NiFe LDH Ni foam 1.70 [121]
NiC0204 Carbon cloth 1.98 [122]
Fe2P207 Ni foam 1.68 This Work

In order to analyze the durability of the Fe;P>.O7 material electrode towards

overall water-splitting process, XRD, SEM and EDX was conducted after overall
water-splitting stability testing as illustrated in Figure 3.17, portraying no structural
changes depicted from XRD, no significant changes in the morphology were observed

through SEM, and EDX analysis showed the best configuration of the elemental
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distribution. Due to its robust nature, it can be summarized that there is no obvious
chemical and physical changes occurred after overall water-splitting and can be the best

candidate towards water-splitting fuel cell application.

After stability
Fe,P,0;

~
=
'

Intensity (a.u.)

SUS5000 20.0kV 6.2mm x1.80k SE(L) 09/12/2023 30.0um

Figure 3.17: (a) XRD of Fe2P,07 after overall water-splitting stability test, SEM
images of Fe2P207 electrode after overall water-splitting (b) at magnification of 50
um, and (¢) 30 um, and (d) elemental mapping (20 kV) of O, P, and Fe, and EDX

analysis of Fe, P, and O emission lines for Fe;P2O7 at 30 pm of magnification.

3.2.4 Electrocatalytic Performance towards Urea Oxidation Reaction

More interestingly, once 0.33 M urea is added into the 1 M KOH electrolyte, its
performance towards UOR becomes more impressive, signified by ultralow potential.
UOR was highly commendable as it can be used as an energy conversion to produce
hydrogen and the treatment of urea-rich (CO(NHz)2) water contamination. Natural
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decomposition of Urea polluted water products such as nitrate and toxic ammonia [10].
However, the products of electrochemical urea oxidation reaction in alkaline medium
provides harmless N> and CO; that can be captured to form carbonates [123]. Thus,
coupling UOR with OER in water electrolysis enriches the H»/O» production.
Therefore, all as-prepared samples (Co2P207, Ni2P2O7, and Fe,P2O7) were investigated
towards UOR activity. The onset potential was chosen to report as it initializes
commencement of the UOR electrocatalytic activity. Figure 3.18a demonstrates the
LSV curves of Co2P207, NixP207, and FeoP2O7; composites, exhibiting FexP207
distinctly ultralow onset potential of 1.317 V than Ni;P>0O7 (1.319 V) and Co2P>07
(1.321 V) at 10 mA/cm? of current density. To get a deep understanding of the UOR
performance, the onset potential was recorded at low and high current density (Figure
3.18b), where at 5 mA/cm? the potential of Co,P207, Ni2P207, and FexP,07 is 1.313,
1.309, and 1.307 V, respectively and at 50 mA/cm? the onset potential of Ni,P>O7 with
1.397 V while comparing to Co2P207(1.377 V). However, Fe;P>07 still holds the least
onset potential (1.375 V). To judge the catalytic performance of the best sample
(Fe2P207), an onset potential more intuitively from LSV curve is presented in Figure
3.18c¢, bare Ni foam, IrO>, and Fe2P>O7 displayed potentials of 1.471, 1.454, and 1.317
V, respectively to obtain a current density of 10 mA/cm?. Moreover, Fe>P,07 presented
a large current density of 239.5 mA/cm? which is 1.94 and 8.24 times higher than IrO>
and bare Ni foam. In that prospective, the UOR performance of the synthesized
catalysts showed better results as displayed in Figure 3.18d which is tabulated in Table
3.5, suggesting FeoP>O7 serving promising catalytic activity. Inspired by the improved
activity of OER, least onset potential is not the only parameter which can detect the
specialty of the material for the electrocatalytic urea oxidation. One of the pivotal

parameters which integrates the catalytic activity is kinetics against the sluggish

43



complicated six-electron transfer process of UOR, using Tafel slope and TOF. The

corresponding Taffel slope (Figure 3.18e) of the as-obtained samples Co2P207,

Ni2P207, and Fe2P>O7 1s 144, 114, and 96.6 mV/dec, respectively, pointing that Fe.P>O-

could effectively speed up the dynamic process of UOR. In addition, to examine the

pseudo first order reaction kinetics, known as rate determining step reaction and

intrinsic property of Co2P>07, Ni2P2O7, and FeoP>O7 was calculated by accounting TOF

and summarized in Figure 3.18f. The kinetics of reaction mechanism was governed by

higher value of TOF. Hence, Fe,P207 exhibit TOF of 0.919 s™! more than the other two

samples, indicating faster charge transfer and kinetics.
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Figure 3.18: Electrocatalytic performance for UOR: (a) LSV curves of Co2P>07,

Ni2P207, and Fe;P,07 catalysts applied for electrochemical UOR (0.33 M Urea in 1

M KOH) were recorded at scan rate of 2 mV/s, (b) comparison of onset potentials at

different current density for as-prepared catalysts, (c) comparison of onset potential of

Fe;P>07 required at 10 mA/cm? with Ni foam and benchmarking IrO>, (d) comparison

of potential required at 10 mA/cm? with other UOR electrocatalysts, (e) Tafel slopes

44



of the samples, and (f) Turnover frequency at 1.58 V (v/s RHE) of Co2P207,

Ni2P20O7,and Fe;P,07 catalysts for UOR (0.33 M Urea in 1 M KOH).

On comparing activity of OER and UOR, polarization curves were plotted
together for samples to obtain a transparent image of performance as delineated in
Figure 3.19(a-c) for CoP>0O7, Ni,P207, and Fe P.O7, respectively, manifesting,
addition of urea into the electrolyte enhances the current density significantly towards
UOR than OER. Least overpotential, high current density, low Tafel slope, and
improved TOF collectively implies that the sluggish OER can be replaced by UOR
reaction to generate hydrogen at a lower cell voltage. Based on onset potential for both
the UOR (1.317 V vs. RHE) and OER (1.482 V vs. RHE) processes, inferring that the
Fe;P>0O7 anode was noticeably active for both processes, may be due to high anodic
current density at lower potentials to produce hydrogen at high rate at cathode. The
synergistic effect between Fe and P facilitates favorable conductivity and faster charge

transfer.
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Figure 3.19: (a-c) Comparison of onset Potential of the OER and UOR at 10 mA/cm?
for Co2P207, Ni2P20O7, and FexP207 catalysts, (d) EIS of Ni2P2O7, Co2P207, and
FexP207 catalysts at 0.4 V (v/s RHE) in 1 M KOH (e) EIS of Ni2P207, Co2P207, and
FeP207 catalysts at 0.4 V (v/s RHE) in 1 M KOH + 0.33 M Urea, and (f) comparison

of charge transfer resistance of OER and UOR.

Therefore, to examine conductive nature of the as-synthesized materials,
electrochemical impedance spectroscopy (EIS) was carried out for OER and UOR
processes and corresponding results were plotted in form of Nyquist plot at 0.4 V in
Figure 3.19d and Figure 3.19e, respectively. The R¢ values obtained in 1 M KOH and
0.33 M urea in 1 M KOH electrolytes were recorded and shown in Figure 3.19f. The
Rt values obtained during the OER process for CooP20O7, NioP2O7, and FexP>O7
catalysts are 12.1, 11.5, and 4.2 Q/cm?, whereas during the UOR process the R values
for CoaP207, Ni2P20O7, and FeoP>O7 are 10.1, 3.9, and 2.9 Q/cm?. The R.; obtained for
UOR shows lower value than R obtained during OER. Thus, confirming the improved
kinetics and conductivity of the iron-based pyrophosphate towards UOR. Further, to

understand the comprehensive mechanism underlying the versatile nature of the as-
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synthesized materials towards UOR, sequential analysis was performed. Since SEM
images are not well finite to distinguish the morphology of the prepared materials
because of similar microstructures. Therefore, high catalytic activity of Fe:P.Os
electrode material can be attributed to the rough surface which allows the exposure of
numerous active sites. Hence, electrochemical active surface area (ECSA) testing was
involved to perceive the involvement of morphology during electrochemical
investigations [89]. ECSA is considered as an indicator of the surface roughness and
high catalytic performance of electrode material. Herein, A cyclic voltammetry (CV)
for Co2P207, Ni2P2O7, and FeoP2O7 were obtained (Figure 3.20(a-c)) at a non-faradic
potential window at different scan rates ranging from 2 mV/s to 100 mV/s for the
estimation of charging current. The Cq (Figure 3.20d) values of the Co2P>07, Ni2P20O7,
and Fe,P,07are 3, 32, and 85 mF. It has been noticed that the Fe,P,07 offers impressive
double layer capacitance over the surface. In that sense, FeoP>O7 leads to expose more
active sites, affirms the highest ECSA value of 2125 cm? than Ni>P207 (800 cm?) and
Co2P207 (75 cm?) as illustrated in Figure 3.20e. The exposure of more active sites
consecutively generates high amount of gas bubbles as a greater number of charged
species interact with material surface. To investigate the gas bubble dissipation
efficiency of the materials, the roughness factor (RF) of the electrode was estimated as
shown in Figure 3.20f and observed that the RF value for Co.P.0O7, Ni2P207, and
Fe P07 are 117.2, 1960.7, and 4325.3, respectively. The highest RF value of FeoP2O7
enumerates the excellent potential of exaggerating dissipation of gases in surplus
amount. Therefore, morphology of Fe:P>O7 facilitates accelerated diffusion of

electrolyte ions inwards and the diffusion of gas outwards.
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Figure 3.20: (a-c) CV of Co2P207, Ni,P207, and Fe>P>07 in the non-faradic region,
respectively, (d) Double layer capacitance, (¢) Electrochemical surface area for
Co2P207, Ni,P207, and Fe,P>07, and (f) Roughness factor of all the as-synthesized

samples.

The stability of UOR for all as-prepared samples were examined and confirmed
by steady polarization curves as illustrated in Figure 3.21(a-c) where a minute
deviation from cycle 1 polarization curve to the cycle 10,000 polarization curve.
Further, longevity was tested by long-term chronoamperometry test, where it displays
the stable relationship between current density over time. Therefore, the CA was
recorded as shown in Figure 3.21(d-f), representing stability of all the as-synthesized
samples at 0.65 V potential. The Co2P207, Ni2P2O7, and Fe,P>O7 electrode’s current
density somewhat from 43.1, 46.8, and 116.2 to 36.6, 40.6, and 110.6 mA/cm?,
respectively. As per the observation, the Fe,P>O7 possess eminent durability for UOR
application. It is particularly more impressive that the as-prepared catalyst shows lover
R, and higher ECSA which contributes to a good agreement for a best candidate

towards wastewater-splitting (UOR) catalytic performance.
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Figure 3.21: (a-c) Polarization curve stability over 10,000 cycles of all as-prepared

samples, (d-f) Chronoamperometry test of Co2P207, Ni2P207, and Fe;P,07 catalysts

towards UOR.

Table 3.5: Comparison of the previously reported electrocatalysts for UOR.

Electrocatalyst Electrolyte Potential (V) @ References
10 mA/cm?
Nio.67C0033(OH)2/CC | 1M KOH + 0.5M 1.23 [10]
Urea
NiS@Ni3S2/NiMoQO4 1M KOH + 1.30 [124]
0.33M Urea
CoFeCr LDH 1M KOH + 1.305 [125]
0.33M Urea
Ni-WOx 1M KOH + 1.32 [126]
0.33M Urea
CoMn/CoMn204 1M KOH + 1.32 [127]
0.33M Urea
NICIOD 1M KOH + 1.32 [128]
0.33M Urea
P-NF 1M KOH + 1.32 [129]
0.33M Urea
FeMn-PS 1M KOH + 1.33 [130]
0.33M Urea
MnO2/MnCo0204 1M KOH + 0.5M 1.33 [131]
Urea
NF/MnO2 1M KOH + 0.5M 1.33 [132]
Urea
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NisN/NF 1M KOH + 1.34 [133]
0.33M Urea
Pa-NiFe LDH 1M KOH + 1.34 [134]
NS/NIF 0.33M Urea
NizN/CusN 1M KOH + 0.5M 1.34 [135]
Urea
S-MnO; 1M KOH + 1.34 [132]
0.33M Urea
Ni2P/MoO3 1M KOH + 0.5M 1.35 [136]
Urea
Ni/NIO@NCao0 1M KOH + 1.35 [137]
0.33M Urea
Ni-MOF 1M KOH + 1.36 [138]
0.33M Urea
Ni2P/Fe2P 1M KOH + 1.36 [139]
0.33M Urea
NF/NiMoO-Ar 1M KOH + 1.37 [140]
0.33M Urea
N, S-doped carbon- 1M KOH + 1.37 [130]
MnFe;O4 0.33M Urea
Nio.oFeo.10x 1M KOH + 1.37 [141]
0.33M Urea
FeOOH 1M KOH + 1.37 [142]
0.33M Urea
CuO nanobelt 1M KOH + 0.5M 1.39 [143]
Urea
Carbon/NiFe/NF 1M KOH + 1.39 [144]
0.33M Urea
Fe-NizS;@FeNiz-8 1M KOH + 1.40 [145]
0.33M Urea
CoSz2 NA 1M KOH + 1.40 [146]
0.33M Urea
Ni(OH)2/MnO2 1M KOH + 0.5M 1.42 [147]
Urea
NiMn-decorated 1M KOH + 1.47 [148]
activated carbon 0.33M Urea
Pt/C 1M KOH + 0.5M 1.48 [132]
Urea
Fe11.1%-Ni3S: 1M KOH + 1.52 [149]
0.33M Urea
C02P207 1M KOH + 1.321 This Work
0.33M Urea
Ni2P207 1M KOH + 1.319 This Work
0.33M Urea
Fe2P207 1M KOH + 1.317 This Work
0.33M Urea
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3.2.5 Computational study of electrocatalysts towards sluggish kinetics of OER and

UOR

To perform the theoretical calculations, the primitive unit cell with lattice
parameters of a=10.14 A and b=12.22 A, having 20 A vacuum space, was constructed
for each catalytic material. The Quantum Espresso calculation software was used to do
theoretical computations on the constructed models by employing the generalized-
gradient approximation (GGA) theory in association with the Perdew-Burke-Ernzerhof
(PBE) functional and the double numerical (+) polarisation functional basis set. To
calculate the density of states (DOS) for the constructed models, the convergence limits
for force (0.05 eV) and energy (250 eV) were set under the plane-wave expansion of
the electronic wave function (10 eV). After thoroughly optimizing the constructed
models, the adsorption energies for OER and HER adducts were calculated using the
following equation (3.10).

AEads. = E(catalyst) T E(reactant) — E catalyst-reactant) (3.10)
Where, Ecatalyst-reactant), E(catalyst), and E(reactant) are the energies of catalyst-reactant adduct,

catalyst, and reactant, respectively.

To gain a more comprehensive understanding of the OER and UOR mechanism
on Fe;P207, Co2P207, and Ni2P,07 catalysts, the optimized structural model of Fe>P207,
C02P207, and Ni2P207 catalysts is depicted in Figure 3.22 (a-c), illustrating both their

side and top-view perspectives.
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(a) (b) ©)

Side-view

Top:view Top-view

Figure 3.22: Side and Top views of optimized crystal lattice (a) Fe2P207 ,(b) Co2P207,

and (¢) Ni2P207.

In addition, an investigation was conducted to examine the structural electronic
modifications in FeoP2O7, Co2P207, and Ni2P2O7 catalysts. This investigation involved
the calculation of the density of states (DOS) (Figure 3.23 (a-c)) and the projected
density of states (PDOS) (Figure 3.23 (d-f)). The findings of the computed DOS and
PDOS clearly indicated a significant distribution of improved density of states over the
Fermi level for Fe,P,O7 catalyst, as compared to NioP2O7 and CozP207 catalysts,
improving the electronic conductivity and electron migration efficiency of FexP207
further facilitate to electron transfer in the catalytic process [150]. Hence, aggrandizing

catalytic kinetics towards OER and UOR processes.
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Figure 3.23: Density of States of (a) Fe2P207, (b) Co2P207, (¢) Ni2P207, and Projected

Density of States and (d) Fe2P207, (e) Co2P207, and (f) Ni2P207.

To investigate the electrocatalytic process on FeaP2O7, Co2P207, and Ni2P2O7
catalysts, further evidence was collected by employing band structure study as shown
in Figure 3.24(a-c), where we found a marked increase in band population in the
conduction band with a low band gap value of 2.34 eV for Fe;P,07 catalyst as compared
to Ni2P2O7 (2.41 eV) and Co2P20O7 (2.46 eV) catalysts, corroborated by DOS study,
suggesting significant increase in the conductivity of Fe,P>O7 as compared to other
samples. These results suggested a synergistic effect between Fe and P to facilitate
favourable conductivity and faster charge transfer for the Fe>P>O7 catalyst, enhancing
its activity. Further, to investigate the OER mechanism in the proposed structural
models of Fe;P>O7, Co2P207, and Ni,P,07 catalysts, the OER reaction intermediates
were systematically absorbed on their catalytic active sites (*), Fe, Co, and Ni,
respectively, and optimized. The results indicated that the conversion of *O into *OOH,
being a rate-determining step, controlled the overall OER reaction, requiring

remarkable energy for all constructed catalysts’ models. Furthermore, the observed
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disparity in charge density suggests higher transfer of electron density between *OOH
and Fe, in contrast to other active sites such as Ni and Co. this finding provides evidence
for the efficient electronic communication between *OOH and Fe, which plays crucial
role in regulating the detachment of *OOH from the Fe site (Figure 3.24d). Among the
prepared catalysts, FeoP2O7 indicated a requirement of less Gibbs free energy for OH-
adsorption on the active site and O> detachment from the active site, validating its high

catalytic activity as compared to other catalysts (Figure 3.24e) [151,152].
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Figure 3.24: Band structure of (a) Fe2P207, (b) Co2P207, (¢) Ni2P2O7, (d) Charge
density of *OOH-adduct of Fe,P>07, Ni2P>O7, and Co2P207, () OER Free Energy

Diagram, and (f) UOR Free Energy Diagram.

Furthermore, to propose the UOR mechanism over the generated
electrocatalysts, the likely UOR intermediates were absorbed on the active site of all
the prepared samples and the computed Gibbs free energy diagram for the UOR process

over the constructed catalysts in shown in Figure 3.24f, educating that the Fe:P20O7
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catalyst has lower energy barriers for all UOR step, especially acknowledging HER,
than the Co2P207, and Ni,P,07 catalysts [128,153]. Additionally, the radar plot in
Figure 3.25 illustrated the salient feature of as-prepared electrocatalysts towards HER,
OER, and UOR. The computational study best matches with the electrochemical
catalytic activity. Hence, FeoP2O7 presented high conductivity and active electrons and

high adsorption of OH", leading to the facilitation of electrocatalytic activity.

(@) T Co,P0, HER (mV) (b) Co,P,0, UOR (V)
NP0, M1 mavem? Ni,P,0, 1o marem?

Tafel slope
(mVidec)

Figure 3.25: (a-b) Radar plot comparing six figures of merits of as-synthesized

materials towards HER, OER and UOR process.

3.2.6 Electrochemical Supercapacitor performance

After microscopic, phase, and electrocatalyst investigation of the materials, the
detailed performance of the as-synthesized metal pyrophosphate electrodes toward the
electrochemical supercapacitor using cyclic voltammograms, galvanostatic charge-
discharge, electrochemical impedance spectroscopy, and stability. Pyrophosphates
possess excellent chemical stability, indicating better for the long-life challenge of
cycling ability. On the other hand, the electrical harvesting, kinetics of charges, and

holding capacity over a long time have been challenging problems for pyrophosphate
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materials. Herein, we have developed the Ni,P207, Co,P207, and Fe;P2O7 grown on Ni-
foam to increase the overall conductivity of the electrode. Moreover, the synthesized
sample was treated at an optimum temperature during hydrothermal which helped to
grow metal-pyrophosphate without shrinking of material and indicated a strong bond
between the material and the substrates, leading to highly enhanced stability in
electrochemical reactions. For instance, Wang et al. [154] designed marigold flower-
like MnoP>O7 material and further applied it to a Li-ion battery. However, the obtained
material was irreversible at first due to charges consumed to reduce Mn?" ions to the
metallic state and owing to the formation of electrolyte interphase. Later on,
Senthilkumar et al. [61] fabricated a highly porous carbon-based Ni2P>O7 electrode for
supercapacitor application. To promote high conductivity and stability, electrode
material possesses a high-purity phase, morphology, sufficient working potential, and
reversibility. In those terms, they successfully acquired grain-like nanoparticles which
resembled the monoclinic phase of Ni,P2O7 which further enhanced the electrochemical
process. Following to that, Hou ef al. [155] designed promising 1D Co2P>07 nanorods
without any templates and high-temperature calcination as a pseudocapacitive material
for energy storage. The obtained material contains CoOg coordination octahedron phase
with P2O7 groups as an electroactive component for electrochemical activity. In
addition, its magnetic and microwave absorption properties also fascinated that material
for highly stable and reversible supercapacitor devices. Considering all those
parameters, the developed Ni2P>20O7, Co2P207, and Fe;P>07 was projected towards
preliminary CV testing in 3 M KOH electrolyte at various scan rate from 2 to 300 mV/s
in a potential window of 0 to 0.6 V and the outcomes are illustrated in Figure 3.26(a-
¢). CV plot demonstrated pseudocapacitive behaviour of the materials and one

oxidation and reduction peak appeared in Ni2P20O7 and Fe2P20O7 at lower scan rate unless
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Co2P207, having two pair of redox peaks due to two step reversible redox reaction of
Co(II) «» Co(III) and Co(III) «» Co(IV) reactions, respectively. Oxidation peaks where
first peak around 0.3-0.4 V can be ascribed to the oxidation of Co** to Co®" and peak
about 0.45 to 0.55 occurred due to the Co*>* to Co**; all the samples showed stable redox
profile the profound reversibility due to symmetric nature of faradic reaction.
Therefore, the proposed redox mechanism for Ni2P>O7, Co,P207, and Fe,P,O7with

basic electrolyte is described in the equation (3.11-3.14), respectively [47,156—158].

Ni2P207 + 20H™ <> Ni2P2O7(OH), + 2¢ (3.11)
Co2P207 +20H™ <> Co2(OH)2P,07 + 2¢ (3.12)
Co02(OH)2P207 +20H™ «> C020,P207+ 2 H,0 + 2¢ (3.13)
FeoP2O7 +20H™ < FexP2O7(OHY), + 2¢ (3.14)
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Figure 3.26: (a-c) CV voltammogram for the Ni2P207, Co2P20O7, and Fe>P>0O7, at
different scan rates ranging from 2-300 mV/s, respectively, Trasatti plot of (d) 1/C vs
V12 of the Ni2P207, C02P207, and FeaP207, and (e) C vs v’ of NizP207, Co2P207,
and Fe>P>O7, and (e) percentage of capacitance contribution evaluated for the
electrodes based on trasatti analysis.
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The electrode material delineated quasi-reversible reaction which is because of
multiple oxidation states of the Ni, Co, and Fe, here Ni**/Co?*/Fe?" transformed to the
Ni**/Co**/Fe*" during redox process. From the reaction equation (3.11-3.14), inferred
that the pair of redox reaction can be observed at a specified potential range, indicating
reversible reaction. Analogous to the work done by Wang et al. and group, where they
acknowledged that due to lower Pauling electronegativity of P (2.19) enables much
higher conductivity. Therefore, the electronegativity difference of P2O7 anion facilitates
Ni, Co, and Fe and without any further distortion of the CV plots, resembling best
reversibility, enhanced mass transportation, capacitive property, and rate of charge
transfer. Furthermore, the observed distinctive peak at lower rate corresponds to the
pseudocapacitive performance. However, while increasing the scan rate the anodic peak
shifted towards right and cathodic peak to the lower potential due to limited interaction
of OH ions. Thereby, we employed a Trasatti method to identify the charge stored by
the material of the electrodes, either a pseudocapacitive which refers to reversible redox
phenomenon, showing the intercalation or electro absorption of the ions or
electrochemical double layer capacitance (EDLC) formed at the electrode/electrolyte
interface. The equation (3.15-3.17) is involved to study the mechanism behind the CV

curves [159].

1/C=kiv'?+1/Cr (3.15)
C =kov'"? + CepLc (3.16)
Cps = Ct— CepLC (3.17)

where, C signifies areal capacitance, Cr is total capacitance, CepLc symbolizes electrical
double layer capacitance, and Cps infers pseudo capacitance contribution. A plot of 1/C

in function to v'’? as illustrated in Figure 3.26d and a plot of C in function to v’ as
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shown in Figure 3.26e has been analyzed to deduce the EDLC and pseudocapacitance
contribution of the Ni2P2O7, Co2P207, and Fe P27 electrodes. The overall Ceprc and
Cps contribution was illustrated in Figure 3.26f based on Trasatti method, indicating
Ni2P2O7offered high pseudocapacitive behavior of 98% with a least EDLC influence of
2%. However, Co2P207, and Fe;P207 showed pseudo mechanism by 96% and 95% and

EDLC of 4% and 5%, respectively.
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Figure 3.27: (a) Power-law dependence of anodic currents at various scan rates, (b-d)
Diffusion and Capacitive controlled contribution at various scan rates ranging from 2-
100 mV/s for Ni2P207, Co2P207, and FeoP207, (e) Galvanostatic charging-discharging

of the Ni2P>07, and (f) Galvanostatic charging-discharging of the Co,P207.

Overall, the Ni2P,0O7 represented pseudocapacitive dominated material.
Furthermore, to corroborate the kinetic mechanism of the as synthesized materials in
terms of diffusion and capacitive nature by in-depth observation of CV curves at

different scan rates from 2 mV/s to 100 mV/s was taken into consideration. Hence,
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Power law was adopted for further calculations which is described in equation (3.18-

3.19).
= icap + idiff = Cll?b (318)
logi = loga + blogv (3.19)

where 1 is the sum of diffusion-controlled process (igitf) and surface capacitance-
controlled process (icap), v represents scan rate, a and b are adjustable parameters where
predominant charge storage mechanism was ascertained using b-values, as shown in
Figure 3.27a which depicts that all the samples completely reliance on ion diffusion.
In order to further investigate the contribution of both the mechanism, the total capacity
can be quantitively divided into two parts; kiv stands for capacitive effect and kov!’ for
diffusion-controlled effects as according to equation (3.20).
i(V) = lcap + laifr = kav + kov'/? (3.20)
The kiv and kov'? contributions is illustrated for NiaP207, Co2P207, and Fe,P207 from
2 to 100 mV/s of scan rate in Figure 3.27(b-d). At low scan rate of 10 mV/s the kv
and kov'? contributions were 5, 11, and 26% and 95, 89, and 74% for Ni2P207, Co2P207,
and Fe>P,07, respectively, whereas, at 100 mV/s the contributions tuned to 13, 28, and
52% and 87, 72, and 48% for Ni,P>0O7, Co2P207, and Fe;P207, respectively. On the
contrary of both the mechanisms, the diffusion dominated over capacitive nature in
Ni2P,O7 with least involvement of surface capacitance. Therefore, it reflects that the
Ni2P20O7 possess high rate of ingression of anions deep inside the nanomaterial than
regression of the ions. Thus, it takes a longer time to completely discharge of ions out
of the material to the electrolyte. It is clearly visible that the diffusion was responsible
to influence the charge barring property of the material.

Furthermore, the charge holding ability of the electrodes were tested under the

norms of galvanostatic charge-discharge method and was performed at a different
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current density of 1 to 30 mA/cm? ran at a potential window of 0.0 to 0.5 Vina3 M
KOH. Discharge time is the indispensable parameter for the electrochemical
performance for supercapacitor and greater time indicates higher specific capacitance.
The specific capacitance (Cs) of the electrodes was derived by using the discharge
profile of the GCD as shown in Figure 3.27(e-f) and Figure 3.28a, using equation
(3.21) where i is current, At is discharge time drew from GCD plots, cm? is the area of
the electrodes, and Av is the potential window. Herein, the GCD curve is disintegrated
into three pillars: fast potential drop, plateau regime and sharp decay. The pioneer decay
of potential is due to internal resistance, intermediate regime of GCD dedicated to
plateau due to faradic redox reaction where, Ni2P2O7 and Co,P,07 displayed a plateau
region but Fe:P>O7; showed slant nature during discharge, indicating amorphous
behaviour of the material (surface capacitance). The GCD plot at higher current
densities, such as 15, 20, 25 and 30 mA/cm? showed a gradual decrease in the discharge
time as a consequence of increased voltage drop and insufficient active electrode
material took part in redox reactions at higher current densities. The comparative plot
of GCD for Ni,P207, Co2P>07, and Fe,P207 at a specific current density of 1 mA/cm?
was graphed in Figure 3.28b to enumerates the discharge time taken and behaviour of
the curve. At last, in the discharge process, the sudden drop of potential was recorded
which points the formation of double layer on the surface of the electrode.
Specific capacitance = IAt/cm?Av (3.21)
The calculated specific capacitance from the discharge curves is shown in
Figure 3.28¢ in the function of current densities. It was evident that the Ni2P>O7
outcasted better charge holding property with a maximum specific capacitance than
other two samples over different range of current density. In Figure 3.28d bar plot

shows the comparison of specific capacitance at 1 mA/cm?, where greatest discharge
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time corresponds to NizP2O7 acquired highest specific capacitance of 7986 mF/cm?
(7.986 F/cm?) than the Co2P207 (7363 mF/cm?) and Fe,P207 (3745 mF/cm?). Figure
3.28e illustrates the GCD of bare Ni foam, acknowledging highly lower discharge time
than other as-synthesized composites engineered on Ni foam. Bare Ni foam showed
least specific capacitance over different current densities than Ni,P,07, Co2P207, and
FexP>0O5. Very astounding values of Ni2P>O7 is because of the agglomerated crystalline
structured nanoparticles on the Ni-foam which facilitated more grain boundaries and
higher surface area, further improving a more significant number of active sites for OH"
ions. The obtained values for specific capacitance of the three novel electrode materials
are better than the already reported work in the past. For instance, nanosheets of
C0304/CC (400 mF/cm? @ 4 mA/cm?) [160], MnO@C composite (720 mF/cm? @ 4
mA/cm?) [160], nanoneedle arrays of NiC0204 (0.99 F/cm? @ 5.56 mA/cm?),[161] Na-
doped Ni,P207//AC (22 mF/cm? at 1 mA/cm?)[161], NioP207/Co,P207 nanograss array
(2074 F/g @ 5 A/g)[162], Ni3(PO4)2/RGO/Co03(PO4)> composite (1137.2 F/g at 0.5
A/g)[163], MnFe>Ou4/graphene/polyaniline (241 F/g @ 0.5 mA/cm?) [164], C3Na-
1/Ni2P,07 (4.4 F/em? @ 1 mA/cm?) [165], Li2Co2(MoOs)s (1.03 F/cm? @ 1 mA/cm?)
[166], and Coo sNigsDHs/NiC0204/CFP (2.3 F/cm? @ 2 mA/cm?) [167]. In that sense,
the agglomerated micro sheets of the Ni2P2O7 as discussed in SEM with high percent
of Ni element percentage present in the composite as per EDX investigation provided
more Ni for faradic reaction and surface and volume ratio for ease in ions transportation

in bulk.
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Figure 3.28: (a) Galvanostatic charging-discharging of the Fe>P>07, (b) Charge-
discharge plot of NioP,07, Co2P207, and FexP,07 at 1 mA/cm?, (¢) Specific
capacitance values at different current densities, (d) Bar plot comparing specific
capacitance of Ni;P207, Co2P207, and Fe,P,07 at 1 mA/cm?, (e) Galvanostatic
charging-discharging of the bare Ni foam at different current densities, and (f)

Comparing specific capacitance of Ni2P207, Co2P20O7, and FeoP2O7 to bare Ni foam.

To inculcate the further comprehensive understanding on the charge transfer
route and electron transport during the electrochemical process. Therefore, the
electrochemical impedance spectrum was measured at room temperature over a
frequency range of 0.01Hz to 10k Hz in a 10 mV AC amplitude under open circuit
conditions. Figure 3.29a shows the Nyquist plot derived from the EIS data, where the
arc in the high frequency region reflects the reaction occurring at the electrode surface,
corresponding to electron transfer and controls the kinetics of the electrode interface.
Hence charge transfer resistance can be calculated by measuring the radii of the arc;
directly proportional to each other. The charge transfer resistance of the Ni2P207,

C02P207, and Fe,P,07 is 4.05, 5.84, and 20.77 Q/cm?. The associated Randles circuit
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[98] for the Nyquist plot of the as synthesized material was demonstrated in Figure
3.29b. Based on EIS observation, the NioP2O7 is a better electrochemical active material
and a defined slope at a lower frequency region also manifest the excellent ingression
of ions in the electrode material, proposing more efficient charge transport thus,

pointing good capacitive behavior.

Apart from this, the Bode phase angle plot (Figure 3.29¢) was taken into
consideration, which directs the capacitive and inductive nature of the material. If phase
angle is closer to -90°, the material obeys capacitive behaviour and behave as an ideal
capacitor. The phase angle lesser than -90° at lower frequency represents
pseudocapacitive nature[ 168]. Herein, all the synthesized materials lie between -50° to
-60°, confirming their pseudocapacitive trait. Moreover, the charge holding parameter
and frequency correspondence to -45° phase angle is defined as figure of merit for
supercapacitor materials and response time was calculated and it was found that the
Ni2P20O7 acquired the least response time of 5.521 s to transfer charges. However, the
response time (equation (3.22)) for Co2P>O7 and Fe;P207 are 6.765 s and 8.298 s,
respectively. Hence, the less response time and charge transfer resistance of the Ni2P>O7

confirmed the improved kinetics.

The frequency dependent capacitance (C) is a addition of real (C’) and
imaginary capacitance (C"") (equation (3.23))[169]. Under that line, the double layer
capacitance (Cq) was analysed by plotting frequency dependent real capacitance (C")
curve as shown in Figure 3.29d, measured by using equation (3.24), where, Z"" and |Z|
signifies the imaginary part (resistance), and modulus of total impedance, respectively
and recorded that the capacitance value increases from zero to near saturation[170]. The
Cai value for Ni,P2O7 (1.75 F/cm?) is higher than Co2P207, and FeoP>0s, directing
highest power density. Moreover, Figure 3.29e elucidates imaginary capacitance to
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frequency (equation (3.25)), where Z’ is the real part (resistance)), which re-assist the
response time of NioP>O7, Co2P207, and FeoP2O71s 7.722, 11.312, and 13.227 s and
matches the trend of response time calculated by using bode phase angle plot, indicating
Ni2P,O7 offered better energy density. Additionally, the relationship between power and
energy densities were analysed using the Ragone plot in Figure 3.29f. With the niches
in power density, the energy density depreciates. The maximum power density recorded
for NioP,07, Co2P207, and Fe P07 is 6.897, 6.870, and 5.965 mW/cm? and energy
density for the three materials are 0.263, 0.251, and 0.118 mWh/cm?, respectively. Thus
Ni2P207 electrode commanding on power and energy density over other electrodes can

be used for battery-supercapacitor hybrid device [171].

Response time = 1/2nf (3.22)

(f) = C'(f) +iC"(f), wherei = V-1 (3.23)
, _ _~Z'()

W= e (329
" _ _~Z()

"= szr (3.25)
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Figure 3.29: (a) EIS plot of Ni2P2O7, Co2P207, and Fe>P207, (b) Randle circuit
according to Nyquist plot obtained for Ni2P>.O7, Co2P>07, and Fe,P>0O7, (¢) Bode
phase angle for Ni,P207, Co2P207, and Fe;P>O7 at 45°, (d) Real capacitance in
function to frequency, (e) Imaginary capacitance in function to frequency, and (f)

Power density vs energy density of Ni2P2O7, Co2P207, and Fe2P207.

Stability is considered as a crucial parameter for real life application. Thereby,
the cycling stability was carried out for 5000 charge-discharge cycles, Figure 3.30(a-
¢) shows the multiple charge-discharge cycles, capacitance retention and coulombic
efficiency of the Ni2P2O7, Co2P207, and FeaP207, respectively, where Ni2P207 holds
97% of capacitance retention and 100% coulombic efficiency. However, Co2P>O7 and
Fe,P207 illustrated 81% and 76% of capacitance retention with 100% coulombic

efficiency.
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Figure 3.30: (a-c) Stability plot of capacitance retention and coulombic efficiency for
Ni2P207, Co2P207, and Fe;P207, respectively, and (d) Radar plot comparing nine
figures of merit: b-value, specific capacitance (Csp), charge transfer resistance (Rcy),
response time, double layer capacitance (Cai), energy density, power density,

coulombic efficiency, and retention capacity.

The salient features depicted from the Radar plot as displays in Figure 3.30d
and electrochemical observations as follows; (1) The XRD reveals the high
crystallinity of Ni2P2O7 than other samples, (2) EDX showed more percentage
composition of Ni in NizP207 than other transition metals in Co2P207 and Fe;P-07,
exhibiting more conversion of oxidation states of Ni in Ni2P>O7, assisting passivity to
the ions feassibly, (3) thus numerous active sites are provided by Ni2P>O7 and better
diffuison of ions as an effect of less R¢t and response time during electrochemical
reaction, (4) highest value of Ca, Csp, power desnsity, energy density and stability
cordially contributing to reason that NioP»O7 showed improved and best candidate for

supercapacitor application among other pyrophosphates.
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CHAPTER 1V

CONCLUSION

To recapitulate, we have demonstrated the fabrication of novel transition metal
(N1, Co, and Fe) based pyrophosphate in-situ engineered on Ni-foam via hydrothermal
designated strategy. These materials possess micro-structures of agglomerated micro-
particles/plates or flaky morphological architecture. The XRD, XPS, and FT-IR further
confirmed the presence of Ni, Co, Fe, P, and O in the chemical structure of NixP>07,
Co2P207, and Fe;P,07 composites. The prepared composites were tested for
electrochemical fresh and wastewater splitting and supercapacitors. The results
indicated the superior performance of Fe:P>O7 composite towards OER and HER,
displaying the lowest overpotential of 220 and 241 mV at 10 mA/cm?, respectively. In
the sense of splitting of wastewater, UOR was carried out and noticed that the as
prepared samples showed lower Tafel and higher TOF, contributing to least value of
onset potential comparing to OER activity. Thus, The DFT calculations revealed that
Fe:P207 had a higher distribution of DOS over the fermi level than Co2P207 and
Ni2P207, which improved its electronic characteristics and contributed to its superior
electrochemical performances towards OER, HER, and UOR. Furthermore, Ni,P>07,
Co2P207, and FeoP>O7 composites were analysed under the norms of supercapacitor
performance and NixP>O7; achieved highest storage ability with greater specific
capacitance of 7986 mF/cm? at 1 mA/cm? of current density with significantly

improved energy and power density than other samples. This is due to the domination
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of diffusion mechanism. Finally, this work can serve as an approach towards
understanding of electronic alterations in transition metals via pyrophosphate species

to design efficient materials for developing energy conversion and storage.
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