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Abstract

In this thesis, synthesis and characterization of nanoscale alloys and metal oxides along
with their potential application in the field of catalysis have been discussed. The never
ending energy demands provoke to the researchers for the production of clean and
renewable energy via water splitting as a substitute to the fossil fuels. Over recent years,
extensive efforts have been put forward to pursue and design noble-metal-free durable
and low-cost electrocatalysts as alternatives to the commonly used state-of-the-art
electrocatalysts. Here, NiZn alloys were prepared via thermal decomposition technique
through chemical conversion of Ni nanoparticles (NPs) and explored as electrocatalysts
for oxygen evolution reaction. The electrocatalytic activity of NiZn alloy was studied by
tuning the composition of constituent elements, which demonstrated that the ordered
intermetallic NiZn exhibited superior activity compare to the disorder NiZn alloy or only
pure Ni NPs. In a step-wise fashion, novel Ni doped iron oxide (Ni-Fe,O3) nanoclews
were synthesized based on a simple light driven route to boost the electrocatalytic activity
of pristine iron oxide (Fe;O3) nanoclews for oxygen production. Another interesting
finding is the fabrication of Ni-, Co-, and Mn-doped iron oxide nano-parallelepipeds
synthesized via a light assisted solution chemistry pathway without employing any
template molecule to investigate the role of different dopants on the intrinsic property of
the pristine iron oxide parallelepipeds towards oxygen evolution reaction. The other
major finding is the design of new low-cost catalysts for the degradation of toxic organic
pollutants, since their contamination in water has become a serious environmental and
health issues. To address this issue, iron oxyhydroxide nanorods were prepared via a
facile route without employment of any template molecule and used as photocatalyst for
solar light driven photo-Fenton reaction towards the degradation of organic dyes.
Likewise, an efficient and simple approach was developed to fabricate flower-like metal
oxide/noble metal nanocomposites to boost the photocatalytic activity of the pristine
metal oxide for the degradation of refractory pollutants, which further offered an

attractive route in the field of waste water treatment under renewable solar light.

Keywords: Nanoscale alloys and metal oxides, Nanoclews, Nano-parallelepipeds,

Nanorods, Nanocomposites, Electrocatalysis, Photocatalysis.
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Chapter 2

Materials, Instrument and Characterization Techniques

2.1 Materials

All the chemicals were of analytical grade and used without further purification. Nickel
(IMacetylacetonate (95%), oleylamine (OA, 70%), 1-octadecene (90%), trioctylphosphine
(TOP, 90%), diethylzinc (DEZ, 1.0 M in hexane), ruthenium (IV) oxide, nafion,
halloysite nanotubes (HNTS), silver nitrate (99.9999%), sodium borohydride (NaBHa4),
iron (111) chloride, manganese (1) chloride, cobalt (I1) chloride and nickel (11) chloride
were purchased from Sigma-Aldrich. Toluene, ethanol, potassium permanganate
(KMnOg4), hydrogen peroxide, carbon black, hydrochloric acid, sulphuric acid and
sodium azide were obtained from Merck, India. (3-aminopropyl) triethoxysilane (APTES,
97%) was acquired from Alfa Aesar. Sodium hydroxide (NaOH), potassium hydroxide
(KOH), urea, rhodamine B (RhB) and methylene blue (MB) were received from Sisco
Research Laboratory, India. Triethanolamine (TEA), tert-butyl alcohol (t-BA) and
isopropanol were procured from Spectrochem, India. Millipore water was used during all

the experiments.

2.2 Instrument and Characterization Techniques

In order to understand the detailed information of the synthesized nanomaterials, proper
characterization of the synthesized nanomaterials is very essential. The properties of the
nanomaterials are very important to utilize them in different fields. When the dimension
of a material is reduced to nanoscale region, it exhibits different characteristics than that
of its bulk component. Hence, it is very significant to carry out the different

characterization techniques properly to get the precise and clear information about the

28



Chapter 2

prepared nanomaterials. This chapter demonstrates the various experimental techniques
that were used to characterise the prepared nanomaterials. The following characterization

techniques were employed for my thesis work.

2.2.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is one of the most frequently used techniques for
topography and morphological analysis of materials with high resolution and depth of
field than optical microscope. This technique is very useful for the micro- and
nanostructures analysis. Here, a well-focused beam of electrons is focused on a solid
surface of the material and scanned back and forth across the surface of the material.
SEM is based on the thermionic emission of electron beam from an electron gun fitted
with a tungsten filament or lanthanum hexaboride (LaBs) cathode or field-emission
cathode.! First, these electrons pass through a condenser lens and then through an
objective lens and finally reach to the sample surfaces. After the bombarding with the
sample, the high energy electrons reflect back from the surface of the material and give
secondary electrons. The signals from secondary electrons are detected by a detector and
amplified. A simplistic schematic diagram of scanning electron microscope is presented

in Figure 2.1.

Energy dispersive X-ray spectroscopy (EDS) coupled with SEM helps to detect the
elemental composition of the sample. During EDS analysis, the high energy electron
beam collides with the atoms of the sample and knocks off an inner shell electron. The
vacated position due to the ejection of an inner shell electron is eventually occupied by an
outer shell electron. As a result, the transferring outer shell electron must release some of
its energy in the form X-ray. The atoms of every element release X-rays with unique
amounts of energy, which are characteristic of the elements and can be used to identify
the elements present in the sample. The morphology of the material was visualized using
field emission scanning electron microscopy (FESEM: FEI QUANTA FEG 250) after

drop casting a drop of sample solution on a silicon wafer.
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Electron source

B Anode

Condenser lens

Secondary
electron detector Objective lens

K Sample /

Figure 2.1: Schematic diagram of the scanning electron microscope.

2.2.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is one of the most used and adaptable
techniques for the characterization of nanomaterials, when the particle size, shape, and
internal structure are important.? In TEM, a beam of electrons is transmitted through a
specimen to construct an image. Generally, three types of electron guns were used in
transmission electron microscopes, namely, the tungsten cathode, the lanthanum
hexaboride (LaBs) cathode and the field emission gun. In TEM, the electron beam is well
focused using electromagnetic lenses. A simplified diagram of transmission electron
microscope is shown in Figure 2.2. A thin specimen is illuminated using uniform and
high intensity electrons.® The TEM technique is devoted to the analysis of the transmitted
beam. The beam is passed through a series of lenses to obtain image, which is magnified
and focused by an objective lens onto an imaging device, such as a fluorescent screen or

to be detected by a sensor like a CCD camera. In low resolution TEM, the objective
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aperture can be adjusted for selection of the central beam (containing the less-scattered
electrons) or of a particular diffracted (or scattered in any form) beam to form the bright-

field or dark-field image respectively.

Electron source

Condenser lens
Condenser aperture
Sample

Objective lens
Objective aperture

Projector lens

Screen

Figure 2.2: A simplified ray diagram of a transmission electron microscope consists of
an electron source, condenser lens with aperture, specimen, objective lens with aperture,
projector lens and fluorescent screen.

The high-resolution TEM (HRTEM) analysis is very useful to study the faceting,
crystallinity and ordering of nanocrystal. By the use of TEM coupled with selected area
electron diffraction (SAED), we get important information on the crystallographic
direction in the structures. SAED is beneficial to understand the growth kinetics of

nanocrystals and it is used for defect analysis in nanocrystals.*® High resolution
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transmission electron microscopy (HRTEM) and scanning transmission electron
microscopy-energy dispersive spectroscopy (STEM-EDS) elemental mapping analyses
were performed in the transmission electron microscope (TEM: FEI TECNAI G2 F20-
ST) using an accelerating voltage of 200 kV after drop casting a drop of sample solution

on a carbon coated copper grid.

2.2.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a broadly used technique, based on the
photoelectric effect for the structural study of solid surfaces to determine the elemental
composition of a material as well as valence state of the element.®” When the incident
radiation of appropriate energy irradiates on metal surface, electrons are emitted from the
surface. The relation between the energy of the excitation radiation, binding energy of the
electron (work function) of the metal and the maximum kinetic energy of the emitted

electron as proposed by Einstein in 1905 is given below:
hv= Ep + Exin

where, hv is the energy of incident radiation, E, represents the binding energy of the
electron to the particular material (i.e., minimum energy required to remove an electron)
and Exin denotes the Kkinetic energy of the ejected electron. In XPS analysis, we can
measure the kinetic energy of the inner or valence electron ejected by an incident X-ray
photon of known energy (hv). By knowing these values, it is feasible to evaluate the
binding energy (Eb), which is characteristic of the particular material. The chemical
environment of the ion can also affect the electron binding energy. For this reason, XPS
technique not only used to identify the ion but also provided its oxidation state. Work
function of the spectrometer (¢) should be taken into consideration during the calculation
of the kinetic energy of an ejected electron. This work function is an instrument
dependent factor (normally derived as part of a calibration procedure) and defines the

minimum amount of energy needed to move an electron from the Fermi energy level (at
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which Exin = 0) into vacuum. Therefore, the above mentioned equation can be rewritten

as:
Exn=hv-Ep- ¢

This defines the kinetic energy measured by the analyser. Surface analysis by XPS is
accomplished by irradiating a sample with monoenergetic soft X-rays and analysing the
energy of the detected electrons. These photons have limited penetrating power in a solid
of the order of 1-10 um. They interact with atoms in the surface region, causing electrons
to be emitted by the photoelectric effect.

Electron energy analyzer

)

Lens
system Elec.tr(fn XPS
multiplier
spectrum
X-ray detector
source
W)
[ ]
Sample <— Ultra high

vacuum chamber

Pumping system

Figure 2.3: Schematic presentation of an XPS instrument. The X-ray radiation interacts
with the sample and the emitted electrons are focused onto the analyser, which measures
their kinetic energies and indirectly their binding energies.
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A simplified schematic presentation of an XPS instrument is shown in Fig. 2.3. In XPS
instrument, the main components are the high vacuum pumping system, the ionisation
chamber, the X-ray source (ionising radiation), the electron focusing lens, the electron
energy analyser, the electron detector and finally the data acquisition system. XPS
involves an ultra-high vacuum (UHV) chamber (stainless steel) at 10°-101° torr.
Conventionally, Mg Ka (1253.6 eV) or Al Ka (1486.6 eV) X-ray source is used in XPS
instrument. A specimen can be analysed by placing it in vacuum. The electrons emitted
due to the interaction between the X-ray beam with specimen are then focused by a
system of lens to reach the electron energy analyser, which allows measurement of the
energy of the photoelectrons. A potential difference is established between two electrodes
so that only electrons having a certain kinetic energy will reach to the detector (electron

multiplier). The data acquisition system helps to observe the XPS spectrum on a screen.

2.2.4 X-ray Diffraction Spectroscopy

X-ray diffraction (XRD) is a fast and nondestructive technique to understand the
structural properties of materials and gives information about crystal structure or phase,
lattice parameters, crystallite size and orientation of single crystal.®® This technique can
be used for thin films, bulk materials or nanomaterials. In XRD, a monochromatic beam
of incident X-rays strike on a crystalline sample and these x-rays are scattered elastically
by the electrons within the crystal planes. A constructive interference takes place only for
certain 0’s correlating to those (hkl) plane, where path difference is an integral multiple

(n) of wavelength. Based on this, the Bragg’s equation is simply written as:
nd = 2d sin @

where, A is the wavelength of the incident X-ray, d is the interplanar distance, 6 is the
scattering angle and n is an integer-called order of diffraction. These X-ray can penetrate
deep into the material and provide information about the structural arrangement of atoms
and molecules. X-rays are diffracted by the oriented crystallites at a particular angle to

fulfil the Bragg’s condition. As the value of 6 and A is known, one can evaluate the
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interplanar spacing. Basically, powder diffractometers are available in two basic
varieties: i) 8- mode in which the X-ray tube and detector move simultaneously and ii)
6-26 mode, where the X-ray tube is fixed, and the specimen moves at half the rate of the
detector to maintain the 6-26 geometry. Our used diffractometer is a #-26 system. The
detector motion is coupled with the X-ray source in such a way that detector motion
always makes an angle 26 with the incident direction of the X-ray beam. The resulting
XRD spectrum is a plot against the intensity versus 20. A Schematic view of XRD is

presented in Figure 2.4.

/ Normal to surface \

A

Figure 2.4: Schematic presentation of X-ray diffraction in 6-26 mode.

The crystallinity and particle size of the nanoparticles are also experimentally calculated
with the help of X-rays diffraction.'® The particle size can be calculated from the Scherrer

formula;

kA
- Bcos @

where, Kk is the Scherrer’s Constant ~ 0.9, £ is the intensity at FWHM (Full Width at Half

Maximum) in terms of 26 and t is the thickness (particle size). Powder X-ray diffraction
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patterns were recorded on a RIGAKU MiniFlex II powder diffractometer using Cu Ka
radiation (A = 1.5418 A) with 35 kV beam voltage and 15 mA beam current.

2.2.5 UV-Vis Absorption Spectroscopy

UV-Vis spectroscopy is one of the most commonly used techniques to know the
information about the absorption signals of molecules due to the electronic transitions. In
this technique, the UV-Vis spectrometer records the transmitted or reflected light from
the material. This spectroscopy is also known as electronic spectroscopy. The electronic
spectra of molecules are obtained due to the absorption of UV and visible regions of
electromagnetic spectrum by the molecules. It provides the information regarding the
size, shape and degree of aggregation of nanoparticles.'*2 Band gap energy of
semiconducting material can also be determined by using this technique. The UV-Vis
spectrometer can operate in two modes: transmission and reflection mode. In

transmission mode, usually the well-dispersed colloidal NPs in solvent are used.

The optical measurements for opaque thin films and those NPs which are not dispersible
in solvents are recorded in the diffuse reflectance (DRS) mode. Intensity of spectral lines
depends on three main factors: transition probability, population of states and
concentration of the material and path length. The concentration of the sample and path
length is also very important factor for the energy absorption. Based on this, Beer-

Lambert law is often written as:
A =log(ly/I;) = ecl

where, A is the absorbance of the solution, o and It are the intensity of the incident and
transmitted light respectively at a given wavelength, | represents the path length of the
sample and c is the concentration of the absorbing species. ¢ is the molar absorptivity or
extinction coefficient for each species and wavelength. This coefficient is a fundamental
molecular property in a given solvent at a particular temperature and pressure. Basically,

absorbance is directly proportional to the concentration, where the path length and molar
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extinction coefficient are supposed to be constant for the particular measurement. The
schematic presentation of UV-vis spectrophotometer in transmission mode is shown in
Figure 2.5. The UV-vis absorption spectrophotometer instrument uses a Xenon pulse
lamp, which provides a wide wavelength range of 190 to 1100 nm and a dual silicon
diode detector. A holographic grating is used to scan the wavelength. The reference
radiation beam in the spectrophotometer travels from the light source to the detector
without interacting with the sample. On the other hand, the sample radiation beam
interacts with the sample when it travels from the light source to the detector. In the
present work, UV-visible absorption spectra were recorded at room temperature using a
Shimadzu spectrometer (UV-2600) taking the solutions in a 1 cm quartz cuvette. The
UV-visible diffuse reflectance absorption spectrum of the nanocomposites was obtained
using the same spectrophotometer (Shimadzu, Japan) equipped with a diffuse reflectance
accessory.

a N

Reference cuvette

@ ‘
Slit
=

\ Sample cuvette /

Figure 2.5: Schematic presentations of UV-Vis spectrophotometer in transmission mode.
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2.2.6 Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a very effective technique to know the
structural information about the chemical bonding or molecular structure of the
materials.>* IR spectrophotometer comprises of primarily source, monochromator,
beam splitter, mirror and detector. A schematic presentation of a FTIR spectrophotometer
is presented in Figure 2.6. In this technique, the materials are exposed with infrared
radiation that excites the characteristic vibrational modes in the chemically bonded
functional groups present in the material. An IR spectrum demonstrates the fingerprint of
a sample having several absorption peaks which relate to the frequencies of vibrations
between the bonds of the atoms in the material. Therefore, IR spectrum is considered to

be a unique characteristic of the material.

pEssmias i

Fixed mirror

i —_—
Beam splitter ”

IR source

Moving mirror

Detector

Figure 2.6: Schematic presentations of Fourier transform infrared (FTIR)
spectrophotometer.
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IR spectrum appears only when the vibrations among bonded atoms generates a change
in the permanent electric dipole moment of the molecule. Those molecules which have a
permanent electric dipole moment are capable of absorbing IR radiation. Homonuclear or
symmetric diatomic molecules (such as Hz, Oz, Cl etc.) are IR inactive as they do not
have permanent electric dipole moment, whereas, heteronuclear diatomic molecules
(such as CO, HCI, NO etc.) are IR active as they have permanent electric dipole moment.
During this measurement, sample was mixed with KBr powder and pelletized. The
background correction was made using a reference blank of KBr pellet. In my study,
FTIR spectroscopy measurements of the samples were carried out in the range of 500 to
4000 cm* using JASCO FT/IR 6300. All the FTIR spectra were analyzed using KBr

pellets in the transmission mode. No of scans was fixed to 50 with a resolution of 2 cm™.

2.2.7 Surface Area Measurement

The most common technique to determine the surface area of powders and porous
materials is Brunauer-Emmett-Teller (BET) method. In 1938, Stephen Brunauer, Paul
Hugh Emmett and Edward Teller published an article about the BET theory in a journal
for the first time.*® Generally, chemically inert probing gas (nitrogen) is employed as
adsorbates in BET surface area analyzer so that it does not chemically react with the
material surfaces. BET theory points to elucidate the physical adsorption of gas
molecules on a solid surface of the materials. The idea of the theory is an expansion of
the Langmuir theory, which is a theory for monolayer molecular adsorption to multilayer
adsorption with the following assumptions: (a) gas molecules physically adsorb on a solid
in layers infinitely; (b) there is no interaction between each adsorption layer; and (c) the
Langmuir theory can be applied to each layer. The resulting BET equation is expressed

by the following equation:

L _cet(py, L
v[ED-1] " vme (po) Ve
where, p and po are the equilibrium and the saturation pressure of adsorbates at the

temperature of adsorption, v is the adsorbed gas quantity (for example, in volume units)
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and vm is the monolayer adsorbed gas quantity. c is the BET constant. Specific surface
area of our synthesized materials was determined by the BET method using nitrogen

adsorption/desorption isotherms at 77 K with 3flex Micromeritics analyzer.

2.2.8 Zeta-Potential

The measurement of zeta potential of colloidal dispersions is normally performed by
using the technique of micro-electrophoresis. Zeta ({) potential measurement process
basically indicates an indirect measurement of the net charge on the surface of
materials.'® During the measurement, a voltage gradient is applied across a pair of
electrodes at both end of a cell containing the particle dispersion, inducing the movement
of charged particles. Charged particles are attracted to the oppositely charged electrode
and their velocity is measured. The particle velocity at unit external applied field is
expressed as electrophoretic mobility. According to Henry’s equation the measured
electrophoretic mobility (Ug) is converted into - potential. Henry's equation is -

2e{f (ka)
Up ="

where, € and 1 represent the dielectric constant and viscosity of the medium respectively.
f(ka) is the “Henry function”, where o denotes hydrodynamic radius and k is the Debye
parameter, which signify the thickness of the electrical double layer. Zeta potential

measurement was carried out by using Malvern Nano ZS instrument.

2.2.9 Inductively Coupled Plasma Optical Emission Spectrometry

Inductively coupled plasma-optical emission spectrometry (ICP-OES) is a commonly
used analytical technique where the composition of elements in samples (mostly
dissolved in water) can be measured using plasma and a spectrometer.t’” This technique is
also referred to as inductively coupled plasma-atomic emission spectroscopy (ICP-AES).
In this spectroscopic method, inductively coupled plasma was used to produce excited

atoms and ions, which emit electromagnetic radiation. Each element has its own
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distinctive emission spectrum that is measured by a spectrometer. Generally, argon gas is
utilized to produce the plasma. The intensity of this emission is correlated with the
concentration of the element within the sample. ICP-OES analysis was carried out using
the PerkinElmer ICP-OES instrument (PerkinElmer, Inc., Shelton, CT, USA). For ICP-
OES analysis, nanomaterials were dissolved in dilute HCI. Then, the supernatant was

used for the estimation of the concentration of element present in the nanomaterial.

2.2.10 Electrochemical Analysis

For the electrochemical analysis of different prepared materials, a CHI660E
electrochemical workstation (CHI Instruments) was used. All the electrochemical
experiments were carried out in alkaline KOH solution at room temperature by using
conventional three-electrode system, namely, working electrode, reference electrode and
counter electrode. Mainly, cyclic voltammetry (CV), linear sweep voltammetry (LSV),
electrochemical impedance spectroscopy (EIS) and chronoamperometry (CA) techniques
were used for electrochemical analysis. Cyclic voltammetry is an electrochemical
technique to measure the current response of a redox active solution to a linearly cycled
potential sweep between two or more set values. In the course of the potential sweep,
current response is measured against the applied potential. In CV, the voltage is swept
between two potential values (V1 and V>) at a fixed scan rate. During CV, when the
voltage reaches to V2 from V1, the scan is reversed and the voltage is swept back to Vi
from V>. Linear Sweep Voltammetry (LSV) is equivalent to a one-segment cyclic
voltammetry experiment. In LSV, working electrode potential is swept linearly between
initial and final values and current response is measured as a function of potential. From
LSV plot, we can determine the onset potential and Tafel slope. Electrochemical
impedance spectroscopy (EIS) is another vital technique, which uses small amplitude and
alternating current (AC) signal to examine the impedance characteristics of an
electrochemical cell. The AC signal is scanned over a wide range of frequencies to
generate an impedance spectrum for the electrochemical cell. From the EIS study, we get
the well-known Nyquist plot, which represents negative of the imaginary versus the real

parts of the complex impedance of individual electrodes or electrochemical cells. Charge-
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transfer resistance is associated with the semicircle of the Nyquist plot.
Chronoamperometry is a time-dependent procedure in which the current response of the
electrode was monitored with the time. During this method, a constant potential is applied
to the working electrode and current response is observed against time. This technique
was used to check the stability of catalysts.
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Ultra-Small NiZn Intermetallics: A Non-Precious Metal
Catalyst for Efficient Electrocatalysis

3.1 Introduction

The renewable energy-driven or electrochemical water splitting via oxygen evolution
reaction (OER) represents a perfectly green, sustainable and efficient approach for
oxygen production.* They hold a great promise to supply future oxygen demands due to
the enormous source of available water without the emission of any greenhouse gases and
thus became advantageous owing to the environmentally benign approach. Moreover, this
is believed to be a next generation energy solution as an alternative to the carbon-based
energy source, which in turn fascinated to the researchers in developing efficient energy
conversion systems apart from the most commonly used state-of-the-art catalysts 1rO> or
RuO; for OER,>® as their widespread application would be impeded owing to their low
abundance and high cost.” In electrochemical water splitting, OER is the anodic reaction
and its sluggish kinetics have attracted extensive research attention in pursuing and
designing proficient electrocatalysts to expedite the reaction by reducing the

overpotential and hence subsequently boost the energy conversion efficacy.

Nanocrystalline alloys and intermetallics have emerged as a novel class of materials
which are being explored in the development of green sources of energy in fuel cells 83
Li-ion batteries,’*> photocatalysts,'®1® thermoelectric power generation'®?° and in
diverse applications?:?® owing to their robust stability and excellent activity. Since the
discovery of intermetallic compounds, they demonstrate a prominent prospect by playing
a leading role for the fabrication of low-cost high performance potential catalysts.?42°
Conventionally, intermetallics are synthesized via metallurgical techniques that require
high temperature reduction followed by annealing for long period of time?"?® or through

the annealing of nanoparticles (NPs) of a random alloy,?*2° leading to the sintering of the
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particles as well as resulting in the formation of polydisperse particles. Unlike disordered
alloys, ordered intermetallics provide uniform active sites on the same surface plane
owing to their compositional and positional order as well as possess precise control over
the structure accompanied by electronic effects. It is therefore really challenging to get
desired monodisperse intermetallics with high surface area, as it is an important criterion
interrelated to their physical properties that govern their catalytic activity. Interestingly,
tuning of size, structure and composition at the nanoscale dimensions is a key aspect in
persuading a significant impact on their catalytic activity, since their chemical and
physical properties are associated with the electronic states of the constituent metals. The
main objective of the present work is the synthesis of ultra-small intermetallic NPs of
earth abundant transition metals using low temperature solution chemistry approach since
improving the physical properties by means of controlling the size and composition may
lead to the enhanced activity. However, to date, the synthesis of tiny alloys with tunable
composition through low temperature route remains a challenge. Additionally,
developing cost-effective and high-performance electrocatalysts for oxygen production is

of immense importance.

In this chapter, a general route was developed to achieve tiny Ni and corresponding
Nio7Znos and NiZn NPs from the commercially available reagents via a solution-
mediated reaction approach. After characterization by difference physical methods, we
have studied their electrocatalytic activity towards OER in details, indicating that
intermetallic NiZn NPs possess higher catalytic activity than that of Nio.7Zno3s, pure Ni
NPs and even the commercial RuO>. Finally, we have compared the electrocatalytic

efficacy of NiZn with the reported Ni-based electrocatalysts.

3.2 Experimental Section

3.2.1 Synthesis of Ni, NiZn and Nio.7Zno.3 Nanoparticles

The nanoscale metal and alloys were synthesized based on the thermal decomposition of

subsequent metal salts or organometallic compounds in a hot organoamine solvent. All
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reactions were performed under nitrogen atmosphere via standard air-free techniques.
First, Ni NPs were synthesized by the following method. Nickel(Il) acetylacetonate (0.5
mmol) was taken in a mixture of oleylamine (9.25 mmol), octadecene (9.25 mmol) and
trioctylphosphine (9.25 mmol) in a three-necked round-bottom flask. The flask was fitted
with a condenser, rubber septum, thermocouple adaptor, and sheath through which a
thermocouple was inserted. The reaction mixture was degassed at 100 °C for 30 min and
then heated to 220 °C using a heating mantle upon which the color of the solution
gradually changed from blue to black, signifying the formation of Ni NPs. The black
solution was then aged at 220 °C under nitrogen atmosphere for 90 min. The synthesized
particles were collected via centrifugation after addition of acetone-hexane (3:1) mixture.
Finally, the collected particles were redispersed in non-polar organic solvents, like

hexane or toluene and were stable for couple of months.

For the synthesis of NiZn NPs, first Ni NPs were synthesized following the above
mentioned route. Then, the temperature of the reaction mixture containing Ni NPs was
increased to 250 °C. A diethylzinc-oleylamine solution (0.5 mmol) was injected drop-
wise into the reaction mixture once the reaction temperature reached to the desired
temperature and held at that temperature for 30 min. Then, analogous procedure was
followed to collect the NiZn NPs and redispersed in hexane or toluene. For the synthesis
of Nio.7Zno 3 alloy, the amount of diethylzinc solution was changed to 0.18 mmol keeping
all other reaction conditions the same. After characterization, all these as-synthesized
nanoparticles were explored as electrocatalysts for OER study.

3.2.2 Electrochemical Measurement

A CHI660E electrochemical workstation (CHI Instruments) was used for testing the OER
activity of different catalysts. All the electrochemical experiments were carried out at
room temperature in a conventional three-electrode system of an electrochemical
analyzer using glassy carbon (GC) as the working electrode, Hg/HgO (1.0 M KOH) as
the reference electrode and Pt wire as the counter electrode. All potentials were

referenced to the reversible hydrogen electrode (RHE) by the equation: E (vs. RHE) = E
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(vs. Hg/HQO) + 0.098 + 0.059 pH. The GC electrode was polished with 1.0, 0.3 and 0.05
um alumina slurry successively and washed several times with distilled water before
deposition of the catalyst. First, 4.0 mg (30 wt% sample in carbon black) of Ni NPs was
dispersed in a solution mixture containing distilled water (250 pL), isopropanol (250 pL)
and Nafion® solution (1%, 20 pL). Then, the solution mixture was sonicated for 60 min
to make a homogeneous mixture. The working electrode was prepared by drop-casting 15
uL of the sample solution onto the GC electrode (diameter of 3 mm) and dried overnight.
The final loading of all the catalysts on the GC electrode is ~ 0.51 mg cm™2. Linear sweep
voltammetry (LSV) was performed with scan rate of 5 mV s in 1.0 M KOH solution.
Cyclic voltammetry (CV) and chronoamperometry (CA) analyses were done to measure
the electrochemically active surface area (ECSA) and stability of catalysts. The
electrochemical impedance spectroscopy (EIS) was studied in the frequency range of 0.1
Hz - 100 kHz with an AC amplitude of 0.005 V. For the preparation of working electrode
using NiZn, Nio.7Zno3 and commercial RuO; catalysts, similar procedure was followed.
The overpotential (1) for each catalyst was calculated using the following equation: # =
E(RHE) — 1.23 V.

3.3 Results and Discussion
3.3.1. Characterization of the Synthesized Nanoparticles

3.3.1.1 TEM Analysis

Transmission electron microscopy (TEM) was used to characterize the morphology and
composition of the NPs (Figure 3.1). TEM images of Ni NPs demonstrate formation of
monodispersed spherical morphology having particle size of ~3 nm (Figure 3.1 A,B).
After the injection of equimolar diethylzinc (DEZ) to the reaction solution containing Ni
NPs at 250°C, NiZn NPs were formed. TEM micrographs of NiZn NPs shown in Figure
3.1 C,D at different magnifications demonstrated that they retained the spherical
morphology of Ni NPs and the estimated particle size is ~ 4.5 nm. The histograms of
particle size for Ni and corresponding NiZn NPs are presented in Figure 3.2.
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Figure 3.1: TEM micrographs of (A, B) ultra-small Ni NPs and corresponding (C,D)
NiZn NPs at different magnifications.
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Figure 3.2: Histograms of particle size for (A) Ni NPs and corresponding (B) NiZn alloy.
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3.3.1.2 XRD Study

The crystal structure of Ni NPs (Figure 3.3) was examined using powder X-ray
diffraction (XRD) that attributes to the formation of face-centered cubic (fcc) Ni NPs
(PDF No. 03-065-0380). An extremely broad peak corresponding to (111) plane was
observed due to the presence of smaller crystallites and other two peaks corresponding to
(200) and (220) planes were suppressed because of the formation of ultra-small Ni NPs.
It should be noted that there were no diffraction peaks observed in the XRD pattern for
nickel oxides or other phases, indicating the formation of pure fcc Ni NPs. XRD pattern
of NiZn NPs displays the formation of the distinct tetragonal structure associated with the
ordered alloyed NizZn (PDF No. 01-072-2668) without any crystallographic impurities,
obtained with 1:1 of Ni and Zn (Figure 3.3). The observed broad peaks can be assigned to
the characteristic (101) and (110) planes of NiZn respectively, whereas other peaks were

suppressed owing to their tiny size.
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Figure 3.3: XRD patterns of Ni NPs and corresponding NiZn alloy. The simulated XRD
pattern of tetragonal NiZn is also provided.
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3.3.1.3 Composition and STEM-EDS Elemental Mapping Analyses

We have then performed the compositional analysis in NiZn NPs using TEM energy-
dispersive X-ray spectroscopy (TEM-EDS; Figure 3.4.A) and inductively coupled plasma
atomic emission spectroscopy (ICP-OES). The overall Ni/Zn composition in NiZn is
quantitatively determined to be 0.97/1.0 (49.2 and 50.8 atomic wt% of Ni and Zn
respectively). To directly visualize the chemical composition and subsequent distribution
of the constituent elements, scanning transmission electron microscopy-energy dispersive
spectroscopy (STEM-EDS) elemental mapping was performed. The STEM image of
Nizn alloy is illustrated in Figure 3.4.B. The STEM-EDS elemental mapping ascribed

A

Figure 3.4: (A) EDS spectrum of NiZn represents the presence of both Ni and Zn in the
alloy. (B) STEM image of NiZn alloy and the elemental mapping of the Ni (cyan) and Zn
(yellow) in the NiZn alloy.
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that the distribution of Ni and Zn are even throughout the NiZn, further accrediting to the
formation of alloyed structure. Again, the composition of Zn is within the phase
boundary of B-phase,3'? attributing to the ordered NizZn alloys, i.e.; intermetallic NiZn.
No other peaks were observed form the XRD pattern, signifying high purity of the B-
NiZn which was produced due to the substitution of Ni atoms via Zn atoms.

3.3.1.4 XPS Analysis

X-ray photoelectron spectroscopy (XPS) was carried out to understand the elemental
composition and the electronic interaction between the Ni and Zn atoms in NiZn alloy.
The high resolution Ni 2p spectrum (Figure 3.5.A) displays the characteristic spin-orbit
peaks for Ni 2ps2 and Ni 2pi, with their corresponding shake-up satellites.>** The
binding energy (BE) of 852.8 eV for Ni 2ps2 and the BE of 870.2 eV for Ni 2py. are
assigned to the metallic Ni°. Similarly, the fine-scanned Zn 2p spectrum (Figure 3.5.B)
attributes to the existence of two peaks for Zn 2ps;2 and Zn 2py, at 1021.7 and 1044.7 eV
with a BE difference of 23 eV, demonstrating the presence of Zn® in the alloy.3¢3” On the
basis of their BE, it is established that both Ni and Zn are present in the metallic state in
the Nizn alloy. However, a positive shift was noticed for 2ps» and 2pa. peaks for Ni® in
NiZn compare to the pure Ni NPs (Figure 3.5.C). This indicates the modification of the
electronic structure of Ni in NiZn after alloying with Zn.*® All the experimental analyses
and corresponding collective results ascertain the successful synthesis of monodispersed

NiZn alloys under the developed reaction route.
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Figure 3.5: High resolution XPS spectra of (A) Ni 2p and (B) Zn 2p in NiZn alloy,
indicating the existence of metallic Ni° and Zn° in the alloy. (C) XPS spectra of Ni 2p in
Ni NPs and corresponding NiZn alloy.
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3.3.2 Nanoparticle Formation Mechanism

The ultra-small NiZn alloy was synthesized via diffusion-based mechanism which
involved two step procedures. First, Ni NPs were formed by the thermolysis or reduction
of the corresponding precursors in an organoamine solvent at high temperature and then
transformation of that Ni NPs into NiZn intermetallics occurred due to the reaction with
diethylzinc, where organoamines act as reducing agent.3*4° Basically, Zn atoms diffused
into the nanocrystalline Ni and produced NiZn alloy. In our present system, the
morphology of NiZn alloy was templated by the morphology of the corresponding Ni
NPs. Hence, the present synthesis approach provides the formation of uniform spherical
NiZn intermetallics, which may have potential application in energy storage and

conversion owing to their alloyed structure.

3.3.3 OER Activity

Electrocatalytic performance of the various electrocatalysts was investigated with respect
to OER taking 1.0 M KOH aqueous solution (4OH™ — O2 + 2H2O + 4e) in a
conventional three-electrode configuration.* The catalytic properties of the as-
synthesized materials were measured after drop casting the ink uniformly onto a GC
electrode with a loading of ~0.51 mg cm™. The ink contains the desired sample and
carbon black suspended in a mixture of isopropanol, Nafion and water. To compare the
activity of the as-synthesized catalyst, we have also studied the electrocatalytic
performance of a standard OER catalyst, namely RuO with a similar amount of loading

under similar experimental condition.
3.3.3.1 Linear Sweep Voltammetry Study

The OER activity of the samples was first evaluated by linear sweep voltammetry (LSV)
in 1.0 M KOH aqueous solution. Figure 3.6.A demonstrates LSV polarization curves for
all the catalysts, where current density is plotted against potential. Interestingly, ultra-

small Ni NPs exhibit better electrocatalytic activity compare to the commercial RuO..
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We have then studied the OER activity of NiZn alloy NPs and found that they possess
much higher OER activity than that of RuO2 or pure Ni NPs. In an electrocatalytic
reaction, current density is directly proportional to the OER activity of a catalyst. Thus,
the higher current density at a same potential signifies faster OER kinetics. In our system,
the current densities at the same potential are always higher for NiZn alloys. To reach the
current density of 10 mA cm, the required overpotential (77:0) was calculated from LSV
curve, which is 343, 332 and 283 mV for RuO2, Ni and NiZn respectively. Hence, the
obtained 70 for all the catalyst is in the order of RuO2>> Ni> NiZn. To gain further
insights into the OER kinetics, Tafel slope was assessed from the following equation;*?
n = b log(j/jo), where 7 indicates overpotential, b represents tafel slope, j and jo are the
current density and exchange current density respectively. The Tafel slope of NiZn was
estimated to be 73 mV dec, which is lower than that of Ni (85 mV dec?) and even RuO>
(92 mV dec?) as shown in Figure 3.6.B, indicating much faster OER kinetics of NiZn
alloy, demonstrating prominent oxygen evolution activity of NiZn compare to only Ni or
RuO:..
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Figure 3.6: OER activity of NiZn alloy, Ni NPs and RuO2. (A) LSV curves of Ni, NiZn
and RuO; at a scan rate of 5 mV s, (B) Tafel plots of all the catalysts.
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3.3.3.2 Electrochemical Impedance Spectroscopy (EIS)

The electrochemical impedance spectroscopy (EIS) was performed at a potential of 10
mA cm (o) for all the catalysts to understand the charge transfer phenomenon between
the catalyst and electrolyte as well as to ascribe the OER Kinetics of the catalyst. The
semicircle of Nyquist plot (Figure 3.7) is associated to the charge-transfer resistance (Rct).
The corresponding equivalent circuit diagram was shown in the inset of Figure 3.7, where
Rs is solution resistance and Rt is the charge-transfer resistance; CPE represents constant-
phase element. It is important to note that lowering of R is a crucial parameter for a
catalyst from the both scientific and practical viewpoint. The smaller Rt of NiZn (22 Q)
compared to only Ni NPs (51.5 Q) acquired from Nyquist plot reveals that faster rate of
electron transfer occurred in NiZn, which in turn facilitates the OER process. The faster
electron transfer is owing to the synergistic effect of Ni and Zn in NiZn alloy, resulting in

the excellent electrocatalytic activity of Nizn.
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Figure 3.7: Nyquist plots of OER for Ni and NiZn (AC impedance data were acquired at
n1o potential for both catalysts). Inset of Figure 3C is the corresponding equivalent circuit
diagram.
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3.3.3.3 Electrochemically Active Surface Area (ECSA)

Electrochemically active surface area (ECSA) is another important factor which regulates
the intrinsic activity of an electrocatalyst. The ECSA was calculated from its Caqi
according to this equation: ECSA = Cal/Cs, where Cs is the specific capacitance for a flat
standard with 1 cm2 of real surface area. The common value for Cs is between 20 uF cm”
2 and 60 pF cm™. Generally, 40 uF cm™ is considered as the average value of Cs. First,
double-layer capacitance (Ca)) was measured for the estimation of the ECSA of a catalyst
using scan-rate dependent CVs in a non-Faradaic region,**#4 as they are proportional to
each other. The Cq was calculated by performing simple CVs at different scan rates,
ranging from 10 to 50 mV s, in the non-Faradaic region in a narrow potential window
from 1.1 to 1.2 V vs RHE (Figure 3.8). By plotting the half of the capacitive current
density differences (A] = janode — Jcathode) at 1.15 V 1.e.; Aj/2 against the scan rate and
fitting with a linear fit, Cqi can be estimated from the slope as shown in Figure 3.9. The
Cai value of NiZn and Ni is 1.84 and 0.98 mF cm respectively. The larger Ca value of
NiZn (1.84 mF cm) than that of Ni (0.98 mF cm™) attributes to the higher ECSA of

NiZn, which contributes to an enhanced electrocatalytic activity of NiZn alloy.
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Figure 3.8: Cyclic voltammograms (CVs) of (A) Ni and (B) NiZn measured at different
scan rates from 10 to 50 mV s,
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Figure 3.9: Half of the capacitive current density differences (Aj/2) of Ni and NiZn
plotted against scan rates, where the double layer capacitance (Ca) is equivalent to the
linear slope.

3.3.3.4 Stability Test

Stability and long-standing durability are the pressing necessities for the practical
application of any designed electrocatalysts. To demonstrate their stability, potentiostatic
analysis of NiZn at an overpotential of n10 was carried out for prolonged period of time,
indicating almost no change in the current density even after 16 h (Figure 3.10.A).
Furthermore, NiZn shows almost unchanged onset potential analogous to the as-
deposited fresh catalyst in the LSV curve after continuous OER at 710 for a long period of
time (Figure 3.10.B). Both the analyses point to the excellent stability as well as

durability of NiZn even after repetitive usage.

56



Chapter 3

—
th

80

A ——NiZn B

—— As-deposited
60 After 16 h

—
=

Current Density (mA cm z)
4 w
Current Density (mA em 2)

th

=
1

=
N

2 4 6 8 10 12 14 ) 1.4 1.6 1.8
Time (hours) Potential (V vs. RHE)

=
ot
=)
—
W]

Figure 3.10: (A) i-t curve of NiZn electrocatalyst for OER up to 16 h at ni. (B) NiZn
shows almost unchanged LSV curve after continuous OER for 16 h analogous to the as-
deposited fresh NiZn catalyst.

3.3.3.5 Post OER Study

Besides electrochemical stability, TEM analysis of NiZn alloy was performed after OER
study, which revealed their intact morphology even after the longer chronoamperometry
study (Figure 3.11). Then, XPS analysis was performed on NiZn after OER process to
demonstrate if there is any chemical change. From the XPS spectra of NiZn alloy, it was
noticed that along with the metallic Ni® (852.8 eV for Ni 2pss2) and Zn° (1021.7 eV for Zn
2p32) states, their oxides are also present. The deconvolution of high resolution Ni 2p
spectrum (Figure 3.12.A) demonstrates the new peaks for Ni 2ps/2 at 855.7 eV and for Ni
2p12 at 873.5 eV, suggesting the formation of Ni?* with the metallic Ni°.* Similarly, high
resolution Zn 2p spectrum (Figure 3.12.B) indicates the presence of Zn?* along with the
metallic Zn°, as the new peaks are observed at 1022.3 eV and 1045.1 eV for Zn 2paz2 and
Zn 2piz respectively.*® Although TEM analysis demonstrates their unaltered
morphology, XPS analysis suggests a slight oxidation of NiZn alloy after prolonged
electrochemical study.
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Figure 3.11: TEM micrographs of NiZn intermetallics at two different magnifications
after prolonged chronoamperometry analysis.
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Figure 3.12: XPS spectra of (A) Ni 2p and (B) Zn 2p of NiZn alloy after OER study.

3.3.3.6 Tuning of Composition of the Alloy

It is then interesting to us to study the electrochemical properties of the alloy upon tuning
the composition of the constituents. To check this phenomenon, we have prepared
nanoscale fcc Nio.7Zno 3 alloy (PDF No. 01-072-2672) with similar size by changing the
reaction condition (Figure 3.13.A, B). The overall composition of Ni and Zn in Nig7Zno3
alloy is quantitatively assessed to be 74.0 and 26.0 atomic wt% of Ni and Zn respectively
via ICP-OES analysis. Nio.7Zno.3 shows an overpotential (710) of 320 mV which is bit
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lower than that of pure Ni NPs but much higher compare to intermetallic NiZn (shown in
Figure 3.14.A, B). The estimated overpotential and Tafel slope for all the catalysts are
summarized in Table 3.1. All these results signifies that the OER activity is sensitive to
the atomic ordering and composition of the alloy, leading to the superior activity of order
NiZn intermetallics than that of disorder Nio.7Zno3 alloy.
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Figure 3.13: (A) TEM micrograph of Nio.7Zno3s alloy. (B) XRD patterns of fcc Ni NPs
and corresponding fcc Nio.7Zno.3 and tetragonal NiZn alloys.

~30 0.5 ——
o . B

E NiZn

[ * NiZn, a
<% el oy Laed
= /““
401 0.3 M dec
£ el "

=

201

- 0.2

2

=

O | . : 0.1 : - . ,

1.2 1.4 1.6 1.§ 0.6 0.8 1.0 1.2 1.4 1.6
Potential (V vs. RHE) log [j (mA cm'z)]

Figure 3.14: (A) LSV curves of Ni, Nio7Znos and NiZn at a scan rate of 5 mV s?in 1.0
M KOH solution and their corresponding (B) Tafel slopes indicate much faster OER
kinetics of NiZn intermetallics.
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Table 3.1: A summary of overpotentials and Tafel slopes for all the catalysts.

Catalysts Overpotential (77,9 [mMV] Tafel Slope [mV dec?]
RuO:2 343 92
Ni 332 85
Nio.7Zno3s 320 82
NiZn 283 73

3.3.3.7 OER Mechanism

In the present system, the diffusion of Zn atoms into the nanocrystalline Ni is the key
aspect to enhance the catalytic performances of NiZn alloy. The higher OER activity of
the NiZn alloy is associated with the increase in the ECSA together with the intrinsic
catalytic activity of Ni as well as the possible synergistic effect between the Ni and Zn
metals. The 2p and valence electrons of Ni in case of NiZn alloys shift toward Zn,3%4748
resulting in the charge transfer from Ni to Zn and subsequently making the Ni centre
slightly positive. Here, Ni is the active center whereas Zn acts as a promoter in NiZn

alloy during OER process. Consequently, the OER reaction proceeds very fast via Ni

Figure 3.15: Schematic representation of oxygen evolution electrocatalysis in the surface
of NiZn alloy. (Ni and Zn centers in NiZn are shown as blue and violet color spheres
respectively).
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centre in NiZn alloy, as schematically ascribed in Figure 3.15. Basically, upon alloying of
Zn into Ni, a modification of the electronic structure of Ni tailored by Zn takes place in
the alloy. Furthermore, ordered alloys provide uniform active sites on the same surface
plane owing to their compositional and positional order, in addition to the precise control
over the structure accompanied by electronic effects.

3.3.3.8 Comparison of Electrocatalytic Activity

Finally, we have compared the electrocatalytic activity of order NiZn alloy with the
previously reported Ni-based OER catalysts, as shown in Table 3.2 The as-synthesized
NiZn possesses superior electrocatalytic activity towards OER compared to the reported
catalysts. In a nutshell, based on the electrocatalytic activity as well as comparison with
the expensive conventional electrocatalysts or even several reported electrocatalysts, our
overall study demonstrated that intermetallic NiZn NPs can be considered as an effective

electrocatalyst for oxygen production.

Table 3.2: OER activity of order NiZn alloy was compared with the reported Ni based
electrocatalysts.

Catalysts Electrolyte Overpotential Tafel Slope | References
(mV)at10mA | (mV dec?)
cm-

NiCo LDHs/GC 367 40 49
NiC0204/CNTs 390 68.1 50
NiCo-LDH 335 41 51
NiC02S4 (I) 337 64 52
Fe-Ni-Ox/GC ; 286 48 53
NiFe/CNx 2 360 59 54
Fe-mCo0304/GC 380 60 55
NizoFe7C020Ces30x/GC 410 70 56
NiMo hollow nanorod 310 47 57
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NiCo-LDH 420 113 58
NiCoP NPs 360 82 59
NiC0204 360 60 60
NiS@N/S-C 417 48 61
Ni@C-400 NSs 330 145 62
NixFe3—~O4 402 53 63
NiZn 283 73 This work

3.4 Conclusions

In conclusion, an efficient synthesis of ultra-small NiZn intermetallics was demonstrated
via thermolysis of corresponding metal precursors in a mixture of hot organic solvents.
The present synthetic strategy comprises of chemical conversion of preformed metal NPs
into alloys at low temperature via reaction with another metal precursor. The current
finding also demonstrates that the Ni NPs act as a precursor to prepare NiZn alloy
keeping the morphology intact even during the transformation of metal to the alloy,
attributing to a general synthesis pathway to make ultra-small M-Zn intermetallics. The
intermetallic NiZn NPs exhibits enhanced electrocatalytic activity and excellent stability
towards OER than Nio.7Zno3, pure fcc Ni or RuO2. The present study demonstrates that
activity of the alloys upsurges from the composition of the constituents which govern
their OER performances. The superior electrocatalytic efficiency of NiZn is ascribed to
the modification of the electronic structure of Ni upon incorporation of Zn, together with
the atomic scale synergistic effect produced from Ni and Zn in NiZn alloy. Thus, the
novelties of our work lie in the controlled fabrication of monodisperse tiny alloys of NiZn
having excellent OER activity compared to the expensive conventional as well as several
reported electrocatalysts. Our findings also suggest that catalysts with superior activity
can be developed by engineering the composition of the constituent metals during
fabrication of desired alloyed nanoparticles.
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Doping of Ni in Iron Oxide Nanoclews to Boost Oxygen
Evolution Electrocatalysis

4.1 Introduction

The never ending energy demands provoke to the researchers for the production of clean
and renewable energy via water splitting as a substitute to the fossil fuels, resulting in a
challenging direction to pursue and subsequently design of efficient and renewable
energy conversion systems.}? However, the fabrication of promising water splitting
systems is limited from being of practical use to date owing to the sluggish kinetics of the
anodic oxygen evolution reaction (OER) that proceeds via a multistep four proton-
coupled electron transfer procedure.>* An effective electrocatalyst is therefore the
pressing need to diminish the overpotential, which in turn overcomes the kinetic barrier
and accelerates the OER reaction. Currently, the most active and widely used OER
catalysts are RuOz and IrO, but their large-scale application is restricted owing to the
high cost, scarcity as well as poor stability in alkali electrolytes, in which they oxidized to

IrO3 and RuQ4 respectively and finally dissolved in solution.>®

Over the recent years, extensive efforts have been put forward in pursuing and designing
noble metal free durable and low-cost OER catalysts as alternatives, including transition
metals,”® metal oxides, 212 phosphides,**° layered double hydroxides,®'® metal
dichalcogenides,'®?! heteroatom doped carbon matrix?%2° and so on. Significantly, among
the numerous catalysts, transition metal oxides are one of the important classes of
materials which possess different oxidation states and coordination environments,?6-2
resulting in tunable electrocatalytic OER activity together with long-term stability in
alkaline condition. Iron based oxides are fascinating materials from both fundamental and

technological relevance. They have triggered considerable attention to the researchers on
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account of their intriguing properties, abundance in earth, environmentally benign, ease
to make, controllable morphology and superb stability.?3! Although extensive research
work has been performed on the synthesis of numerous iron oxide nanostructures,
however, their application is limited by tedious and expensive synthetic procedures.
Thus, their widespread application in the varied field is yet to be achieved. Alternatively,
iron oxide nanomaterials synthesized through a light-driven solution chemistry approach
may be an attractive method due to cost-effectiveness, large-scale production together

with mostly ease of preparation.

However, OER activity of pure iron oxide based catalysts is far beyond the expectation as
they demonstrate poor conductivity®>3* and thus needs further improvement. Innovation
of materials with new chemical composition always becomes a fascinating way in the
cutting edge research in materials science, but tuning of the electronic structure of
developed materials is another aspect in altering their chemico-physical properties for
optimization of their catalytic activities. Interestingly, doping is an effective and
profound way to improve the OER activity of catalysts,>3” most probably due to the
change in their electronic structure along with improved electrical conductivity upon

inclusion of dopants in catalysts.

In this chapter, a unique synthesis route was demonstrated to prepare a-Fe2O3 nanoclews
using a simple light-driven solution chemistry route without using any template molecule
and the as-prepared nanoclews were explored as an OER electrocatalyst. To boost the
catalytic activity, Ni was doped in a-Fe2O3 nanoclews, resulting in the formation of Ni-
Fe>O3 with analogous morphology. Elemental mapping indicates uniform distribution of
Ni with the basic elements (Fe and O) throughout the nanoclews, providing more exposed
catalytic active sites owing to their uniqgue morphology. An outstanding OER activity
with an enduring structural and morphological stability of the Ni-Fe.O3 nanoclews has

been demonstrated in details and compared with the present-day OER catalyst.
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4.2 Experimental Section

4.2.1 Synthesis of Fe203 Nanoclews

The Fe2O3 nanoclews were synthesized based on the following route. First, 1.0 mmol of
iron (1) chloride was dissolved in a glass vial containing 7.0 ml of Millipore water.
Then, NaOH solution (3 wt%; 3.0 mL) was added drop-wise into the iron (I11) chloride
solution and the whole reaction mixture was stirred well for 10 min. Next, the glass vial
was closed tightly and kept for 24 h under the visible light. The reaction temperature was
maintained to 90 °C throughout the reaction. Once the reaction was completed, the
product was collected by centrifugation. To remove NaOH and unreacted iron (l11)
chloride if any, the obtained product was washed with Millipore water for several times.

After air-drying, the product was collected to carry out the experiments.
4.2.2 Synthesis of Ni Doped Fe203 Nanoclews

For the synthesis of Ni doped Fe>Os nanoclews (denoted as Ni-Fe2Oz), first Fe;Os
nanoclews (0.1 g) were added in a glass vial containing 0.2 mmol of nickel (I1) chloride
dissolved in Millipore water (7.0 mL). Then, NaOH solution (3 wt%; 3.0 mL) was added
drop-wise into the aforesaid reaction mixture. In a similar fashion, the glass vial
containing the mixture solution was kept for 24 h under the visible light as mentioned
earlier. The product was obtained via centrifugation after washing with Millipore water.

The product was dried in air and used to study the OER performance.
4.2.3. Electrochemical Experiment

All the electrochemical experiments were performed in a conventional three-electrode
system of an electrochemical workstation (CHI 660E) at room temperature using
Ag/AgCI (saturated KCI solution) as the reference electrode, Pt wire as the counter
electrode and glassy carbon (GC) as the working electrode. All potentials were
referenced to the reversible hydrogen electrode (RHE) by the equation: E (vs. RHE) = E
(vs. Ag/AgCI) + 0.197 + 0.059 pH. Typically, 4.0 mg (30 wt% sample in carbon black) of
Fe>O3 nanoclews was dispersed in the mixed solution containing distilled water (250 pL),
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isopropanol (250 uL) and Nafion® solution (1%, 20 uL), followed by sonication for at
least 60 min to form a homogeneous mixture. The working electrode was then prepared
by drop-casting 20 uL of the mixture solution onto the glassy carbon (GC) electrode with
a diameter of 3 mm and dried overnight in air. Before deposition of the catalyst, the GC
electrode was polished with 1.0, 0.3 and 0.05 um alumina slurry successively and washed
several times with distilled water. The final loading for all catalysts on the GC electrode
is about 0.68 mg cm™. Linear sweep voltammetry (LSV) with scan rate of 5 mV s was
conducted in 1.0 M KOH solution. The electrochemical impedance spectroscopy (EIS)
was carried out in the frequency range of 0.1 Hz to 100 kHz with an AC amplitude of
0.005 V. Similar procedure was followed for the preparation of working electrode using
Ni-Fe203 and standard RuO> catalysts. Based on the following equation, overpotential (1)
was calculated for each catalyst: = E(RHE) — 1.23 V.

4.3 Results and Discussion

4.3.1 Characterization of Fe203 and Ni-Fe203 Nanoclews

The synthesis of Fe2Oz nanostructures was carried out through a light-driven route via
decomposition of an aqueous solution of iron (I1) chloride under alkaline condition
without using any template molecule. We have then prepared Ni-Fe>O3 nanostructures to

enhance the catalytic performance of Fe2O3 nanostructures.
4.3.1.1 FESEM and TEM Analyses of Pristine Fe203 Nanoclews

The morphology of Fe>Os nanostructures was characterized by field emission scanning
electron microscopy (FESEM) and transmission electron microscopy (TEM), presented
in Figure 4.1. The FESEM images demonstrated the formation of clew-like morphology
of Fe;Os as illustrated in Figure 4.1.A-C. At high magnification, it was observed that the
nanoclews are made up of assemblies of tiny nanorods, oriented in a panoramic
morphology (Figure 4.1.C). TEM images (Figure 4.1.D,E) also attribute to the formation
of clew-like morphology of Fe>Os with size of 150 = 10 nm. The high resolution TEM
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(HRTEM) image presented in Figure 4.1.F, specifies well-resolved lattice fringes with

spacing of 0.25 nm owing to the (110) planes of a-Fe2Oa.

200 nm

Figure 4.1: (A-C) FESEM and (D,E) TEM images of Fe>O3 nanostructures demonstrated

the formation of clew-like morphology. (F) HRTEM image represents formation of
Fe20s.
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Figure 4.2: EDS spectrum of Fe>O3 nanoclews indicates the presence of Fe and O in the
nanoclews.
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4.3.1.2 EDS Analysis of Fe203 Nanoclews

The X-ray energy dispersive spectrum (EDS) of Fe2Oz nanoclews was presented in
Figure 4.2. The spectrum clearly suggested that the nanoclews are composed of Fe and O

only.

4.3.1.3 FESEM and TEM Micrographs of Ni-Fe203 Nanoclews

To analyze the size and morphology after Ni doping, FESEM and TEM analyses were
performed, shown in Figure 4.3. FESEM images of the Ni-Fe.O3 nanoclews (Figure
4.3.A,B) demonstrate their unaltered morphology or size even after Ni doping. TEM
images further ascribed to the formation of clew-like morphology of Ni-Fe2O3 with no

change in their size (Figure 4.3.C,D).

200 nm

Figure 4.3: (A,B) FESEM and (C,D) TEM images of Ni-Fe>Os nanoclews at different
magnifications.
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4.3.1.4 EDS and ICP-OES Analyses

EDS spectrum of Ni-Fe>O3 nanoclews also demonstrates that the nanoclews are made up
of Fe, O, and Ni (Figure 4.4). The concentration of doped Ni in Ni-Fe2O3 was assessed to
be 7.22 wt% via inductively coupled plasma optical emission spectrometry (ICP-OES)
analysis. The elemental composition acquired by EDS analysis indicated that 7.36 wt%
Ni was doped in Ni-Fe2O3 nanoclews (with an atomic ratio of 1 : 5.7 for Ni to Fe), which

is accordance with the ICP-OES analysis.
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Figure 4.4: EDS spectrum of Ni-Fe2Os nanoclews demonstrates the existence of Ni
along with Fe and O in the nanoclews.

4.3.1.5 STEM-EDS Elemental Mapping of Ni-Fe20O3 Nanoclews

To directly envisage the Ni-doping in Fe2Oz nanoclews, scanning transmission electron
microscopy-energy dispersive spectroscopy (STEM-EDS) elemental mapping was
carried out. STEM image of Ni-Fe>Os nanoclews is presented in Figure 4.5. The
elemental mapping of Ni- Fe2Os nanoclews clearly attributes to the presence of Ni with
Fe and O, where Ni is homogeneously distributed throughout the nanoclews. Thus,

elemental analysis signifies the uniform doping of Ni within the entire Fe2O3 nanoclews.
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Figure 4.5: STEM image of Ni-Fe>Oz nanoclews and their corresponding elemental

maps, demonstrating homogeneous dist

4.3.1.6 XRD Analysis

ribution of Ni with Fe and O in the nanoclews.

The crystal structure of Fe2Os nanoclews was characterized by X-ray diffraction (XRD)

study. All the diffraction peaks (Figure

4.6) can be assigned to (012), (104), (110), (113),

(024) and (116) of a-phase of Fe,Os with a rhombohedral crystal structure (JCPDS No.

33-06664). XRD pattern further authenticates successful synthesis of a-Fe2O3 nanoclews,

as no signals for iron hydroxides, othe

XRD pattern of Ni-Fe2Oz nanoclews is

r oxides or impurities were noticed. Interestingly,

analogous to that of a-Fe,Oz without the presence

of any additional phases for Ni. Only a shift of reflections to the lower 26 angles occurs

after doping, suggesting the complete incorporation of Ni atoms into the Fe,Os lattice.
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of a-Fe203 and Ni-Fe2O3 nanoclews.
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4.3.1.7 FTIR Study

Fourier transform infrared (FTIR) spectra indicate the existence of two bands at 3342 and
1643 cm™ for the stretching and bending vibrations of hydroxyl groups or water
molecules in both a-Fe2O3 and Ni-Fe2Os nanoclews (Figure 4.7). Apart from these bands,
two distinct absorption peaks at 574 and 475 cm™ were observed for the Fe-O band
vibrations of a-Fe203,%83° which shift to the lower frequency region to 535 and 463 cm™
respectively as a result of Ni doping into the Fe>Os lattice, confirming to the formation of

Ni-Fe»O3 nanoclews.%®
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Figure 4.7: FTIR spectra of pristine a-Fe.O3 and after Ni doping in a-Fe2O3 nanoclews.

4.3.1.8 XPS Analysis

To gain insight into the elemental compositions of the surface as well as valence states of
Ni-Fe2O3 nanoclews, X-ray photoelectron spectroscopy (XPS) was carried out (Figure
4.8). XPS analysis further confirms the signature of Ni, Fe and O in Ni-Fe>O3 nanoclews.
In Ni 2p high resolution spectrum (Figure 4.8.A), the main peak at 855.6 eV with a
satellite at 861.3 eV accredited to Ni 2p3 and the peak at 873.3 eV with a satellite at

879.2 eV pointed to Ni 2Py, ascribing to the distinctive nickel species, i.e.; Ni?* ion. 404!
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Likewise, the fine scanned Fe 2p spectrum (Figure 4.8.B) indicates the presence of two
peaks for Fe 2ps2 and Fe 2p12 with a binding energy difference of 13.8 eV (pink line),
attributing to the presence of Fe®*. The electron binding energies of Fe 2ps/, at 709.3 and
Fe 2p1 at 723.1 eV along with the satellite peaks at 717.7 and 731.1 eV corroborate to
the signature of Fe®** as a primary existence form in the nanoclews.*?** However, peaks
observed at 706.7 and 722.1 eV (blue line) demonstrate the coexistence of a low concentration of
Fe*2. The O 1s spectra were deconvoluted into four characteristic peaks at 529.4, 530.4,
531.2 and 531.9 eV respectively (Figure 4.8.C). The observed peaks are due to the
oxygen atoms bound to iron (529.4 eV), surface-adsorbed oxygen or hydroxyl groups
may be due to substitution of O atoms by hydroxyl groups (530.4 eV), defect sites having
low oxygen coordination (531.2 eV), along with physisorbed/chemisorbed molecular
water at the surface (531.9 eV) respectively.® All the aforesaid experimental analyses and
succeeding collective results ascertain the successful doping of Ni into a-FeO3
nanoclews, ensuing in the formation of Ni-Fe>Os, which may find potential application in

energy storage and conversion because of their high surface activity.
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Figure 4.8: XPS analysis for Ni-Fe-O3z nanoclews; (A) Ni 2p, (B) Fe 2p and (C) O 1s
region of Ni-Fe2O3 nanoclews.
4.3.2 OER Activity

Transition metal based nanoclews comprised of assemblies of tiny nanorods are expected
to hold rich and tunable electronic properties which may be fascinating to pursue their

application as an efficient OER catalyst. The intrinsic catalytic activity of both pristine
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Fe>O3 and Ni-Fe2O3 nanoclews was demonstrated in alkaline solutions (1.0 M KOH) in a
standard three-electrode system. The catalytic behavior of the synthesized materials was
tested on a deposited ink (~0.68 mg cm™) containing the sample and carbon black
suspended in a mixture of Nafion, isopropanol and water. To assess the performance of
synthesized catalyst, we have measured the electrocatalytic activity of a standard OER

catalyst, commercial RuO2 on carbon black with similar loading of ~0.68 mg cm™.

4.3.2.1 Linear Sweep Voltammetry (LSV) and Electrochemical Impedance
Spectroscopy (EIS)

In the present study, Fe>Os nanoclews possess moderate OER efficiency, exhibiting
lesser activity than that of commercial RuO». Electrocatalytic activity of Fe2O3 nanoclews
was then tuned by Ni doping. However, upon Ni doping on Fe>Os, Ni-Fe2O3 nanoclews
demonstrate much higher OER activity compare to Fe.Oz and even the commercial
RuO,. The required overpotential to achieve the current density of 10 mA cm (1) was
estimated from linear sweep voltammetry (LSV) curve (Figure 4.9.A). This is the
decisive factor to assess the OER activity of a catalyst. It was found that Ni-Fe,O3 shows
overpotential of 277 mV which is exceptionally low compare to 440 mV obtained for
pristine Fe>Os, whereas it is 360 mV for RuO: catalyst. Overpotential at different current
densities (e.g.; nio, M2s and nso) for Ni-Fe2Os, pristine Fe;Os and RuO- is presented in
Figure 4.9.B and Table 1. Likewise, a smaller Tafel slope is the pressing need for a
catalyst from practical as well as economical viewpoint. Tafel slope basically determines
the OER kinetics and also demonstrates the impact of potential on the steady state current
density. Tafel plot was obtained from #n = b log(j/jo), where # represents the
overpotential, b is the Tafel slope, j and jo represent current density and exchange current
density respectively.* The Tafel slope shown in Figure 4.9.C was measured to be 68 mV
dec? for Ni-Fe;Os, whereas a higher Tafel slope of 134 mV dec? was achieved for
Fe2Os. The lower Tafel slope of Ni-FeoOz even compared to the state-of-the art
RuOcatalyst (96 mV dec™) confirms that the doped structure has enhanced ionic and
electronic conductivities which facilitate the catalytic process in a better way, accrediting
Ni-Fe.O3 nanoclews as an efficient electrocatalyst. Overpotential and Tafel slope are
summarized for each catalyst in Table 4.1.
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Figure 4.9: Electrochemical activity of Ni-Fe:Os as compared to pristine Fe2Os
nanoclews and RuO,. (A) LSV polarization curves at a scan rate 5 mV s and (B)
corresponding overpotential required for j = 10 (110), 25 (n25) and 50 (ns0) MA cm2 for
Ni-Fe2O3, pristine Fe;O3 and RuO: respectively. (C) Tafel plots of Ni-Fe.O3, Fe2O3 and
RuO; respectively. (D) Nyquist plots of OER on Ni-Fe.O3 and Fe;O3z (AC impedance
data were acquired at the potential of 10 mA cm™),

Table 4.1: Overpotential and Tafel slope for Ni-Fe203, Fe2O3 and RuOa.

Catalysts Overpotential (mV) Tafel slope (mV
n10 n25 150 dec)
RuO:2 360 431 522 96
Fe203 440 544 630 134
Ni-Fe203 277 311 354 68
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To gain insight into the charge transfer behavior between the catalyst and electrolyte,
electrochemical impedance spectroscopy (EIS) was done, since charge transfer is an
important feature to evaluate the catalytic property. The EIS were taken at a potential of
10 mA cm (n10) for all the catalyst. The Nyquist plot for Fe,O3 and Ni-Fe,O3 is shown
in Figure 4.9.D. Charge transfer resistance (Rc) was evaluated by fitting the acquired
impedance data to an equivalent circuit (inset of Figure 4.9.D). In the equivalent circuit,
Cou is the double layer capacitance, whereas Rs and R are solution resistance and charge
transfer resistance respectively. W and Q are Warburg impedance and constant phase
element respectively. From the Nyquist plots, it was observed that Ni-Fe;O3 has lowest
Ret value compared to Fe»Os, as doped nanoclews bear the smallest semicircle. Fitting
parameters acquired from the EIS data for all the electrocatalysts are illustrated in Table
4.2. The lower Rt of Ni-Fe203 (26.5 Q) compared to pristine Fe;O3 (118 Q) demonstrates
that a high rate of electron transfer occurred for Ni-Fe,O3, which directly relates to the
OER process. The faster electron transfer is due to the synergistic effect from the multiple

transition metals, resulting in higher electrocatalytic activity of Ni-Fe.Oz nanoclews.

Table 4.2: Fitting parameters acquired from the EIS data for both the electrocatalysts
during OER.

Electrocatalysts Rs Ret CoL Warburg Constant Phase
Qcem?) | (Qcem?) [ (mFcm?) | Impedance (W) Element (Q)
Fe203 7.8 118 0.11 0.0008 0.1456
Ni-Fe203 13.4 26.5 1.7 0.0109 4.0 x 10°

4.3.2.2 Electrochemically Active Surface Area (ECSA)

The electrochemically active surface area (ECSA), a pivotal factor in electrochemistry, is
related to the activity of a catalyst. ECSA has been calculated for all the catalysts (Figure
4.10) on the basis of scan-rate dependent cyclic voltammetric experiments using Randles-

Sevcik equation.*® The equation is : ip = 2.69 x 10° n®2 A ¢ DY2v2, where, i, represents
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Figure 4.10: Cyclic voltammograms (CVs) of (A) Fe20Ogz, (B) RuO2 and (C) Ni-Fe2Os3 at
different scan rate. The linear plots of peak current vs. the square root of the scan rate for
the estimation of ECSA of (D) Fe203, (E) RuO2 and (F) Ni-Fe20a.

the peak current, n is the number of transferred electrons (n = 1), A indicates ECSA, c is

the concentration of the electrolyte, D is the diffusion coefficient of Oz in 1.0 M KOH
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and it is 1.8x10° cm?s,% and v is the potential sweep rate. The ECSA (A) could be
determined from the slope of the i, vs V2 plot. We have considered the reduction peak
for the quantitative determination of ECSA. The ECSA were found to be 0.044, 0.065
and 0.069 cm? for Fe,Os, RuO and Ni-Fe;Os respectively.

4.3.2.3 Stability Test of Ni-Fe203 Nanoclews

The stability of the catalysts was further studied at an overpotential of 710 for 10 h, since
it is another essential criterion in developing a promising OER catalyst. Almost similar
current density was noticed even after 10 h (Figure 4.11.A), signifying the outstanding
stability and durability of Ni-Fe>Oz nanoclews under cycling conditions. The LSV curve
of Ni-Fe,0j3 after continuous OER for 10 h at 10 mA cm (Figure 4.11.B) exhibits to the

similar onset potential acquired with the fresh as-deposited catalyst.
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Figure 4.11: (A) i-t curve of Ni-Fe2O3 nanoclews at 710 potential for 10 h. (B) LSV plots
of Ni-Fe;O3 nanoclews before and after prolonged OER analysis for 10 h at 10 mA cm,

4.3.2.4 Post OER Study

Apart from the electrochemical stability of Ni-Fe>Os, FESEM and TEM analyses were
also performed after OER study, which demonstrate that there is no alteration in their
morphology even under the applied anodic potentials for prolonged time (Figure 4.12).

Similarly, we have performed XPS analysis on Ni-Fe.Os after OER process to
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demonstrate the chemical change if any, shown in Figure 4.13. XPS spectra of Ni-Fe;O3
nanoclews after chronoamperometry indicate the presence of Ni?* along with new peaks
for Ni%*, as shown in Figure 4.13.A, ascribing the formation of NiOOH after OER
study.*’#8 However, the high resolution XPS spectrum of Fe 2p attributes to the
characteristic peaks for Fe** similar to our earlier observation before electrocatalytic
performance, without any alteration of the binding energy (Figure 4.13.B). The
deconvolution of O 1s spectrum clearly authenticates different oxygen environments as
observed earlier. However, an increase in the intensity of O2 and O4 peaks was seen
(Figure 4.13.C) due to surface-adsorbed oxygen or hydroxyl groups and adsorption of

molecular water respectively during the prolonged chronoamperometric analysis.*®

500 nm

Figure 4.12: (A) FESEM and (B) TEM images of Ni-Fe>O3 nanoclews after OER study,
representing no alteration of morphology even after prolonged usage.
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Figure 4.13: XPS spectra of (A) Ni 2p, (B) Fe 2p and (C) O 1s region of Ni-Fe;O3
nanoclews after prolonged OER study.

84



Chapter 4

4.3.2.5 Comparison of Electrocatalytic Activity of Ni-Fe203 Nanoclews

Owing to Ni doping, Ni-Fe2O3 nanoclews demonstrate superb electrocatalytic activity.
The electrocatalytic activity was compared with previously reported non-noble metal
based electrocatalysts as shown in Table 4.3. Ni-Fe;O3 exhibits much better

electrocatalytic activity compare to the other reported OER catalysts.

Table 4.3: OER activity of Ni-Fe>O3 nanoclews was demonstrated in associated with the
reported non-noble metal based electrocatalysts.

Catalysts Electrolyte | Overpotential | Tafel Slope | References
(mV) at (mV dec?)
10 mA cm?
CP@FeP 350 64 50
Fe-mCo304/GC 380 60 51
C0304/NiC0204/GC 340 88 52
Co304/graphene 360 67 53
Co(So0.71S€0.29)2 283 86 54
CoMn-LDH/GC 324 43 55
CoO/NG/GC 341 71 56
Fe-Ni-Ox/GC T 286 48 57
NiCo LDHs/GC Q 367 40 58
NiFeCr LDH E 280 130 59
C0304/SWNT - 580 104 60
Fe-NisS2/FeNi 282 54 61
CoMnP 330 61 62
NiC0204/CNTs 390 68.1 63
CoCr204/CNT 326 51 64
NiCo-LDH 335 41 65
Ni-Fe203 277 68 Present
Work
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4.3.2.6 OER Mechanism

In order to achieve OER electrocatalysts with excellent performances, it is imperative to
have exposed active sites to the electrolytes. Owing to the unique clew-like morphology,
it provides more exposed catalytic active sites. During OER process, an oxidative
transformation occurred on to the surface of the nanoclews, resulting in the formation of
in situ-generated oxidized species that may be responsible for the high electrochemical
performance. Upon Ni-doping in pristine Fe2Ogs, it improves the activity by enhancing
conductivity as well as playing a complementary role during OER. From the
microstructural analysis, it was evident that Ni ions are being intercalated into the
nanoclews that could effectively transfer electrons at the electrode-electrolyte interface,
leading to a superior OER activity. Again, Ni sites with oxygen vacancies are believed to
be the most effective in reducing the overpotential during OER process.3#%¢ Oxygen
vacancies can upsurge the conductivity of the catalyst by delocalizing electrons around
the vacancies, leading to an easy electron transfer during OER. Additionally, Ni sites
with oxygen vacancies are expected to be more accessible to the OH™ ions, which in turn
assist the oxygen evolution. It is important to note that the defect sites having low oxygen
coordination are directly associated to the catalyst activity.” From the XPS analysis, it
was evident that the nanoclews possess defect sites with low oxygen coordination. These
evolved oxygen defects on the catalyst surfaces function as charge traps and further assist
as an adsorption site, which helps to transfer the charge to the adsorbed species, which in
turn helps to enhance the catalytic activity. Thus, the electrochemical analyses of Ni-
Fe>O3 nanoclews pointed to the formation of an excellent electrocatalyst with high OER
activity as well as sustainability under basic medium than that of Fe-O3 or even the state-

of-the-art RuO: catalyst.

4.4 Conclusions

In summary, we demonstrated the facile synthesis of Ni-Fe.O3 nanoclews based on a

light-aided solution chemistry approach through Ni doping in Fe;Os. The exceptional
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OER activity with structural and morphological stability of Ni-Fe2O3 has been achieved
by virtue of their clew-like morphology, comprising of tiny nanorods with uniform
distribution of constituent elements. Because of such unique morphology, it provides
more exposed active sites and the atomic scale synergistic effect arising from Ni and Fe
contributes to a superior intrinsic catalytic activity of Ni-Fe2O3z nanoclews. Moreover, Ni
sites with oxygen vacancies significantly increase the number of surface active sites
followed by reactivity, attributing to the excellent catalytic activity of Ni-Fe2Os3, leaving
behind most of the reported iron oxide based or even state-of-the-art RuO:
electrocatalysts. The present findings not only provide a general approach to make
proficient electrocatalysts using earth-abundant elements but also point to the potential

aspects of doping in metal oxides, which in turn tune their energy conversion efficiency.
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Solution-Processed Nanoscale Metal Doped Iron Oxide
(M-Fe2O3; M = Mn, Co and Ni) Parallelepipeds for
Enhanced Oxygen Evolution

5.1 Introduction

The growing energy demands and subsequent environmental pollution by means of
human activity and industrial revolution has encouraged to the researchers in exploring
the innovative renewable energy resources together with the fabrication of device for the
energy conversion and storage. Consequently, during last few decades’ global interest has
been directed to the design of sustainable green energy system with high efficiency and
stability as an alternative to the fossil fuels.!® Development of less expensive
electrocatalyst based on the earth abundant metals is really challenging task to the
researchers for catalyzing the electrocatalysis by lowering the energy barrier.

Oxygen evolution reaction (OER) being a multiple electron transfer procedures involves
a high activation energy barrier.”® To accelerate the reaction, designing of
electrocatalysts having outstanding OER performances is desirable but very much
challenging. OER is a half-cell reaction in water electrocatalysis and it is kinetically
sluggish reaction involving four electron transfer process.®!' Noble metal based
electrocatalysts mainly IrO2 and RuO> are considered as very efficient state of the art
electrocatalysts for OER but their uses are limited due to their scarceness, high price, and
comparatively low stability in alkali electrolytes due to oxidation to IrOz and RuOs
respectively.'>!3 Ideally the desirable catalyst for OER must possesses high activity with
low overpotential, good stability and durability along with less expenses and large earth

abundance.

Among various electrocatalysts, transition metal-based materials are cost effective,

largely available on earth and exhibit different oxidation states, which make them as the
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most effective candidates for oxygen evolution reaction. They showed promising
electrocatalytic activity in different forms, like oxides,***" (oxy) hydroxide,'® layered

doble hydroxide,'®?® phosphides,??? dichalcogenides,?>?* perovskites,?®

metal organic
frameworks?%?’ etc. Iron based oxide materials received great attention due to their earth
abundance, non-toxicity, superb stability?®?° but their application in OER as
electrocatalyst is limited because of their poor conductivity.>*3! As the electronic
structure and number of active sites play an important role on catalytic performances,32°
thus, improvement of their electronic structure and number of active sites are effective
way to enhance their conductivity as well as chemico-physical properties for
electrocatalysis. There are many approaches to boost the catalytic efficacy of a catalyst,
by providing more active sites with large surface area, like incorporation of foreign
element or doping,33" defect engineering,® designing hybrid materials®*® etc. Among
them doping is an effective process to boost electrocatalytic activity typically by
incorporating another atom into the lattice of metal oxide.**4!* After doping, dopant can
tune the electronic structure of the catalyst by increasing charge carrier density as well as
electrical conductivity and further enhance the active sites. There are several methods
reported for doping, such as chemical vapor deposition,*? electro-deposition,*® spin
coating,* spray pyrolysis* etc. Although researchers have extensively carried out doping
by the aforesaid procedures, however to the best of our knowledge, doping of transition
metals in metal oxides through low temperature light driven route has not been studied
and thus may be an alternative pathway because of its simplicity and effectiveness.

In this chapter, a facile synthesis route was designed to prepare different transition metals
doped iron oxide parallelepipeds via a light driven bottom-up chemistry approach
deprived of any template molecule. For this purpose, we have successfully prepared iron
oxide (Fe203), Ni doped iron oxide (Ni-Fe203), Co doped iron oxide (Co-Fe203) and Mn
doped iron oxide (Mn-Fe,O3) nanostructures. After detailed characterization, we have
explored them as electrocatalyst in basic medium for OER and compared their OER
activity. Among all the as-prepared catalysts, Ni-Fe>O3z shows highest activity and

stability during oxygen production.
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5.2 Experimental Section

5.2.1 Synthesis of M-Doped Fe:O3 (M = Mn, Co and Ni) and Pristine Fe2Os
Nanostructures

Different transition metal doped M-Fe>Os nanostructures have been prepared through a
novel procedure based on a low temperature light driven hydrothermal process. First, 1.0
mmol of FeClz and 0.1 mmol of NiCl, were dissolved in 7.5 mL of double distilled water
in a beaker. Then, 2.5 mL of NaOH solution (3.0 w/v %) was added to the above solution
and the entire solution mixture was sonicated for 30 minutes to make it uniform. Next,
the whole solution mixture was transferred into a glass vial and the mouth of the vial was
sealed tightly and placed under visible light for 24 hours. The temperature of the system
was maintained at 90 °C for entire reaction time. After the completion of the reaction, the
precipitated product was collected by centrifugation and washed properly with distilled
water. After air-drying, the product was collected for further study and denoted as Ni-
Fe>Os. Similarly, Co doped Fe203 (Co-Fe203) and Mn doped Fe2O3 (Mn-Fe203)
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Scheme 5.1: Schematic presentation of the synthesis of nanoscale M-Fe;O3z (M = Mn, Co
and Ni) parallelepipeds for oxygen production.
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nanostructures were synthesized under identical reaction conditions taking CoCl> and
MnCI: respectively as precursors in place of NiCl.. For the synthesis of pristine Fe>Os
nanostructures, only FeClz was used, keeping all the reaction conditions unaltered. All the
synthesized products were then characterized by different techniques and used them as
electrocatalyst for oxygen evolution reaction. Scheme 5.1 represents the synthesis of

nanoscale M-Fe2Os (M = Mn, Co and Ni) parallelepipeds for oxygen production.
5.2.2 Electrochemical Experiment

Electrocatalytic activity was investigated using an electrochemical analyzer (CHI 660E
instrument) with a standard three electrodes system in 1.0 M KOH solution for OER at
room temperature. For this purpose, we have taken glassy carbon electrode as working
electrode, alkaline Hg/HgO (1.0 M KOH) as reference electrode and platinum wire as
counter electrode. All potentials were converted with respect to the reversible hydrogen
electrode (RHE) as following equation, E (vs. RHE) = E (vs. Hg/HgO) + 0.098 + 0.059
pH and overpotential (r) was calculated as » = E (vs. RHE) — 1.23 V. The catalyst ink
was prepared using the following process. First, 4.0 mg of Mn-Fe>O3 (30 wt% sample in
carbon black) was dispersed in a mixture of 0.25 mL double distilled water and 0.25 mL
of isopropanol. Then, 20 pL of Nafion solution (1%) was added to the above mixture as a
binder and sonicated the solution mixture for 60 minutes to prepare a homogenous
solution. Next, 15 pL of the catalyst ink (homogenous solution mixture) was loaded
uniformly onto the glassy carbon electrode having diameter 3.0 mm and air dried for
overnight. The final catalyst loading is about 54 mg cm onto GC electrode. Similar
procedures were maintained in making the working electrode for Fe;Os, Co-Fe;O3 and
Ni-Fe2O3 as electrocatalysts. The polarization curves were measured at a scan rate of 5
mV st in 1.0 M KOH solution. We evaluated the Tafel slopes from the LSV curves by
plotting the overpotential against log (current density). Cyclic voltammetry (CV) analysis
was performed at varied scan rates to calculate the electrochemically active surface area
(ESCA). Chronoamperometry technique was used to check the electrochemical stability
of the catalyst. AC impedance was recorded at the frequency range of 0.1 Hz to 100 kHz
with an AC amplitude of 5 mV.
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5.3 Results and Discussion

5.3.1 Characterization of Pristine Fe:O3 and M-Fe20s (M = Mn, Co and Ni)
Nanostructures

5.3.1.1 FESEM and TEM Analyses of Pristine Fe2O3 Nanostructures

Field emission scanning electron microscopy (FESEM) and transmission electron
microscopy (TEM) analyses were carried out to visualize the size and morphology of the
synthesized nanomaterials. We observed the formation of hierarchical parallelepiped-like
morphology of pristine Fe;O3, having size ~ 340 nm (Figure 5.1). TEM analysis also
ascertained the parallelepiped-like morphology of Fe>Os within the nano regime. A closer
look to the morphology clearly authenticated that hierarchical parallelepipeds (PPs) were
evolved due to assembly of several small nanorods of Fe;O3 (Figure 5.1.D).

500 nm

Figure 5.1: (A,B) FESEM and (C,D) TEM micrographs of Fe»Os nanostructures,
indicating the formation of hierarchical parallelepiped-like morphology. High
magnification TEM micrograph (1D) again corroborated the hierarchical parallelepiped-
like morphology of Fe2O3 due to assembly of several small nanorods of Fe2Oa.
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5.3.1.2 FESEM and TEM Analyses of Different M-Fe203 Nanostructures

Likewise, we noticed analogous hierarchical parallelepiped-like morphology for all the
synthesized metal doped M-Fe>Os without any alteration in their size or morphology.
Figure 5.2 (A-B, D-E, G-H) demonstrated the FESEM images of different M-Fe;O3
nanostructures, having parallelepipeds-like morphology. The formation of nanoscale

parallelepipeds was further observed from TEM analysis, as shown in Figure 5.2 (C, F,

o

Figure 5.2: FESEM images of (A,B) Mn-Fe20s, (D,E) Co-Fe2Os and (G,H) Ni-Fe20s
nanostructures and their respective TEM images shown in (C) Mn-Fe2O3, (F) Co-Fe203
and (I) Ni-Fe20s, representing the formation of hierarchical parallelepiped-like
morphology.
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5.3.1.3 EDS and ICP-OES Analyses

 Energy(keV) *° a2 o B * Energy (keV) °

‘ Energy (keV) * J 1 =) * Energy (keV) *°

Figure 5.3: EDS spectra of (A) Fe2.Oz and different M-Fe>Os parallelepipeds namely, (B)
Mn-Fe20s3, (C) Co-Fe203 and (D) Ni-Fe20a.

EDS spectrum of Fe.O3z parallelepipeds corroborated to the existence of Fe and O,
presented in Figure 5.3.A. The presence of each dopant (Mn, Co and Ni) was found along
with the basic elements Fe and O in M-Fe2O3 PPs from their respective EDS spectrum,
Figure 5.3.B-D. The concentration of each doped metal in M-Fe,O3 was estimated
through inductively coupled plasma optical emission spectrometry (ICP-OES) analysis.
The elemental compositions achieved by the EDS analysis were in a good agreement
with the data achieved via ICP-OES analysis for all the samples (Table 5.1).
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Table 5.1: The elemental compositions acquired by the EDS and ICP-OES analyses for
different M-Fe,O3 parallelepipeds.

Catalyst W1t% of dopants Wit% of dopants
(from EDAX analysis) (ICP-OES analysis)
Mn-Fe203 4.46 (Mn) 4.53 (Mn)
Co-Fe203 4.51 (Co) 4.39 (Co)
Ni-Fe203 4.59 (Ni) 4.47 (Ni)

Ni

Figure 5.4: STEM images and elemental maps of (A) Mn-Fe2Os3, (B) Co-Fe-O3 and (C)
Ni-Fe2O3 parallelepipeds, demonstrating uniform distribution of dopant throughout the
parallelepiped framework with the constituents Fe and O. (D) STEM image of a bunch of
Ni-Fe>O3 parallelepipeds. (E) XRD patterns of pristine Fe>O3 and all the M-Fe2Os

parallelepipeds.

100



Chapter 5

5.3.1.4 STEM-EDS Elemental Mapping Analysis

To visualize the distribution of dopants in M-Fe;Os nanostructures, we performed
scanning transmission electron microscopy-energy dispersive spectroscopy (STEM-EDS)
elemental mapping on each sample (Figure 5.4). Elemental mapping with color contrast
suggested the uniform distribution of dopant together with other constituents all over the
parallelepiped nanostructures. The existence of Mn, Co and Ni in Mn-Fe203, Co-Fe203
and Ni-Fe,Oz3 respectively was illustrated in Figure 5.4.A-C, indicating that each doped
metal was homogeneously distributed throughout the parallelepipeds along with the main
elements Fe and O in M-Fe2O3 PPs.

5.3.1.5 XRD Study

Figure 5.5 demonstrated the XRD patterns of pristine Fe.O3 and M-Fe2O3 PPs. The
diffraction peaks of the as-obtained Fe,O3z PPs could be indexed to the a-phase of Fe20Os
with a rhombohedral crystal structure, owing to the presence of (012), (104), (110), (113),
(024) and (116) planes (JCPDS No. 33-06664). It was further evident that the XRD
patterns of M-Fe2O3 PPs remained unaltered and were similar to that of a-Fe2O3z. No
extra peaks were observed for any dopants, however, only the position of the peaks was
slightly shifted towards the lower angle, clearly representing the incorporation of the
dopants (Mn, Co and Ni) into the Fe.O3 lattice.

Intensity (a.u.)

20 30 40 50 60 70
20 (Degree)

Figure 5.5: XRD patterns of pristine Fe>O3 and all the M-Fe>O3 PPs.
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5.3.1.6 XPS Analysis

X-ray photoelectron spectroscopy (XPS) analysis was carried out to know the valence
states and surface chemical compositions of doped structures. XPS analysis performed on
M-Fe>O3 PPs (Figure 5.6) further authenticated the existence of dopants along with O and
Fe in M-Fe2Oz3. The fine spectrum of Mn 2p exhibited two characteristics peaks at 640.9
and 652.4 eV for Mn 2ps2 and Mn2p1/, respectively, ascribing to the signature of Mn(l1),
as shown in Figure 5.6.A.%647 The high resolution spectrum of Fe 2p presented in Figure
5.6.B consisted of two peaks at 710.2 and 724.5eV, attributed to the Fe2pz, and Fe 2p1s
respectively, confirming the signature of Fe(lll) as the main form present in the
nanostructure.’®4° However, peaks noticed at 709.1 and 722.6 eV revealed the
coexistence of a low concentration of Fe(ll) in the parallelepipeds. In Figure 5.6.C, the
fined scanned O 1s spectrum was deconvoluted into four characteristic peaks, namely O1,
02, O3 and O4. The O1 (5294 eV) and 02 (530.1 eV) peaks were
obtained/observed/achieved owing to the oxygen atoms bound to iron and surface-
adsorbed oxygen or oxygen atoms of hydroxyl groups respectively. The O3 (531.2 eV)
and O4 (531.9 eV) peaks were appeared for defect sites because of the low oxygen
coordination and physisorbed or chemisorbed water molecules over their surfaces
respectively.® Hence, all XPS results obtained for Mn-Fe;Os indicated successfully
doping of Mn into the Fe>Os PPs. Likewise, we have carried out the XPS analysis on Co-
Fe>Os as illustrated in Figure 5.6.D-F. In the high resolution spectrum of Co 2p, two
individual peaks were observed at 780.7 and 796.7 eV with an energy separation of
around 16.0 eV for Co 2ps. and Co 2pi12, which was indicative of Co (11).>1°? Besides
Co(Il), signature of Fe(ll1) and O were noticed in Co-Fe>O3 and were analogous as found
previously in Mn-Fe;O3 system. Figure 5.6.G-I described the XPS spectra of Ni-Fe2Oa. In
the high resolution spectrum of Ni 2p, the observed peaks at 855.6 and 873.3 eV
ascertained Ni 2ps;2 and Ni 2p1 respectively, pointing to the presence of Ni(ll) in Ni-
Fe,Os apart from the existence of Fe(lll) and 0.53°* The aforesaid characterization and
subsequent combined results ensured the successful fabrication of M-Fe,Os PPs, which

would be explored as an efficient electrocatalyst for energy storage and conversion.
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