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PREFACE

The thesis is divided into two parts. Part- 1 focuses on the direct synthesis of hydrogen
peroxide using bimetallic NiPd catalysts. Part- 2 deals with electrocatalysis like hydrogen
and oxygen evolution reactions, oxygen reduction reaction using high surface area

transition metal based phosphides and bimetallic NiPd nanostructures.
Part- 1:

Chapter- 1 gives brief introduction about different synthesis techniques for hydrogen
peroxide production and their advantages and disadvantages related to the processes. Also,
the experimental techniques and brief catalysts background for the direct synthesis of H,0>

are also discussed in this chapter.

Chapter- 2 deals with self-supported, bimetallic NiPd nanostructures for direct synthesis
of H20, from molecular H> and Oz in normal pressure conditions. The catalyst exhibits
unusually high, three times higher than the normal activity compared to monometallic Pd
nanocatalyst. The catalyst also shows high selectivity for H,O> with maximum value of

95% and very long life time, 72h, with high activity in acidic condition.

Chapter- 3 describes about the NiPd nanoparticles supported on activated carbon for direct
synthesis of H2O> in normal as well as high pressure conditions. NiPd catalyst shows
improvement in its catalytic activity in presence of very little amount of Pt (0.2 wt. %
respect to support) as a promoter. The NiPd catalyst in presence of Pt shows one of the best
catalytic performance for this reaction among monometallic Pd, bimetallic NiPd. The
catalyst shows recyclability up to 5" cycle (total 40h) in normal pressure without losing its

initial activity.
Part- 2:

Chapter- 4 discusses about the brief introduction on water splitting and fuel cell
technologies as next generation energy resources in near future. This chapter also talks
about the costly noble metals, transition metal based electrocatalysts for water splitting
reactions (hydrogen and oxygen evolution reactions) and oxygen reduction reaction

(mainly employed in fuel cell).

Chapter- 5 describes about a new simple synthetic route to obtain high surface area

bimetallic phosphide catalysts, NiCoP (with various Ni and Co compositions) which act as

~viiY



an efficient electrocatalyst for oxygen evolution reaction (OER) under alkaline conditions
as well as for hydrogen evolution reaction (HER) in both alkaline and acidic medium. The
bimetallic Nio2CoogP catalyst shows one of the best performances for OER under alkaline
conditions among all the phosphides reported so far in the literature.

Chapter- 6 introduces a novel approach of rapid synthesis of bimetallic NiPd nanostructure
by simple NaBHa reduction followed by a quick dissolution in presence of HCI and H.O».
The bimetallic NiPd catalyst shows very high surface area of 136 m? gm™ and excellent
performance for both hydrogen evolution and oxygen reduction reactions which is almost

equivalent to state-of-the-art catalyst, Pt/C.

Chapter- 7 demonstrates a new methodology to quantify the amount of metallic Ni present
in the mixed nickel hydroxide/nickel and also to synthesize bimetallic NiPd (with desired
loading of Pd) on Ni(OH)2 by simple galvanic replacement of Ni with Pd at different time
periods. The nanostructured catalysts prepared by galvanic reaction shows better

electrocatalytic activity towards methanol oxidation than commercial Pd/C.

Chapter- 8 gives the summary and conclusion of the thesis.

~ viii ™
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Chapter - 1

Introduction to direct synthesis of hydrogen peroxide

Summary:

The direct synthesis of hydrogen peroxide from molecular Hz and O is one of the most
important chemical reactions from the industrial point of view. This route is a great
alternative to existing anthraquinone (AQ) process which is used commercially for the
production of H.O. AQ process produces a lot of environmental hazards and needs to be
replaced by some other greener synthetic route like direct pathway from molecular H; and
O>. Several advantages and disadvantages related to both the processes are discussed
briefly along with other different synthetic routes for H>O, synthesis. Also, the experimental
techniques and brief catalyst background for the direct synthesis are described in this

chapter.
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Direct synthesis of hydrogen peroxide

1.1. Introduction:

Hydrogen peroxide (H202) was first discovered in 1818 by Louis-Jacques Thernard! and it
was first synthesized by the hydrolysis of barium peroxide with sulfuric acid. Since its
discovery, H20> is one of the most important chemical widely used in industrial application
and for environmental remediation. It is the most promising environment friendly and
chlorine free oxidizing agent as its byproduct is only water and therefore extensively used
in many large-scale practical applications such as pulp and paper bleaching technologies,
textile industries, detergent applications, waste water treatment, electronics industries,

medical applications and many other chemical oxidation reactions (Figure 1.1).2

Paper and
pulp bleaching
Metallurgy Chemical
synthesis
Medical H.O Waste water
applications 2™2 treatment

Electronics v Textile

i industr
industry Detergents y

Figure 1.1: Principal applications of hydrogen peroxide.

Currently, H20; is produced mainly via anthraquinone auto-oxidation (AO) process.® 4 This
method is mainly applicable for a large scale synthesis of H202 (35-40 wt. %), whereas 3-
8 wt. % is only required for practical applications.> However, this large scale production
suffers from the significant safety issues during transportation of huge amount of H>O>
from one place to another.® Besides, this process is not considered as green process as a
large amount of toxic solvents are used during the synthesis and also hazardous side

products are produced. So, as an alternative pathway, direct synthesis of H.O. can be
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carried out from molecular hydrogen and oxygen in presence of heterogeneous catalyst in
an efficient and economical way which is also considered as an environment friendly
process. Though, the direct synthesis of H2O2 from molecular H2 and Oz looks simple, the
major challenges associated with the direct combination of Hz and O are the hydrogenation
and decomposition of formed H2O. in presence of the catalysts, and non-selective

formation of H>O as shown in the Scheme 1.1.7

Formation

H, + 0, (-136 kimol?)

H,0 +0.5 O,

Scheme 1.1: Reactions involved during the direct synthesis of H.O> from molecular H, and

O (numbers in the bracket indicate standard enthalpy of the reaction).

Monometallic Pd and later, bimetallic Pd based (Pd-Pt, Au-Pd, Ni-Pd etc.) heterogeneous
catalysts were extensively explored in the last two decades for the direct synthesis of H.O».
Various approaches involved in the synthesis of H.O> and the catalysts employed are

briefly discussed below.
1.2. Synthesis of H20z2:
1.2.1. Indirect synthesis of H202 using anthraquinones:

The indirect synthesis of H.O> using anthraquinone auto-oxidation (AQO) process was first
discovered by Riedl and Pfleiderer and commercialized in 1939.2 Since then, it is the only
industrial process to synthesize H20- in a large scale production. Currently, around 95% of
global H202 production is produced by AO process.? The reactions occurred during the
indirect synthesis of H20. via AO process are shown in the Scheme 1.2. The process

involves high pressure hydrogenation of anthraquinone (AQ) to form anthrahydroquinone



Direct synthesis of hydrogen peroxide

(AHQ) in presence of Pd or Pt catalyst followed by oxidation in presence of air or Oz to
produce H>O, and the AHQ revert back to AQ. Besides, over hydrogenation of

anthrahydroquinone (AHQ) and subsequent oxidation leads to tetrahydroanthraquinone

H,

b

(o}

(AQ) (AHQ)

OH
R
0 S8
OH

H,0, o (THAHQ)
“
o 0,

(THAQ)

H,0,

Scheme 1.2: Reactions involved during the synthesis of H>O. via anthraquinone auto-

oxidation process.

(THAQ) is formed which prevents the reusability of AQ. The overall process is being
carried out in a mixture of solvents like esters/hydrocarbon, octanol/methyl-naphthalene
etc.® Both AHQ and THAQ are active species and are oxidized to form H202. The H20z is
stripped from organic working phase to aqueous phase in a counter current column to obtain
an aqueous solution of H20.. Then the aqueous solution of H20 is distilled under reduced

pressure for further purification and to increase H2O> concentration.

The AO process is extensively used in industries to produce H20- as it avoids direct mixing
of H> and Oz which is an explosive mixture beyond certain concentration. However, AO
process has lot of disadvantages, e.g. uses of toxic solvents, non-selective hydrogenation,
periodic replacement of costly quinone derivatives, deactivation of hydrogenation catalysts

and energy intensive processes for the purification of H.O> produced. Moreover, this is not

5
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an environmentally green process as it produces a lot of hazards during the synthesis. The
process is only commercially viable for a large scale synthesis of H.O> but transportation
from one place to another suffers from the safety issues® as it decomposes easily and also
concentrated H2O: is very explosive. Thereby, a high investment and operational cost
would prohibit on-site H.O> synthesis at the end user facility by this process. These
limitations motivate scientists to develop new synthetic approaches which would more

economical and green for the on -site production of H20..
1.2.2. Direct synthesis of H202 using heterogeneous catalysts:

The direct synthesis of H202 from H, and O can give greener route compared to indirect
way of synthesis as discussed above. Nevertheless, there are several challenges associated
with direct synthesis as given in the Scheme 1.1. The catalysts used for direct synthesis
reaction may cause the parallel reaction as well as the direct combination reaction which
leads to decrease in the selectivity and productivity of H.O..> There are various approaches
to reduce side reactions, like minimizing the reaction temperature can minimize the direct
combustion of H>. Addition of additives or stabilizers like acids, halides etc. reduces the
decomposition and hydrogenation of H,O-, thereby, improves the selectivity.® Another
problem related to the direct synthesis of H20x2 is the use of H2/O, mixture as it is explosive
in presence of catalyst from 4% to 94% H, in 0..1° Sufficient safety precautions are
required during the reaction and need to be carried out below 4% H> in oxygen atmosphere

and hence, results in low concentration of H»O..

The direct synthesis of H.O» from molecular H> and O using heterogeneous catalysts is
quite different from other gas or liquid phase reactions as there are three phases involved
during the reaction- the reactant gases (H2 and O) and the diluents (normally inert gases
like Ar, N2 or CO) in the gas phase, the reaction medium (H20, alcohols or mixture of
both) in liquid phase and the catalyst in solid phase. This leads to several steps in transport
phenomena- (i) convection in the gas phase, (ii) gas-liquid equilibrium at the interphase of
the catalysts, (iii) convection in the bulk liquid phase, (iv) adsorption of H> and Oz on the
active catalytic sites, (v) surface reaction between adsorbed species to form H2O», (vi)
desorption of H20- to the bulk liquid phase and finally (vii) convection in the bulk liquid
phase as described by Salmi et al.!* Any of the above steps can limit the overall rate of the
reaction and hence the catalyst should be chosen in such a way that it would overcome

these limitations.
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1.2.3. Other approaches:
1.2.3.1. Fuel cell reactions:

Electrochemical fuel cell technology can be implemented for the synthesis of hydrogen
peroxide by the reduction of oxygen in both acidic and alkaline medium.*?1* A fuel cell
method is an electrochemical process where partial reduction of oxygen (2e- transfer
process) produces H.O at the electrochemical interphase between solid catalyst and
aqueous electrolyte. As Hz and O, gases are fed separately into the electrolyte membrane
in the fuel cell, it can avoid explosive H2/O2 mixing. Also it can generate a lot of electrical
power during the synthesis because of the fuel cell set up. Precious metal catalyst, Pt has
been used inside the fuel cell for hydrogen activation as well as H>O> synthesis and nafion
has also been used as a cationic membrane to prevent the diffusion of H2O>. But, the high
cost of Pt is still one of the major concerns for practical applications. Though, the fuel cell

technology is considered as green process but still not economically viable.
1.2.3.2. Plasma method:

H20> can also be synthesized from Hz and O2 mixture by non-equilibrium plasma. The H:
and O2 molecules are activated during the synthesis by silent electric discharge at
atmospheric pressure and produces H202 and H20.%%1” The process has several advantages
like it does not require any chemicals other than H, and O in single phase (gas phase). It
eliminates the diffusivity problem associated with the mass transfer limitations in three-
phase direct synthesis reaction in presence of the heterogeneous catalysts.? 18 Also, it is

considered as green process as it does not produce any other hazardous chemicals.’
1.2.3.3. Catalysis under supercritical CO2 conditions:

Another synthetic approach for H.O> production from Hz and O- is under supercritical CO>
conditions using both homogeneous °2! or Pd-based heterogeneous catalysts.?? The
supercritical CO2 has many advantages compared to many organic solvents as it is less
toxic, non-flammable and naturally abundant. Also, it does not react with the product
formed in the reaction system. Moreover, both the reactants (H2 and O2) in gas phase are
miscible with supercritical CO2 above its critical temperature® (31 °C), it would overcome
the diffusivity problem associated with three phase system, gas-liquid-solid interphases in
the direct synthesis.'8 Thereby, compressed CO either liquid or in supercritical stage above

its critical temperature can be a greener®* and efficient process for H20 synthesis.?
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1.2.3.4. Membrane catalysis:

Membrane technology is one of the smart approaches for direct H>O2 synthesis. In
membrane technology, membrane catalysts keep the reactant gases, H, and O separate
from each other and thereby, avoid the explosive H2/O2 mixing, one of the biggest safety
concerns related to direct H,O2 synthesis.?®! Pd-based catalyst is deposited on a porous
membrane shows efficient activity towards the H.O2 production in liquid phase synthesis.?®
31 pd-based membranes can supply atomic hydrogen on permeation of hydrogen molecules
from one side to other which reacts further with the oxygen dissolved in the liquid medium
to form H20.2. Although membrane technology can avoid explosive H2/O» mixture, the rate
of the H2O> synthesis is controlled by the mass transport which is limited in this case, is

quite low for the industrial applications.?
1.2.3.5. Semiconductor photocatalysts:

Photocatalysis over semi-conductor materials have also been investigated for the synthesis
of hydrogen peroxide.®?*¢ Irradiation of UV light of energy more than 3.23 eV on an
aqueous suspension of TiO2 nanoparticles (385 nm for anatase phase) excites the electron
from valence band (VB) to conduction band (CB), forming a hole (hvs®) in the VB.2® The
positively charged hole produces OH- radical by oxidizing H2.O while, the electron in the
conduction band (ecs”) reduces Oz to O%~. Hydrogen peroxide is formed through the

recombination of two OH: radicals at the interface.?’

Two plausible mechanisms proposed for peroxide formation are given below.* Equation
(i) involves the oxidation of water by the hole generated in the valence band and equation
(i) shows the reduction of oxygen to hydrogen peroxide by the electron in the conduction
band.

2H.0 + 2hvwg* - H202 + 2H" ... (i)
O2 + 2H" + 2ece - H02 ... (i1)
1.2.3.6. CO/O2/Hz0 catalytic process:

Synthesis of hydrogen peroxide from gas mixture of CO, Oz and H2O (equation (iii)) in
presence of homogeneous catalysts, Pd complexes has also been reported in the literature.®
The free energy of this reaction is highly negative (-134.3 kJ mol?) and hence

thermodynamically favorable. However, kinetics of the reaction is very slow and hence not
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suitable for practical application. Moreover, the catalyst (Pd complexes) is not stable during

the reaction and easily leads to deactivation.

CO + O + HiO —» H0; + CO2 .......... (iii)
1.3. Experimental techniques for the direct synthesis of H202:
1.3.1. Batch-type reactor:

Batch-type reactors or autoclaves made of stainless steel or Hastalloy are used extensively
for the direct synthesis of H,O- at high pressure.> 1% 3%-46 Common safety precautions need
to be taken during the reaction, as dry Pd-catalyst may result in explosion when it comes in
contact with Hz-O2 gas mixture (beyond 4% H> in O2) during feeding into the reaction
chamber.*”%8 To avoid this issue, solid catalysts should be dispersed well in the solution or
distilled water and purged with the H2-O2 mixture to equilibrate before feeding into the
reactor. The two major advantages of this technique are- (i) controllable mixing of the
reactants with the stirring speed which reduces the mass transport limitations, and (ii) low
amount of chemicals consumed during the reaction and high production of the experimental
outputs.!* Another impact of this method is that the reaction for direct synthesis of H2O;
can be carried in shorter time scale and hence, it does not require any stabilizer (HCI) or
inhibitor (CI- or Br~) which are used to prevent the decomposition and hydrogenation of
H>0>. However, there are several disadvantages of this method, like difficulties in real time
kinetic analyses of the gas mixture as the concentration of gas and liquid phases change
over time, low H20- concentration achieved due to limited accessibility of the gases unless
a higher volume of gasses are used. The high pressure reactor (Parr reactor) is
comparatively costlier, though there are several “home-made designs” available but major
concern is related to the safety as this process may lead to explosion and needs careful

handling of the instrument.
1.3.2. Flow-type reactor:

Flow-type reactor is one kind of fixed bed reactor where gas and liquid flow simultaneously
in downward or upward direction through solid catalyst bed and operates at atmospheric
pressure. Flow-type reactor can easily be designed for laboratory use according to desired
applications. The flow-type reactor used for H20. synthesis contains a glass frit (fixed at
the bottom of the reactor) over which the catalyst is dispersed. The gas mixture, H> and O>
flows in the upward direction (against gravity) through the catalyst dispersion.*®*° A glass
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jacket is used to circulate cold water to maintain the reaction at desired temperature. The
major advantages of this method are enhanced mass transfer between the gaseous reactants
and solid catalyst surfaces, easy control over the liquid and gas phase compositions, user
friendly as it works at atmospheric pressure. Also, one can produce higher concentration of
H20: (unlike the batch-type reactor) as H2-O2 mixture passes continuously through the
catalytic dispersion. The only disadvantage of this method is that it requires relatively
longer time for testing the catalytic performance which is the major problem for
stabilization of H20O. in presence of the catalyst. And this process additionally needs
stabilizer (HCI) and inhibitor (Cl~ or Br-) to prevent decomposition and hydrogenation of

H202_9, 49, 51-54
1.4. Catalysts used in the direct synthesis of H20z2:

Since the patent by H. C. H. Henkel and W. Weber in 1914, Pd has been studied
extensively as an active component for direct synthesis of HO,. VVarious support materials
for Pd nanoparticles have also been explored to improve its activity and stability in the
reaction conditions.® 4 °0.56-60 Among the supports used for Pd, acidic supports like SiO2
were found to be better than the basic supports such as TiOz, CeO, ZrO, etc. oxide
materials. Furthermore, it was found that Pd catalysts show improvement in H.O>
selectivity in presence of halide ions by inhibiting the direct combustion of H> with O, to
give water.® 4952-54. 61,62 The reaction needs to be carried out in mildly acidic medium for
longer run as it can reduce the decomposition of H2O, (Scheme 1.1). Also, the
hydrogenation of H.O. formed in the reaction mixture could be minimized in presence of
halides. Temperature and solvents also play a significant role for this direct synthesis
reaction. Direct combustion of H. in presence of Oz can be minimized in presence of
catalyst by lowering the temperature and hence, improves the H2O; selectivity. Instead of
pure water, water-alcohol mixture was found to be a better solvent due to higher solubility

of Hz and O in the later as compared to pure water.

Recently, Pd-based bimetallic catalysts, Au-Pd (on the support materials) have been
developed for the direct synthesis of H20- in high pressure conditions (which can avoid the
additives like acids or halides) by Hutchings and co-workers,39-43 46.63-655 The presence of
Au with Pd improves the selectivity of H> towards H202 and enhances the overall catalytic
activity. The improved activity in bimetallic Au-Pd catalysts comes from the electronic

modification of 3d orbital of Pd in presence of a secondary metal, Au.%® Pt has also been

10
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studied as a promoter for Au-Pd in the trimetallic system, Au-Pd-Pt, to make the catalysts
more efficient.* However, the higher cost of the noble metal based catalysts prohibits their
large scale use. Lately, low cost elements like Ni, Zn, Sn etc. have been explored with Pd
to make it more efficient and stable catalyst and to reduce the cost for practical

application > 6768
1.5. Conclusion:

Direct synthesis of H2O> seems to be a promising greener route as an alternative to AQ
process in the long run. But the major problem associated with direct synthesis is
combustion of Hz which leads to H.O formation and decreases the selectivity of H20o.
Halides and acids are also required to reduce the hydrogenation and decomposition of H20-
in presence of catalysts under ambient pressure. In high pressure conditions additives are
not required, but overall H2O2 productivity is comparatively lower. Designing efficient and
effective catalysts for the direct synthesis of H20> is still demanding task for industrial
applications. In this investigation, research has been going on to develop efficient and cost

effective catalysts to make it commercially viable.
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Ni-Pd bimetallic catalysts for the direct synthesis
of H20- - unusual enhancement of Pd activity in

presence of Ni

Summary:

Direct synthesis of hydrogen peroxide from molecular Hz and O is one of the challenging
reactions for several decades in terms of catalyst selection, stability and selectivity. We
have demonstrated a bimetallic NiPd nanocatalyst showing unusually high, three times
higher activity compared to Pd nanocatalyst. The catalyst also shows high selectivity for
H>0> with maximum value of 95% and very long life time, 72h, with high activity in harsh

acidic condition.

Pd AuPd NiPd

S. Maity and M. Eswaramoorthy, J. Mater. Chem. A, 2016, 4, 3233-3237.
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Ni-Pd bimetallic catalysts for HO2 synthesis

2.1. Introduction:

Direct synthesis of hydrogen peroxide, an inherently green oxidant obtained from
molecular H> and O is one of the most sought-after reactions for the past several
decades!® though it is not a replacement for the large scale, indirect anthraquinone
process which produces concentrated H.0,.° Understandably, in places where the
application demands only dilute H2O: solutions, the storage and transport hazards
associated with the concentrated H20O can be circumvented by the on-site production of
hydrogen peroxide through an alternative, green catalytic process using molecular

hydrogen and oxygen.” 8

Most of the efforts in this direction mainly focused on the catalyst development and many
noble metal catalysts Au, Pd, Pt have been explored for the direct synthesis of H202.% %14
Among them, Pd, by and large being the efficient monometallic catalyst for the direct
synthesis of H,0,'% 13 1518 since the first patent filed by Hugo Henkel and Walter
Weber®® in 1914. The recent findings of bimetallic Pd-Au, as an efficient catalyst for this
process over the monometallic Pd or Au generated a lot of interest in exploring new
bimetallic and trimetallic systems.” % 10 2027 However, the noble metals Au and Pt
explored so far to form bimetallic catalyst with Pd for the efficient productivity of H.O>
are costlier than Pd which would prohibit their large scale use in industry. Thus, replacing
noble metals (Au and Pt) with cost effective elements or improving the activity of Pd by
electronically modifying its active surface with non-noble metals would be of importance
to make this green process commercially viable. In this report, we have shown for the
first time the presence of a transition element, Ni, phenomenally improving the catalytic
activity of Pd. Nickel containing Pd catalyst shows more than 200% enhanced (3 times
higher) activity for the direct synthesis of H2O than the monometallic Pd itself in a mild

reaction conditions.
2.2. Scope of the Present Study:

Most of the research carried out in the direct synthesis of H,O2 mainly focused on Pd or
Pd in combination with other noble metals Au, Pt etc.> 7 however, the noble metals Au
and Pt are costlier than Pd which limits their large scale use in industry. So, using low
cost earth abundant elements with Pd, would make this green process more effective for

commercial applications.
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2.3. Experimental Section:

2.3.1. Materials and Characterization Techniques:

PdCl> (Sigma Aldrich), HAuCl4+.3H20O (Sigma Aldrich), NiCl..6HO (S D Fine
Chemicals), NaBH4 (S D Fine Chemicals), KBr (S D Fine Chemicals), TiOSO4 (Sigma
Aldrich), H2SO4 (98%, AR grade), HCI (37%, AR grade) were used without any further

purification.

Powder X-ray diffraction (PXRD) patterns were recorded using Bruker-D8 diffractometer
using Cu Ko radiation, (A\=1.54 A, step size: 0.02, current: 30 mA and voltage: 40 kV).
Field-emission scanning electron microscopy (FESEM) images and energy-dispersive X-
ray spectroscopy (EDS) were obtained by using FEI (Nova-Nano SEM-600 Netherlands)
equipment. Transmission electron microscope (TEM) imaging was done on a JEOL, JEM
3010 operated at 300 kV. Samples were prepared by putting a drop of very dilute
dispersion in ethanol on a TEM grid (carbon polymer, 300 mesh). Electronic absorption
spectra were recorded by Perkin Elmer Lambda 900 UV-Vis-NIR Spectrometer. 1 cm
path length cuvette was used for recording the spectra. Inductively coupled plasma —
atomic emission spectroscopy (ICP-AES) was carried out using a Perkin—Elmer Optima
7000 DV machine. Infra-red (IR) spectra were recorded on a Bruker IFS 66v/S
spectrometer. X-ray photoelectron spectroscopy (XPS) has been performed using
Omicron EA 125 spectrometer with Al K, (1486.6 eV) source. The magnetic
measurement was carried out by using Quantum Design SQUID VSM magnetometer at
298K. The composition of gas mixture was analysed by Gas Chromatography (Agilent
7890A) using MolSieve 5A 60-80 mesh column 40 °C temperature.

2.3.2. Material Synthesis:

Metal nanostructure and bimetallic nanostructures were prepared by the reduction of
metal precursor(s) solution by NaBH4 at room temperature.?® PdCl,, NiCl,.6H20 and
HAuUCI4.3H.0 were used as metal precursors. The detailed procedure is given below:

2.3.2.1. Synthesis of Pd, Ni, and Au Nanostructure:

In the typical procedure, 10 mL of 0.1 M metal precursor solution (PdCl. in case of Pd,
NiCl2.6H20 in case of Ni and HAuCl4.3H20 in case of Au) was rapidly added to a 50 mL

of 0.1 M aqueous solution of freshly prepared NaBH4 with vigorous stirring. The stirring
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was continued for 10 min. The solid product obtained was filtered and washed with
distilled water for several times. Finally it was dried at 50 °C for overnight. The as-
synthesized Ni nanostructure is mainly consisted of Ni(OH) and some of the Ni

nanoparticles which have been discussed in the results and discussion section.
2.3.2.2. Synthesis of Nio.4Pdo.s (containing Ni:Pd wt. ratio 40:60) Nanostructure:

A mixture of 3.4 mL of 0.1 M NiCl>.6H20 solution (in aqueous medium) and 2.82 mL of
0.1 M PdCl; solution (in aqueous medium) was rapidly added to 31.1 mL freshly
prepared 0.1 M aqueous solution NaBH4 with continuous stirring. The reaction mixture
was allowed to stir for 10 min. The solid product was filtered and washed several times
with distilled water and dried at 50 °C for overnight. However, it is to be mentioned that

Ni in this composition mostly exists as Ni(OH)..

To synthesize the other compositions of Ni and Pd, a calculated volume of 0.1 M
NiCl2.6H20 and 0.1 M PdCl; solutions (according to desired metal wt. %) were taken and

same procedure was followed.
2.3.2.3. Synthesis of AuosPdos (wt. ratio) Nanostructure:

In the typical procedure, a mixture of 1.27 mL of 0.1 M HAuUCI4.3H20 solution (in
aqueous medium) and 2.35 mL of 0.1 M PdClI solution (in aqueous medium) was rapidly
added to 18.1 mL freshly prepared 0.1 M aqueous solution of NaBHs with vigorous
stirring. The stirring was continued for 10 min. The solid product was filtered, washed

with distilled water for several times and dried at 50 °C for overnight.
2.3.2.4. Direct Synthesis of H20::

Direct synthesis of H2O. from gaseous H, and O, was carried out using a glass jacket
reactor described elsewhere.!” 5 mg catalyst (for Pd, AuosPdos, Nio.sPdos and 3 mg for
Nio.1Pdo.g) was dispersed by sonication in 30 mL aqueous solution containing 0.1 M HCI
and 0.01 M Br~ (introduced as KBr) and added to the glass jacket reactor shown below
(Scheme 2.1). The individual gasses, H> and O, were allowed to bubble through the glass
frit in a ratio of 1:4 with a total flow rate of 50 mL min™ using two separate Aera
(Hitachi) mass flow controllers. To reduce the dead volume, the below portion of the
glass frit was filled with 4 mm glass beads. The reaction temperature was maintained at

10 °C using Julabo water circulation unit.
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Scheme 2.1: Reaction set up for direct synthesis of hydrogen peroxide.

H,0, was analyzed by TiOSO4/H,SO4 method using UV-vis spectroscopy.?® 20 uL of
aliquot from the reaction solution was withdrawn at different time interval and diluted
with 1.98 mL of previously prepared TiOSO4/H2SO4 solution. TiOSO4/H2SO4 solution
was prepared by dissolving 4.6 gm of TiOSO4 and 20 gm of ammonium sulphate in 100
mL of concentrated H.SO4 followed by dilution with 350 mL H2O. The concentration of
H>0, was determined from the calibration curve of absorption at 407 nm by UV-vis
spectroscopy after complexation with a TiOSO4/H2SO4 solution. The H> and O gases
were analyzed using MolSieve 5A 60-80 mesh column at 40 °C temperature. For
selectivity measurement, to get better accuracy, the outlet gas was well diluted with No.

The selectivity of H202, Sw,0, was calculated from the following equation:

Rate of hydrogen peroxide production (mmol/min)

Sh,0, = x 100.

Rate of hydrogen consumption (mmol/min)
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2.3.2.5. Dissolution Study (Synthesis of Nio.1Pdo.o from Nio.4Pdo.s):

50 mg of Nio.4Pdos catalyst was soaked in aqueous solution containing 0.1 M HCI, 0.01
M Br-and 0.3 M Hz0 in total volume of 30 mL in presence of H, flow (20 mL min™) at
10 °C for different time (0.5h, 1h and 72h). Hz flow is necessary to avoid the dissolution
of Pd as PdCls> in presence of chloride ions. The remaining solid product after
dissolution at desired time interval was separated, washed with water and dried. The
Ni:Pd ratio after dissolution of different time was found to be 10:90 (wt. ratio) analyzed

by inductively coupled plasma (ICP).
2.3.2.6. Decomposition of H20:2:

5 mg of catalyst (Pd and Nio4Pdos) was dispersed in 30 mL aqueous solution of 275 mM
H20, and was stirred using magnetic stirrer. The decomposition of H,O, was determined
by analyzing the H20O> concentration using UV-vis spectroscopy as described above at
different time interval. To study the stability of H2>O> in presence of HCI and Br-, the
same reaction was carried out in presence of 0.1 M HCI and 0.01 M Br~ in 30 mL
aqueous solution of 275 mM H2O; using Pd and NiosPdos catalysts and the H.O>

concentration was monitored at different time.
2.3.2.7. Hydrogenation of H202:

5 mg of catalyst (Pd and Nig.4Pdos) was dispersed in 30 mL aqueous solution of 250 mM
H20; at 10 °C and H: gas was bubbled in the dispersion with a flow rate of 10 mL min™.
The H2O> concentration was analyzed at different time intervals by UV-vis spectroscopy
as described above. The same reaction was carried out in presence of 0.1 M HCl and 0.01

M Br- with same flow rate of Ho.

2.4. Results and Discussion:

Pd and Nio.4Pdo.s catalysts prepared in the form of nanostructure at room temperature by a
simple borohydride reduction method?® were characterized by powder X-ray diffraction
(PXRD) and transmission electron microscopy (TEM). The PXRD patterns of both Pd
and Nio.4Pdo.s nanostructures shows peaks only for Pd and there is no peak shift in case of
Nio.4Pdos (associated with NiPd bimetallic nanostructure) (Figure 2.1). Field-emission
scanning electron microscopy (FESEM) and TEM images of Pd nanostructure (Figure

2.2a & b) show network morphology formed by the fusion of nanoparticles of size
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Figure 2.1: Powder X-ray diffraction (PXRD) patterns of Pd and Nio4Pdys

nanostructures.

Figure 2.2: (a) FESEM and (b) TEM images of Pd nanostructure. Inset of (b) shows the
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HRTEM image of Pd. (c) FESEM and (d) TEM images of assynthesized Nio.4Pdy.s
nanostructure. Inset of (d) shows the HRTEM image of Nio.4Pdo.s.

varying from 5 to 8 nm. High resolution TEM (HRTEM) (inset of Figure 2.2b) shows the
lattice spacing of 0.225 nm for Pd. Similarly, FESEM and TEM images of assynthesized
Nip4Pdos nanostructure (Figure 2. 2¢ & d) show fused network morphology
interconnected with each other. HRTEM image in the inset of Figure 2.2d shows the
lattice spacing, 0.225 associated with Pd.

Direct synthesis of hydrogen peroxide from molecular O> and H> over Pd and Nig4Pdos
was carried out at normal pressure and at 10 °C temperature in presence of HCl and Br~
as described in the experimental section and the results are shown in Figure 2.3. The HCl
and Br~ were added to stabilize the H,O2 in the reaction medium.!” It is to be noted that no
H>0, formation occurred in the absence of HCl and Br~ over the catalyst Nio.4Pdos (Figure
2.4a). Furthermore, decomposition studies carried out over known amount of H>O; in
presence of catalysts show that in absence of HCl and Br~, H>O> decomposes very rapidly
(Figure 2.4b). Similarly fast hydrogenation of H202 occurs in absence of HCI and Br~
over Pd and Nip4Pdoe catalysts (Figure 2.4c). The concentration of H,O, over Pd

400

-e- Niy,Pdgg
= AugsPdgs

300{ = Pd

Conc. of H,O, (mM)
N
o
<

100 -

0 10 20 30 40 50 60 70 80
Time (h)

Figure 2.3: Direct synthesis of H,0, over Pd, Ni, ,Pd, . and Au, ;Pd, ; catalysts. Reaction

conditions: catalyst - 5 mg, 10 °C, 30 mL water containing 0.1 M HCI and 0.01 M Br, 1

atm pressure, H,:0, (1:4) gas mixture bubbled with a flow rate, 50 mL min_l.
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Figure 2.4: (a) Formation of H>O: by Nio4Pdos catalyst without HCI and Br~. (b)
Decomposition and (c) Hydrogenation of H>O> by Pd and Nig.4Pdy.s with and without HCI

and Br~. (d) Selectivity of H>O: (with respect to H;) and conversion of H> for Pd and
Nio.4Pdy.s catalysts.

increases linearly up to 15h and then slows down leading to an overall concentration of
about 114 mM in 72h time (Figure 2.3). On the other hand, Nig.4Pdos shows remarkable
activity and the concentration of H>O; increases with time for about 72h. The catalyst
shows high selectivity for H>O; with maximum value of 95% at about 0.4% H:
conversion (Figure 2.4d). The concentration of H>O is 356 mM (1.2 wt%) in 72h which
is about 3 times higher (~200% increase) than that of H>O» obtained over pure Pd
catalyst. The AuosPdos (Au:Pd composition 50:50) known to be a better catalyst as
compared to monometallic Pd,” 2> >* was prepared by the same method without any
support (characterization in Figure 2.5) however, showed only a slight increase (25%) in

the concentration of H>O» as compared to Pd (Figure 2.3). The H>O: productivity
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obtained for Niop4Pdos catalyst is more than 5 times higher than Pd alone in terms of
absolute amount of Pd present in the catalyst (Figure 2.6a). The concentration of H>O>
obtained over 5 mg Nio4Pdos is around five times higher than H>O» obtained over 3 mg

Pd after 72h reaction (Figure 2.6b).

®
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)
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20 (degree)

Figure 2.5: (a) PXRD pattern of AuosPdos shows the formation of AuPd alloy and (b)
FESEM image of Auo.sPdos shows the network morphology.
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72h reaction with respect to absolute amount of Pd present in the catalysts. (b) Formation

of H20: over 5 mg Nip.4Pdo.s and 3 mg Pd catalysts in the same reaction conditions.
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Figure 2.7: Formation of H>O: after removing the solid catalyst, Nip.4Pdy.s at 72h.

The chemical composition of Nio4Pdos after 72h reaction was found to be around 10:90
(Ni:Pd) estimated through inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) analysis which indicates the propensity for nickel to get leached out in an
acidic environment. The filtrate obtained after the removal of catalyst shows the presence
of Ni, and not Pd in the chemical analysis. This suggests that the Pd did not undergo any
leaching in the acidic environment in presence of hydrogen. Moreover, when the reaction
was carried out over the filtrate obtained on removal of catalyst after 72h reaction, no
hydrogen peroxide formation occurred (Figure 2.7). It is also important to note that
assynthesized Ni nanostructure exists mostly in amorphous Ni(OH), prepared by NaBH4
reduction. The presence of absorption band at 3556 cm™ in infra-red (IR) spectra (Figure
2.8a) of as synthesized Ni nanostructure associated with O-H stretching confirms the
existence of Ni(OH),. Also, the assynthesized Ni nanostructure heated in Ar atmosphere
at 500 °C for 12h shows the peaks for NiO in PXRD (Figure 2.8b) supports the presence
of Ni(OH): in as synthesized Ni nanostructure. Magnetic measurements (magnetization
(M) vs magnetic field (H) curve) were carried out with as-prepared Ni and Nig4Pdos
nanostructure to confirm the presence of metallic Ni in the assynthesized samples. The
relatively higher value of magnetization for assynthesized Ni and Nio4Pdos as compared
to Pd (diamagnetic) confirms the presence of metallic Ni nanoparticles which are not
detected by PXRD (Figure 2.8c). Higher magnetization value for assynthesized Ni
nanostructure confirms the presence of more metallic Ni nanoparticles than that in

Nio.4Pdos. X-ray photoelectron spectra (XPS) of Ni2p3» in as-prepared Ni and Nig.4Pdos
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Figure 2.8: Characterization of assynthesized Ni nanostructure. (a) Infra-red spectra of
as synthesized Ni nanostructure. (b) PXRD pattern of (i) assynthesized Ni nanostructure
and (ii) after heating in Ar at 500 °C for 12h. (c) Magnetization (M) vs magnetic field (H)
curve of as-prepared Ni, Pd and Nip 4Pdy.s nanostructure at 298 K.
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Figure 2.9: XPS spectra of Ni2ps: in as-prepared Ni and Nip.4Pdy.s nanostructure.
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nanostructure shows the appearance of Ni2p3,» peaks at 855.9 eV and 861.8 eV (satellite
peak) in both Ni and Nip4Pdos nanostructures which further confirms the existence of

Ni*? in the form of Ni(OH), in the samples (Figure 2.9).
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Figure 2.10: (a) Formation of H>O2 by micron size particles. For reference, the activity
of Pd nanostructure is shown here along with blank experiment (without any catalyst).

FESEM images of micron size particles of (b) Pd and (c) Nip.4Pdy..
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The assynthesized Ni nanostructure did not show any activity for the hydrogen peroxide
synthesis (Figure 2.10a). The nanoscale phenomenon of Pd and NiPd catalyst is evident
from the fact that micron sized particles (prepared by heating the assynthesized samples
at 500 °C for 12h in presence of 5% H> in N2) did not show any activity towards H>O>
synthesis (Figure 2.10). As nickel in Nig4Pdos exists mostly in the form of nickel
hydroxide (Figure 2.9), its dissolution in an acidic environment is expected to alter the
chemical nature and composition of the catalyst. In order to understand the effect of
strong acidic reaction medium on Nio4Pdos catalyst, we have soaked the catalyst in the
same medium (HCI+H>O,) for different period of time (0.5h, 1h, and 72h) in presence of
hydrogen flow (details in experimental section, dissolution study). Hydrogen flow is
necessary to avoid the dissolution of Pd as PdCls* in presence of chloride ions.!”
Interestingly, soaking the catalyst for 0.5h dissolves all the free nickel and nickel
hydroxide in Nigp4Pdos and the resulting solid is abbreviated as Nio.1Pdo.9-0.5h based on
the Ni:Pd composition (1:9) estimated through ICP-AES analysis. This composition

remains same and does not undergo any dissolution even after 72h soaking, abbreviated
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Figure 2.11: Synthesis of H,0, over Ni, ,Pd, ;-0.5h and Ni, ,Pd, ,-72h catalysts (catalyst

taken: 3 mg for Nig.1Pdo.o, normalized to the amount of Pd present in 5 mg Nip.4Pdy.s).
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as Nio.1Pdoo-72h, in the reaction medium in presence of hydrogen. The H,O; synthesis
carried out over Nip.1Pdoo-0.5h and Nio.1Pdoo-72h showed similar trend as that of as-
synthesized Nio4Pdos (Figure 2.11) for 72h reaction and most importantly, both the
catalysts does not undergo any leaching of Pd or Ni. It is clear from the above results that
the remarkable activity for HoO> production over Nip4Pdos nanostructure is associated
with the presence of NiPd bimetallic nanostructure having Ni:Pd composition, 10:90. The
presence of Ni enhances the activity of Pd in bimetallic NiPd. It is known that the d-
orbital of Pd is electronically modified in presence of a secondary metal, Ni.>% 3! Such
electronic modifications would influence the Fermi level of Pd metal which in turn would
influence the catalytic reactions.>® Ni modified Pd has been reported to show better
electrocatalytic activity for methanol oxidation than Pd alone.*? This would further
support our observation that higher NiPd activity for H>O, formation is due to the

presence of Ni which would modify the electronic structure of Pd.

Powder X-ray diffraction (PXRD) pattern (Figure 2.12a) of Nig.1Pdoe-0.5h does not show
any Pd (111) peak shift and is similar to that of Pd (Figure 2.1) and Nio.4Pdos
nanostructures. The field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM) images of Nio1Pdog-0.5h sample show the
network nanostructure formed by the fusion of nanoparticles of size range from 10 to 15
nm (Figure 2.12b & c). High resolution transmission electron microscope (HRTEM)
image (Figure 2.12d) shows the lattice spacing of 0.225 nm associated with Pd (111).
Elemental mapping (Figure 2.12e) shows uniform distribution of Ni and Pd probably due
to the formation of random alloy nanostructure which is not reflected in the PXRD
pattern. However, soaking NiosPdos in the reaction medium for 1h, abbreviated as
Nio.1Pdo.o-1.0h, shows a marginal shift (26 = 0.24°) in the Pd (111) peak towards higher
diffraction angle associated with NiPd alloy (Figure 2.12a). The XPS analysis of
Nio.1Pdoo-1.0h shows a slight shift in binding energy of Pd 3ds; and Pd 3ds; (0.35 and
0.2 eV respectively) towards lower value as compared to assynthesized Pd suggesting the
formation of NiPd alloy (Figure 2.13).3® The emergence of alloy peak in the PXRD and
the retention of same Ni:Pd chemical composition (Nio.1Pdo.g) for 1h dissolution as that of
0.5h dissolution strongly suggests the possible reorganization of nickel atoms which were
randomly distributed in the Pd lattice of assynthesized Nio4Pdos, into an ordered
nanoalloy domains within 1h dissolution. Nio1Pdoo-72h obtained after 72h dissolution

showed significant shift towards higher angle for Pd (111) peak in the PXRD (Figure
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Normalized Intensity

Figure 2.12: (a) PXRD pattern of (i) Ni, Pd, , and after dissolution at different time
interval- (ii) 0.5h, (iii) 1h and (iv) 72h. (b) FESEM and (c) TEM images of Ni, ,Pd, ;-
0.5h. (d) HRTEM image of Ni, ,Pd, ,-0.5h shows lattice spacing for Pd. (e) High angle

annular dark-field (HAADF) image and the corresponding elemental mapping of Ni and
Pd in Ni,, ,Pd, ,-0.5h.

2.12a). The FESEM and TEM images show the retention of network morphology
connected with the nanoparticles having size ranging from 20 to 30 nm (Figure 2.14a &
b). The elemental mapping (Figure 2.14c) indicates by and large uniform distribution of
Ni and Pd, with existence of domains where the composition is enriched with higher
amount of Ni or Pd content (marked with the dotted line in Figure 2.14c) probably due to
de-alloying nature of NiPd for their high lattice mismatch. Furthermore, the observation
of different lattice spacing associated with Pd and NiPd confirms the domain formation
(Figure 2.14d). From the above observations it is clear that only 10% of nickel is
dissolved in the Pd lattice and the remaining nickel mostly exists as amorphous nickel

hydroxide in the assynthesized Nio4Pdos. The free nickel and nickel hydroxide
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completely dissolved in the acidic medium within 30 min leaving only the preformed

bimetallic NiPd nanostructure having Ni:Pd composition, 1:9.

Pd3d (Pd) 3ds,, Pd3d (Niy ,Pd, o-1h) 3d;,,
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Sample Binding energy | Binding energy of
Name of Pd3d,, (eV) Pd3d;, (eV)
Pd 340.4 335.1
Nig ,Pd, o-1h 340.05 334.9

Figure 2.13: XPS spectra of Pd3d in Pd and Nio.1Pdoe-1h nanostructure.

Figure 2.14: Characterization of Ni, ,Pd, ,-72h. (a) FESEM and (b) TEM images show

the nanostructure network. (c) High angle annular dark-field (HAADF) image of
Ni, ,Pd, ;72h and the corresponding elemental mapping of Ni and Pd. The regions of Ni

36



Ni-Pd bimetallic catalysts for HO2 synthesis

and Pd rich domains are marked in doted lines. (d) HRTEM image shows lattice spacing
for both Pd and NiPd.

The formation of NiPd nanoalloy from Ni and Pd nanostructures in the reaction
conditions is ruled out, as separate experiment in which a mixture of assynthesized Pd
and Ni nanostructures kept in a similar acidic condition failed to produce NiPd alloy and
leaves only Pd even after 48h (Figure S14). On the other hand, soaking of assynthesized
Nip4Pdos along with as prepared Pd nanostructure in an acidic environment in presence of
hydrogen yields NiPd alloy with Ni:Pd chemical composition, 3:97. This suggests that
assynthesized Nig.4Pdos most probably consists of NiPd random alloy (in which 10% of
Ni atoms with respect to Pd, mixed in a statistically random manner) nanostructure

intermixed with amorphous nickel hydroxide (Scheme 2.2).

Dissolution

—
HCI/H,0,/H,

oNi = Nipd Nanostructure

o Pd 1 Ni(OH), (>1h dissolution)

Scheme 2.2: Schematic represents the formation of bimetallic NiPd nanostructure.

2.5. Conclusion:

We have shown that the presence of non-noble metal, Ni, enhances the catalytic activity
of Pd, three times in comparison to Pd alone. The Nio.1Pdoo catalyst is also stable in the
harsh reaction conditions and retains its activity for more than 3 days. We believe our

observation of phenomenal enhancement in the activity of Pd by Ni for a longer period of
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time would pave the way for the development of new catalysts to bring the on-site

hydrogen peroxide production a reality.
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Chapter — 3

Direct synthesis of H>O, by Pt promoted

NiPd catalysts supported on carbon

Summary:

Bimetallic NiPd nanoparticles supported on activated carbon was used as a catalyst for
the direct synthesis of hydrogen peroxide from molecular Hz and O in atmospheric as well
as in high pressure conditions. The NiPd catalyst supported on carbon shows very high
enhancement in activity compared to Pd on carbon. Introduction of Pt (0.2 wt. %) in NiPd,
further improves its catalytic activity. NiPdPt on carbon (AC/NiPdPt) catalyst shows
stability for 5 cycles (total 40h) in normal pressure without losing its initial activity.
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3.1. Introduction:

Direct synthesis of hydrogen peroxide, an eco-friendly oxidizing agent, from molecular H
and O has been drawn a lot of attention over the last few decades.* Its enormous demand
in paper and textile industries as a bleaching agent and in modern propylene oxide
industries as a green oxidant sees its production surges ahead of 3 million metric tons
annually.*® Nevertheless, the only successful commercial synthesis of hydrogen peroxide
as of now is indirect anthraquinone process developed by Riedl and Pfleiderer’ in 1939
which involves hydrogenation of substituted anthraquinone using Pd or Ni catalyst and
subsequent air oxidation to obtain original anthraquinone and H20. This inherently
complex process is economically viable only when operated at large scale, and produces
concentrated H2O2, though most applications demand only dilute solutions. Moreover, the
process is not considered as a green process and many unwanted chemicals are formed due
to non-selective hydrogenation.®® The direct synthesis of H,O2 would be a great alternative
to existing anthraquinone process which can avoid environmentally hazardous, storage and

transportation associated with the indirect process.®

A lot of studies in the past few decades have been carried out with Pd after the first patent
made by Hugo Henkel and Walter Weber® in 1914 for the direct synthesis of H2O..
Recently, Pd-based bimetallic nanoparticles have been explored in this direction for their
improved catalytic properties and stability over a long run.!*®* Among them, Au and Pt
were mostly used with Pd, on various supports (like carbon, zeolite, silica, Fe;Os, TiOg,
CeO etc.) to make it more efficient for the direct synthesis of H202.2 222 Pt has also been
used as a third element in AuPd catalyst to promote its activity for H-O synthesis.* The
high cost of noble metals limits their large scale applications and it is important to replace
these metals (totally or partially) with earth abundant elements to reduce the cost as well as

to improve their efficiency.33-%

In this chapter, we have demonstrated the use of bimetallic NiPd nanoparticles supported
on carbon towards direct synthesis of H202 in normal as well as high pressure conditions.
The NiPd catalyst shows a significant improvement in catalytic activity in comparison with
monometallic Pd on carbon support. When Pt has been introduced as a promoter for NiPd
catalyst, the activity is further improved. The catalyst is very stable and shows recyclability

up to 5 cycle.
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3.2. Scope of the Present Study:

In the previous chapter, we have studied self-supported bimetallic NiPd nanostructured
catalysts for direct synthesis of H,O>. The bimetallic NiPd catalysts showed three times
higher activity compared to monometallic Pd alone. In this study, highly dispersed
bimetallic NiPd nanoparticles have been synthesized on activated carbon and the
promotional effects of Pt on NiPd catalyst towards H2O> synthesis reaction in normal as

well as high pressure conditions were investigated.
3.3. Experimental Section:
3.3.1. Materials and Characterization Techniques:

PdCl> (Sigma Aldrich), H2PtCle.6H20 (Sigma Aldrich), HAuCl4.3H20 (Sigma Aldrich),
NiCl2.6H.0 (S D Fine Chemicals), NaBH4 (S D Fine Chemicals), KBr (S D Fine
Chemicals), TiOSO4 (Sigma Aldrich), H2SO4 (98%, AR grade), HCI (37%, AR grade),
methanol (AR grade, S D Fine Chemicals), activated carbon (S D Fine Chemicals) were

used without any further purification.

Energy-dispersive X-ray spectroscopy (EDS) analyses were carried out using FEI (Nova-
Nano SEM-600 Netherlands) equipment. Transmission electron microscope (TEM)
imaging was done on a JEOL, JEM 3010 operated at 300 kV. Samples were prepared by
putting a drop of very dilute dispersion in ethanol on a TEM grid (carbon polymer, 300
mesh). Electronic absorption spectra were recorded by Perkin Elmer Lambda 900 UV-Vis-
NIR Spectrometer. The cuvette with 1 cm path length was used for recording the spectra.
Inductively coupled plasma — atomic emission spectroscopy (ICP-AES) was carried out
using a Perkin—Elmer Optima 7000 DV machine. The composition of gas mixture was
analysed by gas chromatography (Agilent 7890A) using MolSieve 5A 60-80 mesh column
at 40 °C temperature. High pressure reactions were carried out using high pressure reactor
(Amar Equipment, model no- 3601) with 50 mL volume and a maximum working pressure
of 200 bar.

3.3.2. Catalysts Synthesis:

Bimetallic NiPd nanoparticles were synthesized on activated carbon (AC, surface area
~1100 m? g1) support (abbreviated as AC/NiPd) at room temperature by the reduction of

aqueous metal chloride solutions in presence of NaBHa as a reducing agent.
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To synthesize AC/NiPd, 200 mg of activated carbon was first dispersed in 80 mL water by
sonication for 10 minutes. A mixture of 0.68 mL of 0.1 M NiCl,.6H20 and 0.57 mL of 0.1
M PdCl; solution in aqueous medium (5 wt. % loading of NiPd with Ni:Pd wt. ratio 40:60,
respect to support) was added to the above dispersion. The dispersion was stirred for 20
minutes. Then 4 mL of 0.1 M NaBHa solution was added dropwise and stirred for another
30 minutes. The solid product was separated by centrifugation and washed with water for
three times and finally dried at 50 °C for overnight. The same procedure was followed to
synthesize AC/Pd and AC/AuPd (Au:Pd wt. ratio 1:1) for controlled experiment.

To prepare AC/NiPdPt (5 wt. % catalyst loading with Ni:Pd:Pt wt. ratio of 38:57:5), a
mixture of 0.65 mL of 0.1 M NiCl,.6H20, 0.54 mL of 0.1 M PdCl, and 26 uL of
H2PtCls.6H20 solution was added to 200 mg activated carbon and stirred for 20 min
followed by dropwise addition of 4 mL 0.1 M NaBHjs solution. After 30 min stirring, the

solid product was centrifuged, washed and dried at 50 °C for overnight.

Acid etching was carried out for AC/NiPd and AC/NiPdPt in KBr/HCI/H202 mixture in
presence of H> flow in order to remove the unwanted hydroxide and oxide species of Ni
from the as-synthesized catalysts.®® In a typical procedure, 200 mg of as-synthesized
catalyst was dispersed in 30 mL of aqueous solution containing 0.01 M KBr, 0.1 M HCI
and 400 mM H20.. The whole dispersion was transferred to a glass jacket reactor and H>
gas was allowed to bubble through the mixture with a flow rate of 20 mL min™! for an hour
at room temperature. Finally, the remaining solid product was separated, washed and dried

in oven.

Inductively coupled plasma — atomic emission spectroscopy (ICP-AES) was carried out to
calculate the catalyst loading and the metal compositions in the catalysts. The analyses
show the total catalyst loading of 3.3 wt. % for all the synthesized catalysts. The final Ni:Pd
wt. ratio in AC/NiPd was 10:90 and the Ni:Pd:Pt wt. ratio in AC/NiPdPt was 9:85:6 (0.2
wt. % Pt loading with respect to support) was confirmed by ICP-AES.

3.3.3. Direct Synthesis of H202:

Direct synthesis of H.O> from gaseous H> and O was carried out using a custom made
glass jacket reactor described elsewhere!’ in atmospheric pressure conditions. In a typical
procedure, 30 mg of catalyst was dispersed by sonication in 30 mL H>O-methanol (1:5)

solution containing 28 mM HCI and 0.01 M Br~ (introduced as KBr) and then transferred

47



Chapter-3

to a glass jacket reactor shown in Scheme 2.1 (Chapter 2). The individual gasses, H> and
O2 were allowed to bubble through the glass frit in a ratio of 1:4 v/v with a total flow of 50
mL min™ using two separate mass flow controllers (Aera, Hitachi). To reduce the dead
volume, the portion below the glass frit was filled with 4 mm glass beads. The reaction

temperature was maintained at 10 °C using Julabo water circulation unit.

Batch type, high pressure synthesis was carried out using high pressure autoclave as
reported in the literature.?® The catalyst testing for direct synthesis of H,O2 was carried out
at 37 bar using a stainless steel autoclave (made by Amar Equipment) with the reaction
capacity of 50 mL (Image 3.1). The autoclave was attached with an overhead external
magnetic stirrer (0-2000 rpm) along with temperature and pressure sensors. In a typical
procedure, 10 mg catalyst was dispersed in 5.8 gm water and 11.2 gm methanol and the
dispersion was purged with CO. for 10 min before charging into the autoclave. The
autoclave was pressurised with Hz and O, (H2:0: ratio 1:2) at a total pressure of 37 bar
using 5% Hz in CO2 and 25% O> in CO- at 10 °C (by Julabo water circulating unit). The
total content of H2:0.:CO; are in the ratio of 4:8:88 at 37 bar. The stirring was continued

at 1400 rpm and experiment was carried out for 30 min.

Image 3.1: Photograph of High pressure reactor.

48



Pt promoted NiPd catalysts for HO2 synthesis

H.0, concentration was determined by TiOSO4/H,SOs method® using UV-vis

spectroscopy as described in the previous chapter (section 2.3.2.4.).
3.4. Results and Discussion:

Bimetallic NiPd (Ni:Pd wt. ratio 10:90) nanoparticles supported on activated carbon
(AC/NiPd) were synthesized by simple borohydride reduction method followed by acid
washing (details in experimental section- 3.3.2). The transmission electron microscopy
(TEM) image shows NiPd nanoparticles of uniform dispersion throughout the carbon
support (Figure 3.1). The average particle size is around 4 to 6 nm analysed from the
histogram calculated over 200 nanoparticles (Figure 3.1). Inductively coupled plasma —
atomic emission spectroscopy (ICP-AES) analysis confirms Ni:Pd ratio of 10:90 with

AC/NiPd
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Figure 3.1: TEM images of NiPd and Pd nanoparticles supported on activated carbon
(AC/NiPd and AC/Pd). Corresponding histogram of particle size distribution for NiPd and

Pd nanoparticles (calculated over 200 particles).
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overall NiPd loading of 3.3 wt. % with respect to activated carbon. Monometallic Pd
nanoparticles prepared on activated carbon show the particle size ranging from 6 to 12 nm

(Figure 3.1). AC/NiPdPt catalyst also shows uniformly dispersed metal nanoparticles on

carbon as confirmed by the dark-field TEM image (Figure 3.2a). The high resolution TEM
(HRTEM) image of AC/NiPdPt shows lattice fringe around 0.22 nm associated with
Pd (111) plane (Figure 3.2b). The histogram of NiPdPt nanoparticles (calculated over 200
particles) shows particles of size less than 5 nm (Figure 3.2c).
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Figure 3.2: (a) Dark-field TEM image of NiPdPt nanoparticles supported on activated
carbon (AC/NiPdPt). (b) High resolution TEM (HRTEM) of the same catalyst. (c)
Histogram of particle size distribution for NiPdPt nanoparticles (calculated over 200
particles).
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Direct synthesis of H.O> was carried out at atmospheric pressure from molecular H, and
02 in a glass jacket reactor (Scheme 2.1) in presence of Cl- and Br-at 10 °C temperature
as described in the experimental section 3.3.3. The H>O2 concentration attained for different
catalysts after 8h reaction is given in the Figure 3.3a. Bimetallic NiPd on carbon support
(AC/NiPd) shows very high activity around 80 % greater than monometallic Pd catalyst
(AC/Pd). Moreover, AC/NiPd catalyst shows far better activity than AC/AuPd (Au:Pd ratio
is 50:50, prepared by the same procedure) which has been reported earlier in the literature
as one of the best catalysts for the direct synthesis of H,0.% 228 %0 Incorporation of Pt
(about 0.2 wt. %) along with NiPd, shows extraordinary improvement in activity for
AC/NiPdPt than AC/NiPd. The final H20. concentration achieved over AC/NiPdPt after
8h was 590 mM (~2 wt. %) which is about 2.4 times higher (140 % increase) than over
AC/Pd and almost 45 % higher over AC/NiPd catalyst (Figure 3.3a). A 95 % selectivity for
H2>0, was achieved over AC/NiPdPt which is comparatively higher than the selectivity
obtained over AC/NiPd (93 %) and AC/Pd (85 %) catalysts (Figure 3.3b). AC/NiPdPt
showed conversion of 10.2 % for H, which is higher than over AC/NiPd (7.2 %) and AC/Pd
(5 %) catalysts (Figure 3.3b).
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~ = A AC/NiPdPt 9
L 3001 2601 . acNipd - 20 2
© @ e AC/Pd 15 2>
S 200 3 S
S 40 2 t10©
100' [} [ | [} [ ] [ ] u u ]
e © o © o © o o 5
O-l 20 T T T T T T T T O
0 2 4 6 8 1 2 3 4 5 6 7 8
Time (h) Time (h)

Figure 3.3: (a) Direct synthesis of H.O2 over AC/NiPdPt, AC/NiPd, AC/AuPd and AC/Pd
catalysts. Reaction conditions: catalyst - 30 mg, 10 °C, 30 mL water-methanol (1:5)
containing 28 mM HCI and 0.01 M Br-, 1 atm pressure, H2:02 (1:4) gas mixture bubbled
with a flow rate, 50 mL min~L. (b) Selectivity of H.O (with respect to H,) and conversion
of Hz for AC/NiPdPt, AC/NiPd and AC/Pd catalysts.
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Figure 3.4: Direct synthesis of H>O2 over AC/NiPdPt, AC/PdPt and AC/NiPt catalysts.

Bimetallic NiPt (3.1 wt. % Ni and 0.2 wt. % Pt with respect to activated carbon) and PdPt
(3.1 wt. % Pd and 0.2 wt. % Pt) catalysts were also prepared separately on activated carbon
(using same method as described in the experimental section) keeping the Pt loading
constant at 0.2 wt. % as in AC/NiPdPt. Both the catalysts AC/NiPt and AC/PdPt showed
far lower activity for direct synthesis of H20. compared to AC/NiPdPt as shown in the
Figure 3.4. The above results clearly indicate that the presence of trace amount of Pt acts
as a promoter for NiPd catalyst towards direct H.O> synthesis reaction. The H2O>
productivity (in mmol gp4 min-t) in terms of absolute amount of Pd present in the catalyst
is 44, 28 and 17 for AC/NiPdPt, AC/NiPd and AC/Pd respectively (Figure 3.5). NiPd
catalyst on activated carbon showed excellent activity towards direct synthesis of H,O»,
about 33 times (in terms of absolute amount of Pd) higher as compared to self-supported
NiPd catalyst® (in the previous chapter). The activity has further been enhanced around 51
times (as compared to self-supported NiPd catalyst) by introducing a little amount of Pt on

NiPd supported on activated carbon (Figure 3.5).

The catalyst, AC/NiPdPt is very stable in acidic conditions and no catalyst leaching was
observed as confirmed by ICP-AES study after 8h reaction. The supernatant after removing
the solid catalyst does not show any activity for H202 production (Figure 3.6a) signifying
the absence of colloidal metal nanoparticles leached out in the solution. The catalyst shows
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recyclability up to 5 cycle (each cycle carries 8h reaction time) without losing its initial

l

Figure 3.5: H20, productivity in terms of mmol gz min-?, for all the catalysts after 8h

activity (Figure 3.6b).
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Figure 3.6: (a) Formation of H.O> after removing the solid catalyst, AC/NiPdPt at 8h. (b)
Recyclability of AC/NiPdPt catalyst up to 5™ cycle for direct synthesis of H202.
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The direct synthesis of H2O. was also carried out at high pressure, 37 bar using a high
pressure reactor at 10 °C temperature. As the reaction was carried out for shorter time scale,
30 min, no additives like halide, acid etc. were required in this conditions unlike the
previous one. The results for H20. synthesis for all the catalysts are given in Table 3.1.
AC/NiPdPt shows best activity for H2O> production than AC/NiPd, AC/AuPd and AC/Pd
with the trend similar to that observed for flow type reactions at normal pressure. The
catalyst also shows one of the best performances for H.O» synthesis at high pressure
conditions compared to those reported in the literature (Table 3.2). The promotional effect
of Pt has also been prominent for bimetallic NiPd catalyst at high pressure for direct
synthesis of H202. The enhancement in the catalytic activity would be attributed to change
in electronic structure of bimetallic NiPd catalyst in presence of the 3 element like, Pt
which has already been observed in the literature for AuPd catalyst.®!

Table 3.1: H20- productivity over different catalysts at high pressure (37 bar) conditions.

Catalyst H20: Productivity (mol kg h™1)
AC/NiPdPt 242
AC/NiPd 197
AC/AuPd 134
AC/Pd 46

Table 3.2: Comparison of H2O2 productivity over different catalysts reported in the

literature at high pressure (37 bar) conditions.

H202 Productivity
Catalyst (mol kg=1 h) References
AC/0.3% Ni-2.8% Pd-
0.20% Pt 242 Present study
AC/0.3% Ni-3% Pd 197 Present study
2.5% Au-2.5% Pd/carbon 175 28
1% Pd-4% Sn/SiO> 76 35
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2.5% Au-2.5% Pd/TiO2

110

27

2.4%Au-2.4%Pd 170 a1
0.2%Pt/CeO>

2.5% Au-2.5% Pd/carbon 110 37

4.2%Au-0.8%Pd/Al>03 21 38
0, 0,

Z'iﬁ/ﬁgsﬁv} -'2 . 138 23

3.5. Conclusion:

Bimetallic NiPd nanoparticles supported on activated carbon showed very high catalytic
activity for the direct synthesis of H,O> compared to monometallic Pd in normal pressure
as well as under high pressure conditions. Furthermore, the activity of NiPd catalyst was
improved by introducing a little amount of Pt (0.2 wt. %) as a promoter. The catalyst is
very stable and showed recyclability for 5 cycles (total 40h) retaining its initial activity.
Highly active NiPdPt catalyst supported on carbon could be used in near future for on-site

production of H2O> for practical applications.
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Chapter - 4

Introduction to electrochemical water splitting

and oxygen reduction reaction

Summary:

The global energy consumption is increasing drastically due to rapid growth of world
population over the last few decades. However, the depletion of fossil fuels, the
fundamental energy source for last two centuries and the environmental concerns
associated with their combustion forcing the scientific community to think about alternative
green energy sources. Water splitting and fuel cell technologies are going to be next
promising energy resources in near future. Costly noble metals are still being used as the
best electrocatalysts in hydrogen and oxygen evolution reactions (water splitting) and
oxygen reduction reaction (in fuel cell). Many non-noble metals are being explored in this
direction and still there is a lot of room to design and synthesize new materials for efficient

catalytic activity in this area.
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4.1. Introduction:

Rapid growth of world population demands huge global energy consumption. Fossil fuels
have been served as crucial energy sources in industrial and technological applications over
the last two centuries because of their high energy density. Though, coal and natural gas
are still being used to fulfil the global energy demand, there are lot of environmental
concerns due to huge carbon emissions associated with their inefficient combustion.!
Though, renewable energy sources like solar, wave, wind etc. are being used as alternatives,
most of them are seasonal and requires batteries or other storage materials for long-term

usability.?

Molecular hydrogen is one of the most promising renewable chemical fuels due to its zero
carbon footprint and can be used as an alternative to fossil fuels because of its very high
energy density.® Ha is also a main feedstock in hydrogen based fuel cell technologies for
large scale applications as its only byproduct is environment friendly water.* Currently, H,
is produced in huge quantity by industrial steam reforming method which requires very
high temperature and in addition, the process produces significant amount of CO3 in the
atmosphere.® Moreover, the method often adds sulphur-containing impurities which leads

to a lot of environmental problems as well as poisoning of the fuel cell catalysts.®

Hydrogen can be largely produced with almost 100% purity through electrochemical water
splitting process. The process consists of two half-cell reactions (Scheme 4.1): hydrogen
evolution reaction (HER) in cathode (2H" + 2e- - Hy)" 8 and oxygen evolution reaction
(OER) in anode (2H20 — O, + 4H" + 4¢7).% 1 Though, it seems that water splitting is easier
process to generate Ho but one cannot neglect the counter OER reaction which makes the
overall water splitting very sluggish because of its four electron transfer kinetics.!* Another
issue is related to the use of expensive noble metals and their compounds for HER (like
Pt)!2 12 and OER (Ru, Ir catalysts)!* 2 which need to be replaced by earth-abundant and
cost-effective non-noble metals or their compounds. Recently, transition metal (i.e. Mn, Fe,
Co, Ni etc.) based phosphides,'*>%? selenides,*2 sulphides®®-® etc. have been developed
for OER. Similarly compounds of Mo®*4? and W***> have been studied for HER.
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Ouerall: 2H,0 > O, + 2H,
, Bvgen  Anode N Cathode hydrogen
b \ ’ -
\

Scheme 4.1: Electrochemical water splitting reaction.’

Fuel cell technologies and metal-air batteries have also been drawn a lot of attraction as a
renewable and green energy resources for global energy demands.*® 4’ Just like, HER is the
key step in water splitting reaction to produce Hz, oxygen reduction reaction (ORR) is the
major step in hydrogen fuel cell (Scheme 4.2) and metal-air batteries.*® Again, the best
catalyst for ORR is Pt which limits it wide scale application due to high cost and less
availability. Attempts are being made to develop non-Pt based materials and transition

metal based bimetallic nanostructured catalysts to reduce their overall cost.*’

f(Image source:

http://www.berkeley.edu/news/media/releases/2009/10/08 sustainable_chemistry.shtml).
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Scheme 4.2: Scheme of a proton-conducting fuel cell.t

4.2. Hydrogen evolution reaction (HER):

HER proceeds by two, or multi-step reaction pathways irrespective of acidic or basic
medium.**%9 HER is facile in acidic pH as large number of protons available in the reaction
medium. The first step in HER mechanism involves adsorption of hydrogen (Hads) on the
electrode surface by the reduction of proton from the solution which is known as VVolmer
step. The second step is the desorption of hydrogen molecule from the electrode surface.
This could proceed in two ways: (i) electrochemical desorption, or (ii) chemical desorption
depending on the coverage of Hags. If the coverage of Hags is low, electrochemical

desorption of H> molecule is favored in which the adsorbed H on the active site of the

(Image source: https://www.rtds.com/wp-content/uploads/2015/12/Figure-1-Functional-
diagram-of-fuel-cell.png).
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electrode preferably takes one proton from the solution to form Hz molecule. This step is
known as Heyrovsky step. On the other hand, if the coverage of Hags is more, chemical
desorption is favored in which two surroundings adsorbed hydrogen atom joins together
chemically to form H2 molecule. This is known as Tafel step. The first one, Volmer step is
common for all the HER mechanisms. The value of Tafel slope is used to ascertain the
steps involved in HER mechanism. The calculated Tafel slopes, 118 mV dec!, 39 mV
dectand 29 mV dec! are assigned for VVolmer, Heyrovsky and Tafel step respectively.
Depending upon the coverage of Hags, HER mechanisms undergo either VVolmer-Heyrovsky
or Volmer-Tafel pathways. That means, lower the Hags coverage Volmer-Heyrovsky steps
predominates and higher the Hags coverage VVolmer-Tafel steps dominates. In general Pt-
based catalysts (show strong hydrogen binding affinity) exhibit Volmer-Tafel pathway and
carbon-based materials (weak hydrogen binding affinity) show Volmer-Heyrovsky
mechanism. Certain materials falls in between and undergo both the pathways during HER.
Thus the mechanism of HER can be evaluated by experimentally obtained Tafel slope

value.’

On the other hand, HER under alkaline conditions is comparatively sluggish as it directly
depends upon the opposite electrode (anode) where OER occurs which supplies the proton
to cathode after deprotonation from hydroxyl anions and thereby, affects the HER Kinetics.
Also, the protons further combine with the hydroxyl anions available plenty in the alkaline

medium to form water and makes HER struggling to move forward.
HER mechanism in acidic condition®:

1. Volmerstep: * + H3O" + &= — *Hags + H20
2. Heyrovsky step: *Hags + H3O" + e — * + Hy + H20
3. Tafel step: *Hags + *Hags — 2* + Hy

HER mechanism in alkaline condition®2:

1. Volmerstep: * + H>O +e” — *Hags + OH-
2. Heyrovsky step: *Hags + H2O + e — * + Ha + OH-
3. Tafel step: *Hags + *Hags — 2 * + Hy

Where, ‘*’ is the representation of active catalytic site.
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4.3. Oxygen evolution reaction (OER):

The OER is totally different from HER. The kinetics of the OER in acidic or alkaline
medium depends upon the characteristics of the material used as electrocatalyst. For
example, noble metal Ru, Ir and their compounds show better OER activity in acidic
medium than under alkaline medium.'! On the other hand, 3d transition metals like Fe, Co,
Ni etc. catalyzes the OER better in alkaline medium than under acidic medium. One reason
behind this is the poor stability of the transition metal based systems under acidic conditions

as it is known to leach out in the acidic electrolyte solution.

Unlike HER, OER mechanism is more complicated and involved more number of reaction
pathways in both acidic as well as alkaline medium. In alkaline condition, all the proposed
mechanism begin with the elementary step of hydroxide co-ordination on the active
catalytic site followed by other elementary reaction pathways.>**® The energy barrier
associated with each and every elementary step leads to increase in over potential of the
catalysts and makes OER more kinetically sluggish. The peroxide intermediate formed on
the catalytic interface plays an important role in delivering the dioxygen molecules during

the reaction.®® The most accepted OER mechanism* in alkaline condition is given below.

(i) *+ OH — OH* + ¢

(i) OH* + OH- — O* + HO(l) + e
(i) O* + OH — OOH* + e~

(ivy OOH* + OH™ — * + O2(g) + HO + e

Where, ‘*’ represents the active catalytic site.
4.4. Oxygen reduction reaction (ORR):

ORR is the most important reaction in proton exchange membrane fuel cells (PEMFCs).*®
ORR catalyst in cathode is used to reduce O to water with the production of electricity and
heat when H> is used as a fuel, (as shown in Fig. 4.2). ORR in the aqueous medium
undergoes two reaction pathways— (i) two electron reduction pathway to form H20. and
(i) direct four electron reduction pathway to form H,O from O.%” Sometimes, it can also
undergo one electron pathway to form superoxide species (O27) in non-agqueous aprotic
solvents or in alkaline medium. Normally the electrochemical ORR is kinetically very
sluggish and needs efficient cathode catalyst to make it faster. The mechanism of ORR is

quite complicated and involve many intermediates depending upon the electrocatalyst and
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the electrolyte solution which are not well understood still now. In aqueous alkaline
medium, the ORR mechanism®’ (Eley-Rideal mechanism, given below) is just inverse of

the OER mechanism in the same medium.

() *+ 0, > O

(i) O* + HO(l) + & — OOH* + OH-
(i) OOH* + & — O* + OH"

(iv) O* + HO() + & — OH* + OH-
(V) OH* +e — * + OH"

Where, ‘*’ represents the active catalytic site.
4.5. Phosphide based materials as water splitting catalysts:

The transition metal based phosphides have been recently studied for electrochemical water
splitting due to their high conducting nature, stability and better electrocatalytic activity for
both HER and OER.>® The presence of heteroatom, P in metal lattices improves the overall
activity for transition metal phosphide systems not only for HER but also for OER.’

In a metal phosphide system, the P-terminated surface contains polarization-induced partial
negative charge which acts as a proton adsorption centre (as a base)'! and also weakens
hydrogen binding energy for easy desorption of H> molecule and thereby, increases the
overall HER activity.” ' As a result, it is expected that the phosphide materials having
higher P content, show better HER performance. It is reported that the transition metal
(mainly Co, Ni and Fe) based phosphide materials and their polymorphs with higher
percentage of P showed better HER activity.!! For example, among CoP and Co2P, CoP
was found to be more active for HER as it contains more phosphorous.® Similarly, among
all the polymorphs of nickel phosphides (Ni2P, NisP4, Ni12Ps), NisP4 with higher P content
shows very good activity as compared to other polymorphs.®® Recently, density function
theory (DFT) study shows that the P centres acting as a base which traps the proton, also

facilitates the H, desorption at higher Hags coverage.®

In case of OER, the presence of P centres in metal phosphides do not have any direct impact
like HER. The 3d metal ions in transition metal phosphides show better OER activity due
to the increased 3d-2p repulsion between metal d-band centre and p-band centre of co-

ordinated oxygen in the peroxide intermediate species.>® In presence of heteroatom, P, the
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release of oxygen molecule is enhanced by 3p-2p repulsion between P and the peroxide

species after formation of the peroxide intermediate and hence increases the OER activity.
4.6. Bimetallic catalysts for ORR:

Noble metal Pt, the state-of-the-art catalyst for ORR is prohibitively expensive and needs
to be replaced by cost-effective materials.*® “ Another noble metal Pd from Pt-group which
is comparatively cheaper than Pt, has been studied as potential catalyst for ORR as an
alternative to Pt, but its ORR activity is far lower than expected to replace Pt.62%° Recently,
bimetallic nanostructured materials (mainly Pd or Pt with low cost transition metals) are
drawing attention to be explored for ORR in order to reduce the overall cost of the
catalyst.56-% Efforts are being made in this direction to improve their catalytic activity by

controlling their composition, particle size and morphology.’®"2

Among all, transition metal based bimetallic catalysts, M-Pd and M-Pt (M- Fe, Co, Ni, Mn,
Mo, Ti etc.) not only improve the ORR activity, but also make it relatively cheaper for their
widespread use.> 47 62 63 The pimetallic nanostructures can be prepared in the form of
homogeneous alloys, heterogeneous core-shell nanoparticles or, ordered intermetallic
phases. From theoretical calculations, it has been reported that the surface electronic
properties of the noble metals (Pd or Pt) in presence of secondary metal in bimetallic
nanostructured catalysts changes a lot compared to their pure state and leads to overall
increase in the ORR activity.”*" In presence of second element, d-orbital of Pd or Pt is
electronically modified and leads towards lower energy of d-band centre in the bimetallic
nanostructure.’® 77 For example, in pure Pt nanostructure oxygen binds too strongly which
suggests that its d-band centre is too high. Alloying Pt with transition metal, nickel, lowers

the d-band centre and hence the oxygen binds more weakly in PtsNi system than pure Pt.%"-
69

4.7. Conclusion:

The rapid depletion of conventional fossil fuels and their negative impacts on environment
have forced the government and researchers to think alternative green energy resources.
The most promising energy source hydrogen and its natural abundance in water makes the
electrochemical water splitting as a more attractive technology to produce hydrogen in
which two electrochemical reactions, HER and OER, operate in tandem. Still now, Pt has
been used as state-of-the-art electrocatalyst for HER and ORR; Ir and Ru are the best

catalysts for OER, but the high cost of those noble metals limits their large scale
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applications. Though, several approaches have been explored to design a new set of

electrocatalyst for future energy applications as their performances are far lower than

expected and need to be improved in order to use them at large scale as low cost and stable

electrocatalysts.
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High surface area NiCoP nanostructure as
an efficient water splitting electrocatalyst:

The oxygen evolution activity

Summary:

High surface area metal phosphide, Nio2CoogP shows excellent oxygen evolution
reaction (OER) performance in alkaline condition. It requires very low overpotential, 230
mV to achieve an anodic current density of 10 mA cm~2 with a Tafel slope of 44 mV dec™.
The catalyst also shows good activity for hydrogen evolution reaction (HER) under both
alkaline and acidic conditions. The higher activity may come from the synergistic effect of
Ni and Co in Nio2Coo.gP lattice which is further assisted by rapid mass transport due to

porous architecture in three dimensional network morphology.

Bl 1.6
otential (V vs. RHE)
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5.1. Introduction:

Electrochemical water splitting (to Hz and O) is an attractive sustainable technology for
tapping renewable energy resources with negligible carbon footprints.!* However, the
high cost and low earth abundance of the best performing oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER) catalysts (RuO., IrO> etc. for OER and Pt
based catalysts for HER) limit their widespread application.>® Practical prototypes
surpassing industrial threshold for water splitting demands not only effective but also
earth abundant electrocatalysts to carry out hydrogen and oxygen generation at opposite
electrodes efficiently.® ® The sluggish electron transfer kinetics associated with OER is
the major impediment to overcome with the earth abundant catalysts before we realize
water splitting as the source of renewable energy.%*? Several transition metal oxides,*16
hydroxides,'’'° sulfides,® 20?2 selenides,®>% nitrides,?®?® phosphides®®-® etc. are being
explored in this direction as monofunctional/bifunctional electrocatalysts for HER and
OER studies. Among them; Mo, Fe, Ni and Co based transition metal phosphides are
emerging as a new class of electrocatalysts for OER owing to their good electrical
conductivity®> 37 as compared to their oxide counterparts and excellent stability under
wide range of pH.® Furthermore, their ability to show proton and hydride acceptor
properties over metal and phosphorus sites respectively aids their performance in HER
activity.® 3639 Nevertheless, still a lot of improvement in terms of their structure and
composition is required to match their performance with RuO2, IrO, and Pt based

catalysts in their respective OER and HER reactions.®

For example, in comparison to one and two dimensional structures, three dimensional
nanoporous architectures of CoPs nanoneedles facilitate mass transport dynamics and
efficient charge-transfer Kinetics at electrode-electrolyte interfaces which in turn enhances
their electrocatalytic activity.®” Furthermore, the presence of hetero-metals in close
proximity is known to tune the local electronic environment significantly leading to
unusual OER and HER activities.*> 4* Therefore, a synergistically designed catalyst
having balanced pore architecture along with optimally tailored electronic structure is

expected to further boost its performance in electrochemical reactions.

In this chapter, we demonstrated a self-supported, three-dimensional nanoporous NiCoP
catalysts prepared by a simple strategy showing a very low overpotential, excellent high
current density and small Tafel slope for OER reaction. The overpotential required to
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achieve an anodic current density of 10 mA cm2 for Nio2Co00P (subscripts indicate wt.
% of respective element) catalyst is only 230 mV with a very small Tafel slope of 44 mV

decl.
5.2. Scope of the Present Study:

Due to limitations of existing fossil fuels, renewable energy resources have been drawing
a lot of attention for future energy sources. Among them, water splitting is one of the
most promising, green and sustainable energy technology which can generate pure
hydrogen and oxygen. However, this uphill reaction needs to be catalysed by earth
abundant elements to make this process economically viable. Though several approaches
are being explored over the last few decades, still designing an efficient catalyst for
kinetically sluggish oxygen evolution reaction (in the overall water splitting) is a
challenging task. In this study, we report bimetallic phosphides made from earth abundant
elements acting as a highly efficient bifunctional catalyst for both OER and HER
performance. This finding may be very useful and can open the path for technological

application in future.
5.3. Experimental Section:
5.3.1. Materials and Characterization Techniques:

NiCl2.6H20 (S D Fine Chemicals), CoCl2.6H-0 (S D Fine Chemicals), NaBH4 (S D Fine
Chemicals), NaH>PO> (Sigma-Aldrich), KOH (Merck Chemicals), H.SOs (98%, AR
grade), HCI (37%, AR grade) were used as received without any further purification.

Powder X-ray diffraction (PXRD) patterns were recorded using Bruker-D8 diffractometer
using Cu Ko radiation, (A\=1.54 A, step size: 0.02, current: 30 mA and voltage: 40 kV).
Field-emission scanning electron microscopy (FESEM) images and energy-dispersive X-
ray spectroscopy (EDS) were obtained by using FEI (Nova-Nano SEM-600 Netherlands)
equipment. Transmission electron microscope (TEM) imaging was done using Technai
F30 UHR electron microscope operating at an accelerating voltage of 200 kV. Samples
were prepared by putting a drop of very dilute dispersion in ethanol on a TEM grid
(carbon polymer, 300 mesh). Inductively coupled plasma — atomic emission spectroscopy
(ICP-AES) was carried out using a Perkin—Elmer Optima 7000 DV machine. X-ray
photoelectron spectroscopy (XPS) has been performed using Omicron EA 125

spectrometer with Al K, (1486.6 eV) source. Gas adsorption-desorption measurements
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were performed on Autosorb-iQ2 (Quantachrome corp.) at 77 K. The samples were
degassed before starting the nitrogen gas sorption analysis under a high vacuum (10-%
torr) for 12 h at 423 K. Electrochemical measurements were carried out using
electrochemical work station obtained from CH instruments (660C, USA) for evaluating
the electrochemical activities of the catalysts for hydrogen evolution reaction (HER) and

oxygen evolution reaction (OER).

5.3.2. Experimental Details:
5.3.2.1. Catalyst Synthesis:

Ni2P, CoP and mixed metal phosphides (NixCoyP, x and y indicates the wt. % of
respective metal present in the sample) with different Ni and Co compositions, were
prepared by the reaction of metal hydroxides and phosphide precursor (NaH2PO-) at 300
°C in Ar atmosphere.

Metal hydroxides were prepared by the reaction of aqueous metal chloride solution in
presence of excess amount of NaBH4 at room temperature.*> * In a typical procedure, 20
mL of metal chloride solution of 0.1 M concentration was rapidly added to a freshly
prepared 100 mL of 0.5 M NaBH4 aqueous solution with vigorous stirring. The stirring
was continued for another 30 minute. Finally the solid product obtained was washed with
water for several times and dried at 60 °C in an oven for overnight. For the synthesis of
bimetallic nickel-cobalt hydroxide, nickel and cobalt chloride solutions were mixed
according to their desired compositions (different Ni:Co wt. ratio) and reduced with
NaBHj; solution with the same procedure described above for nickel and cobalt hydroxide

synthesis.

Metal phosphide nanostructures were synthesized by the procedure reported elsewhere.**
46 To synthesize the metal phosphide, 200 mg of as-synthesized metal hydroxide (nickel
or cobalt hydroxide) was mixed with 1 g (5 times) of NaH2PO by grinding in a motor-
pestle. The solid powder was transferred into a ceramic boat and heated in a tube furnace
at 300 °C for 1 h in Ar atmosphere (heating and cooling rate was 3 °C per minute). Then
the solid product was soaked in 60 ml 0.1 M HCI solution for 3 h in order to remove
unreacted metal particles which were formed during the borohydride reduction. Finally,
the remaining solid was washed with water for several times and dried at 60 °C in an oven

for overnight. The bimetallic nickel-cobalt phosphides, NixCoyP were synthesized from
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the reaction of nickel-cobalt hydroxide with NaH2PO: in the same reaction condition as
mentioned above followed by acid washing. Nickel-cobalt phosphides having different Ni
and Co compositions, Nio2C00.gP, Nio.sC006P, NiosC004P and NiosCoo2P were also
prepared using the above procedure. The composition of all the samples were analyzed by
inductively-coupled plasma atomic emission spectroscopy (ICP-AES). Among them,
Nio2Coo.gP catalyst showed very high activity and rest of the experiments were carried

out using this catalyst.
5.3.2.2. Synthesis of Nio.2Coo.sP Doped with 2 wt. % Fe (Nio.2C00.sP-2% Fe):

During the synthesis of mixed hydroxide of Ni and Co (Ni:Co wt. ratio is 20:40) from the
chloride precursors solution, iron chloride (FeCl2. 4H>O) was added accordingly so that
Fe wt. percentage is 2 with respect to total weight of Ni and Co in the sample. In a typical
procedure, 3.4 mL 0.1 M NiCly, 13.58 mL 0.1 M CoCl; and 0.36 mL 0.1 M FeCl>
solutions were mixed properly and rapidly added to 100 mL freshly prepared 1 M NaBH4
solution with vigorous stirring. The stirring was continued for another 30 minute. Finally
the solid product obtained was washed with water for several times and dried at 60 °C in
oven for overnight. Then the solid product was mixed with NaH2PO> (5 times) and heated
in a tube furnace at 300 °C for 1 h in Ar atmosphere followed by acid washing as
mentioned above. The compositions of Ni, Co and Fe were confirmed by inductively-

coupled plasma atomic emission spectroscopy (ICP-AES).
5.3.2.3. Removal of Fe from 1 M KOH Solution:

Trace amount of Fe present in the commercial grade KOH was removed by Co(OH)2
absorption method reported in the literature.’® In a typical procedure, Co(OH), was
prepared first by dissolving 2 gm of Co(NOs)2 in 4 mL mili Q water followed by the
addition of 20 mL 0.1 M KOH solution with stirring. The precipitated Co(OH). was
separated out after 5 min by centrifugation and washed with mili Q water by mechanical
agitation for 5 times. Finally obtained Co(OH). was used for Fe removal to purify 1 M
KOH. As-prepared Co(OH). was added to 50 mL of 1 M KOH solution and the mixture
was mechanically agitated for another 10 min to absorb Fe impurities. Then the brown
colored suspension was removed by centrifugation for 1 h and the purified KOH was
separated out. The process was repeatedly done for another three times with the same
purified KOH solution and finally used as Fe-free KOH electrolyte for electrochemical
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measurements. Also, the absence of Fe in 1 M KOH solution was confirmed by ICP-AES

analysis.
5.3.2.4. Electrochemical Measurements:

The electro active material (2 mg) was dispersed in a mixture of mili Q water (0.7 mL)
and isopropanol (0.3 mL) containing 10 uL of 5 wt. % nafion solution and ultrasonicated
to obtain a homogeneous catalyst ink. Then, 8 uL of the catalyst ink was drop casted on a
cleaned glassy carbon (GC) electrode having 3 mm diameter resulting a catalyst loading
of ~0.22 mg cm2. The GC electrode was dried in ambient conditions and used as

working electrode in the electrochemical studies.

Electrochemical measurements were carried out using a standard three-electrode cells
using a graphite rod having large area as a counter electrode and saturated calomel
electrode (SCE) as reference electrode in acidic medium (0.5 M H2SOg4) for HER activity
and mercury-mercuric oxide (Hg/HgO) electrode as also a reference electrode in basic
medium (0.1 M and 1 M KOH) for both HER and OER activity. All the polarization
curves were recorded after the correction of iR compensation arising due to ohmic
resistance of the cell. The measured potentials vs. SCE or Hg/HgO were calibrated with
respect to reversible hydrogen electrode (RHE). The obtained current densities were
normalized to the geometrical surface area of the GC electrode. The linear sweep
voltammograms (LSVs) were recorded in 1 M KOH /0.1 M KOH /0.5 M H2SO4 at 5 mV
st under Ar saturated aqueous electrolytes. Cyclic voltammograms (CV) were recorded
under similar conditions and at different scan rates (20-200 mV s~!) within the potential
range from -0.1 to 0.3 V (vs. RHE) in order to evaluate electrochemical double layer

capacitance (Cal), representing electrochemically active surface area (ECSA).
5.3.2.5. Calibration of Reference Electrodes:

The reference electrodes Hg/HgO used in alkaline electrolyte (KOH solution) and SCE
used in acidic solution, were calibrated with respect to reversible hydrogen electrode
(RHE) using large area Pt foil as a working electrode and long Pt wire as counter
electrode. High purity hydrogen gas was purged in the respective solutions for 1 h before
the experiment and a constant overhead purge was maintained during the measurements.

Cyclic voltammograms were recorded at a scan rate of 1 mV s~* (Figure 5.1).

For1 M KOH,  ErHe = EHg/Hgo + 0.935V
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For 0.1 M KOH, Egee = Engigo + 0.894 V

For 0.5 M H2S0Og4, ErHe = Esce + 0.274 V

(b)
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Figure 5.1: Calibration plot of mercury/mercury oxide (Hg/HgO) electrode with respect
in (@ 1 M KOH and (b) 0.1 M KOH. (c)
Calibration plot of saturated calomel electrode (SCE) with respect to RHE in 0.5 M

to reversible hydrogen electrode (RHE)

Potential (V vs SCE)

H>SO4. All the cases measurements were carried out at a scan rate of 1 mV s,

5.4. Results and Discussion:

Bimetallic, pore engineered, mixed metal phosphide, Nig2CoosP was synthesized by
reaction of nickel-cobalt hydroxide with NaH2PO> at 300 °C under Ar atmosphere
followed by acid washing (details in the experimental section).** 4 Acid washing is
required in order to remove unreacted metal particles which were formed during the

synthesis of metal hydroxide. The powder X-ray diffraction (PXRD) pattern of Ni.P
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Figure 5.2: (a) Powder X-ray diffraction (PXRD) patterns of as-synthesized Ni2P and
after acid etching. As-synthesized Ni2P contains some amount of Ni nanoparticles which
can be removed by acid treatment as discussed in the experimental section. (b) PXRD
patterns of Ni2P, CoP and Nio2CoogP. It shows Nio2CoogP structure is governed by CoP

as it contains 80 wt. % of Co.

(Figure 5.2a) after acid washing shows the complete removal of unreacted Ni
nanoparticles. The precursors, nanoporous Ni, Co and Ni-Co hydroxides having high
surface area were prepared by NaBH4 reduction of the respective salt solutions, a method
adopted by us earlier to prepare high surface area noble metal nanostructures.*? 43 The
phase purity and chemical composition of Ni2P, CoP and Nio2Co00.sP electrocatalysts were
analyzed by PXRD pattern (Figure 5.2b) and inductively-coupled plasma atomic emission
spectroscopy (ICP-AES). The PXRD pattern of Nip2CoogP confirms that the lattice
structure mainly consists of CoP phase (orthorhombic) predominantly governed by the
relative weightage of the metal. The transmission electron microscopic (TEM) image of
Nio2CoosP (Figure 5.3a) shows that it has a network, sponge-like structure made up of
interconnected particles of size about 10 nm. High resolution- TEM (HRTEM) image of
Nio2Coo.sP (Figure 5.3b) indicates a lattice spacing of 0.26 nm which is in between Ni.P
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(0.513 nm, hexagonal structure) and CoP (0.19 nm, orthorhombic structure) (Figure 5.4)
confirming the formation of bimetallic Ni-Co phase. Furthermore, energy dispersive X-
ray spectroscopic (EDS) elemental mapping (Figure 5.3c) shows uniform dispersion of
Ni, Co and P in Nip2C00.8P sample which indicates phase uniformity of the material.

Figure 5.3: Characterization of Nio2C0osP. (@) TEM image and (b) high resolution-
TEM (HRTEM) image of Nio2CoogP phase. (c) Corresponding elemental
mapping for Ni, Co and P in Nip2Coo.sP.
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Figure 5.4: Transmission electron microscopy (TEM) images of Ni;P and CoP. High
resolution TEM (HRTEM) images show the lattice fringes of Ni2P (hexagonal phase) and
CoP (orthorhombic phase).

The field emission scanning electron microscopic (FESEM) images (Figure 5.5) further
confirms the three dimensional network morphology of phosphides. N2 sorption analyses
in Figure 5.6 indicate significant nitrogen condensation at higher P/P, and the pore size
analyses shows the presence of wide range of mesopores (3-12 nm) which matches well
with TEM observation. The surface areas calculated from N isotherms at 77 K for
Nio.2Coo.sP, Ni2P and CoP were found to be 38, 33 and 48 m? g! respectively which is

significantly higher compared to previously reported literature values (Table 5.1).
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Figure 5.5: Field-emission scanning electron microscopy (FESEM) images of Ni.P, CoP
and Nio2CoogP. The images show three dimensional network morphology made up of
interconnected nanoparticles during the synthesis.
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Figure 5.6: N2 adsorption-desorption isotherms of Nig2C0osP, Ni2P and CoP measured

at 77 K. Inset of all shows the enlarged view of adsorption.

Table 5.1: Comparison of Brunauer—-Emmett—Teller (BET) surface area of assynthesized

catalysts with the literature reports.

Catalyst Surface Area References
(m*g)

Nio2Coo.8P 38 Present Study

Ni2P 33 Present Study
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CoP 48 Present Study
Nio.4C0o.6P 37 Present Study
Nio.6C00.4P 40 Present Study
Nio.sC0o.2P 39 Present Study
Ni-Co-P 22 40
CoPs 21.4 37

nanoneedles

CoP3 4.7 37
nanoparticles

CoP 36.5 47
nanowire

CoP hollow 46.9 48
polyhedron

X-ray photoelectron spectroscopy (XPS) analyses were carried in order to evaluate the
chemical nature of elements and to correlate with electroactivity. Survey spectrum of
Nio2CoogP (Figure 5.7a) indicates the surface presence of Ni, Co, P and O (existence of O
on the surface is due to exposure of the sample in air), commensurate with EDS analyses.
The deconvolution of high resolution Ni 2p spectrum (Figure 5.7b) shows peaks at 853.1
eV (for Ni 2ps2) and at 870.1 eV (for Ni 2p1s2) ascribed to partially positive Ni®* in Ni-P
bond.*® The peak at 856.6 eV and the corresponding satellite peak at 861.9 eV for Ni 2pas2
(also the peak at 874.8 eV and its corresponding satellite peak at 880.5 eV for Ni 2p1/2)
could be attributed to Ni%* species.** % 5! The deconvoluted high resolution spectrum for
Co 2p also shows peaks corresponding to Co®" in Co-P bond* as well as Co?* species*® *°
(Figure 5.7c). The binding energy values for P 2ps2 and P 2py» are 128.8 eV and 129.8

eV (Figure 5.7d) respectively in Nio2CoogP show a negative shift compared to elemental
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P (130.2 eV) supports the presence of P9 52 | addition, the presence of a broad peak at

higher binding energy, 133.2 eV, could be ascribed to oxidation of P species.>® The peaks
corresponding to partially oxidized Ni and Co and partially reduced P in XPS analysis

suggest that a certain amount of electron density transfers from Ni and Co site towards

p.5
(a) (b) Ni2p
> oy
9 o
c c
1000 800 600 400 200 0 880 870 860 850
Binding Energy (eV) Binding Energy (eV)
(c) Co2p (d) P2p
> Py
c [
Q Q
= =
810 800 790 780 136 134 132 130 128 126

Binding Energy (eV) Binding Energy (eV)

Figure 5.7: X-ray photoelectron spectroscopic (XPS) analyses of Nio2CoosP.
(@) XPS survey spectrum of Nig2CoogP and corresponding high resolution deconvoluted

spectra of (b) Ni 2p, (c) Co 2p and (d) P 2p respectively.
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The OER performance of the samples were investigated using a rotating disk electrode
(RDE) as the working electrode at 1600 rpm in 1 M KOH solution. The performance of
Ni2P, CoP and commercial RuO, catalysts were also measured for comparison with
Nio2CoogP. Polarized linear sweep voltammograms (LSVs) of different phosphides

studied at 5 mV s under Ar saturated conditions indicate superior performance for
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Figure 5.8: (a) The polarized linear sweep voltammograms of different catalysts for
evaluating OER activity at 5 mV s after iR compensation in 1 M KOH solution. (b)
Corresponding Tafel analyses extracted from (a), compared with state-of-the-art RuOx.
(c) Nyquist plots of all the electrocatalysts at their respective onset potentials. (d)
Stability studies of Nio2CoosP before and after 2000 cycles indicating stable
performance. Inset shows chronoamperometry (the current density vs time plot) for the

same catalyst.
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Figure 5.9: The polarized linear sweep voltammograms of different catalysts for
evaluating OER activity at 5 mV s after iR compensation in 1 M KOH solution. (b)
Corresponding Tafel analyses extracted from (a). (c) Nyquist plots of all the

electrocatalysts at their respective onset potentials.

Table 5.2: Comparison table of electrochemical parameters obtained for OER

performance in 1 M KOH solution among all phosphide catalysts and state-of-the-art

RuO: catalyst.
Niy,Co,sP | CoP Ni,P | Nij,Coq P | Nij cCog 4P | Niy 3Cop,P | RuO,
Onset overpotential 190 230 200 200 200 200 240
(mV)

Overpotential at 230 280 270 255 255 255 300

10 mA cm2 (mV)
Overpotential at 360 440 460 420 440 445 550

100 mA cm2 (mV)
Tafel Slope (mV dec) 44 53 57 49 51 52 66
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Nio2C0o.8P compared to other mixed/monometallic phosphides (Figure 5.8a, 5.9a and
Table 5.2). The LSVs (Figure 5.8a) indicate very high oxygen evolution activity for
bimetallic Nio2CoogP catalyst with lowest onset potential of 1.42 V as compared to NizP
(1.43 V), CoP (1.46 V), and the standard RuO- catalyst (1.47 V). The overpotential
required for Nio2CoosP to reach a current density of 10 mA cm=2 is 230 mV (360 mV to
generate 100 mA cm-2) which is one of the lowest values reported so far for any
transition metal phosphide materials (Table 5.3). On the other hand, Ni2P and CoP show
overpotentials of 270 and 280 mV respectively at 10 mA cm2 (460 and 440 mV at 100
mA cm2 respectively). Reaction kinetics were studied in kinetically controlled region
using Tafel analysis (Figure 5.8b). Nio.2CoosP exhibits lowest Tafel slope of only 44 mV
dec! compared to NizP (57 mV dec?), CoP (53 mV dec) and RuO2 (66 mV dec!) and
many transition metal phosphides reported so far (Figure 5.8b, 5.9b and Table 5.3). As
expected, electrochemical impedance spectroscopic (EIS) analyses show lower charge
transfer resistance (Rct) for Nio2CoogP catalyst compared to other NiCoP catalysts
prepared at varying compositions (Figure 5.8c and 5.9c). Moreover, Nio2Co0ogP shows
hardly any loss in activity even after 2000 cycles (after accelerated cycling test) (Figure
5.8d) and no sign of degradation of current density even after a long time of 30000 s at
fixed potential at a current density of 10 mA cm2 (inset of Figure 5.8d). There is no
significant change in the morphology of Nio2CoosP catalysts observed in TEM after the
OER performance (Figure 5.10). It is to be noted that a physical mixture of Ni.P and CoP
(mixed in a wt. ratio to obtain Nio2CoogP stoichiometry) showed the OER activity far
lower than the activity of Nio2CoosP further confirming the synergistic effect*® of Ni and
Co in Nig2CoogP lattice (Figure 5.11).

Table 5.3: Comparison table of OER activity in alkaline medium among the transition

metal based phosphide catalysts recently reported in the literature.

Catalysts Overpotential [Tafel Slope|References
(mV) (mV dec?)
at @10
mA cm™
Ni20CogoP 230 44 Present Study
CoP 280 53 Present Study
Ni2P 270 57 Present Study
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CoP/CNT ~330 50 33
CoP 400 80 33
Ni2P 290 47 32

nanowires
Ni2P 330 59 32

nanoparticles
Ni;CosP 280 66.5 41

C@NisgP3 267 51 35
NigP3 283 78 35
CusP/ 320 54 95

Ni Foam

Core-oxidized 287 70 30
amorphous
CoP
CoP NR 320 71 56
/Carbon
CoP NP 340 99 56
/Carbon
CooP 310 50 31
nanoneedles
CoMnP 330 61 1
Co,P 370 128 1
Co-Fe-P-1.7 319 58 57
CoP/C 360 66 58
Ni2P 400 60 59
nanowires
FeMnP 300 65 60
nanoplates
[FTO
NiCoP/Ti 310 52 o4
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carbon 300 64 34
coated NiP
nanoplates
Ni-Fe-P 271 53 61
nanocubes
CP@FeP 350 63.6 62
CoP2/RGO 300 96 63
CoP2 370 103 63
Feo2Nio.sP2 241 49.3 64
[carbon paper

Figure 5.10: (a) TEM and (b) HRTEM images of Nio2CoosP catalyst after the OER
performance in 1 M KOH solution.
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Figure 5.11: The polarized linear sweep voltammogram of a physical mixture of NiP
and CoP (mixed in a wt. ratio to obtain Nio2CoosP stoichiometry) for OER performance
at 5 mV s? after iR compensation in 1 M KOH solution which shows far lower OER
activity compared to Nio.2Coo P catalyst.

Hu et al. in a recent report observed that higher activity of Ni2P nanoparticles for OER
(overpotential of 290 mV at 10 mA cm) in alkaline medium is associated with the
presence of trace amount of Fe impurities (~40 ppb, present in commercial KOH
electrolyte).®? Removal of iron from KOH showed a huge increase in overpotential, 410
mV at a current density of 10 mA cm~2. However, in our case, there was no such change
in the performance of Nip2CoogP catalyst (Figure 5.12) when the OER was carried out in
1 M KOH electrolyte before (commercial grade containing ~40 ppb Fe analyzed by ICP-
AES) and after removing the trace iron (by using Co(OH). absorption,*® details in the
experimental section). Furthermore, addition of Fe (10 ppm concentration) into iron-free
1 M KOH electrolyte did not show any enhancement in OER activity for Nio.2C0o.sP
(Figure 5.12). Besides, Nio2CoogP prepared with 2 wt. % Fe (details in experimental
section) also shows no significant enhancement for OER activity in 1 M KOH electrolyte
(Figure 5.12). This experiment further confirms that the lower overpotential displayed by

Nio2CoogP catalyst is rather intrinsic and not resulting from the iron impurities. The
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synergistic effect of Ni and Co in Nio2CoogP can be understood as this ternary phosphide
shows excellent performance for OER compared to the binary Ni2P and CoP catalysts as

described above.
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Figure 5.12: OER performance of Nio2CoosP catalyst in 1 M KOH electrolyte before and
after removing the trace amount of iron. Same measurement was carried out in presence
of 10 ppm Fe (added separately) in 1 M KOH solution. Also, OER was done for
Nio.2C00.8P-2% Fe doped (prepared separately as described before in the experimental
section).

The HER studies of Ni2P, CoP and Nio.2Coo.gP catalysts were investigated in 0.1 M KOH
in a standard three electrode assembly with a mass loading of 0.22 mg cm on glassy
carbon (GC) electrode and was compared with state-of-the-art catalyst 40 wt. % Pt/C. The
LSVs of different phosphides (Figure 5.13a and 5.14a) indicate superior performance for
Nio2CoogP compared to other mixed/monometallic phosphides (Table 5.4). Nio2CoogP
requires an overpotential () of 237 mV to achieve a cathodic current density 10 mA cm=

which is much lower compared to CoP (n =401 mV), NioP (n =443). Furthermore,
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Figure 5.13: (a) The polarized linear sweep voltammograms of different catalysts for

evaluating HER activity at 5 mV s after iR compensation in 0.1 M KOH solution. (b)

Corresponding Tafel analyses extracted from (a), compared with state-of-the-art Pt/C. (c)

Nyquist plots of all the electrocatalysts at their respective onset potentials. Inset shows

the magnified view of the region marked in doted circle in higher frequency regime. (d)

Stability performance of Nip2CoosP before and after 2000 cycles indicating stable

performance.

Nio.2C0o:sP exhibits a Tafel slope of 80 mV dec™ as compared to CoP (89 mV dec?) and
Ni2P (94 mV dec?) and other mixed phosphides (Figure 5.13b and 5.14b). To investigate

the interfacial HER phenomenon, electrochemical impedance spectroscopic (EIS)

analyses (Figure 5.13c and 5.14c) were carried out at their respective onset potentials.
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Figure 5.14: (a) The polarized linear sweep voltammograms of NiCoP of different Ni and
Co compositions for evaluating HER activity at 5 mV s? after iR compensation in 0.1 M
KOH solution. (b) Corresponding Tafel analyses extracted from (a). (c) Nyquist plots of

all the electrocatalysts at their respective onset potentials.

Table 5.4: Comparison table of electrochemical parameters obtained for HER
performance in 0.1 M KOH solution among all phosphide catalysts and state-of-the-art
Pt/C catalyst.

Ni, ,Co, P CoP Ni,P | Niy,Co, P | NiggCo,,P | NiygCo,, | 40% Pt/C
P
Onset overpotential 70 199 229 91 123 150 7
(mV)
Overpotential at 237 401 443 272 292 324 100
10 mA cm2 (mV)
Tafel Slope (mV dec) 80 89 94 85 86 88 45
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Figure 5.15: The polarized linear sweep voltammogram of a physical mixture of NiP
and CoP (mixed in a wt. ratio to obtain Nig2CoosP stoichiometry) for HER performance
at 5 mV s after iR compensation in 0.1 M KOH solution which shows far lower HER

activity than Nio2CoosP catalyst.

Nio2Coo.sP shows lowest charge transfer resistance (Rc¢t) among all the binary and ternary
metal phosphides indicating facile electron transfer kinetics for the electrochemical
reactions. Nevertheless, the curves obtained from EIS measurement suggest more than a
single step involved for HER in the basic medium. The faster kinetics for bimetallic
Nio.2Coo.gP catalyst compared to single/mixed metal phosphide systems is probably due to
the contribution from higher surface area of the catalysts and the synergistic effect of both
Ni and Co present in a three dimensional, highly porous interconnected network which
allows easy electron transfer across the electrochemical interfaces. The HER performance
carried over the physical mixture of CoP and Ni>P (mixed in the wt. % ratio to obtain
Nio2CoosP as mentioned earlier) was far lower than the performance of Nig2CoosP
confirming the synergistic effect of Ni and Co in Nio2CoogP lattice (Figure 5.15).
Nio2CoogP does exhibit superior stability for over 2000 cycles after accelerated cyclic
testing (Figure 5.13d) indicating durability of such systems for long term electrochemical
performance. However, the HER performance of Nip2CoosP in 1 M KOH is lower than

expected and the reason is not clear.
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The catalysts, Nio2CoosP, Ni2P and CoP were also tested for HER activity in acidic
medium (0.5 M H2SOg4 solution). Nio2Coo.sP shows much lower onset potential of 33 mV,
Further it shows an overpotential (n) of 116 mV to achieve a cathodic current density 10
mA cm2 with a Tafel slope of 51 mV dec? significantly lower than the value observed
for Ni2P, CoP and other compositions of NiCoP (Figure 5.16, 5.17 and Table 5.5).
Furthermore, Nio.2C0o.gP is also very stable and its activity remains same even after 2000
cycles in 0.5 M H2SO4 solution (Figure 5.16d).
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Figure 5.16: (a) The polarized linear sweep voltammograms of different catalysts for
evaluating HER activity at 5 mV s after iR compensation in 0.5 M H2SO4 solution. (b)
Corresponding Tafel analyses extracted from (a), compared with state-of-the-art Pt/C. (c)
Nyquist plots of all the electrocatalysts at their respective onset potentials. Inset shows
the magnified view of the region marked in doted circle in higher frequency regime. (d)
Stability performance of Nio2CoosP before and after 2000 cycles indicating stable

performance.
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Figure 5.17: (a) The polarized linear sweep voltammograms of different catalysts for
evaluating HER activity at 5 mV s after iR compensation in 0.5 M H2SO4 solution. (b)
Corresponding Tafel analyses extracted from (a). (c) Nyquist plots of all the

electrocatalysts at their respective onset potentials.

Table 5.5: Comparison table of electrochemical parameters obtained for HER

performance in 0.5 M H2SO4 solution among all phosphide catalysts and state-of-the-art

Pt/C catalyst.
Ni, ,Co, P CoP Ni,P | Niy4Co,¢P | NiyCo,,P | NiyzCo,,P | 40% Pt/C
Onset overpotential 33 67 97 58 70 76 5
(mV)
Overpotential at 116 165 203 138 152 156 17
10 mA cm2 (mV)
Tafel Slope (mV dec?) 51 62 66 53 54 55 31
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Figure 5.18: Cyclic voltammograms of all the phosphide catalysts at different scan rates

ranging from 20 to 200 mV s,
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Figure 5.19: Evaluation of the double-layer capacitance of different phosphide samples
at 0.1 V (vs. RHE). Double layer capacitance are calculated from the slope and tabulated
in the table.

In order to understand the strong electrochemical activity of Nio2CoogP, measurement of
double layer capacitance (Ca), signifying the electrochemically active surface area
(ECSA) was evaluated. Needless to mention, Nio2CoosP exhibits higher double layer
capacitance compared to other mono/mixed metallic phosphide phases indicating higher
number of active sites of the former. The Ca of Nio2C0osP is 1.45 mF cm~2 which is
around 10 times higher than Ni.P (0.146 mF cm=2), 26 times higher compared to CoP
(0.055 mF cm~2). This value is also higher than other mixed phosphide systems (Figure
5.18, 5.19) and previously reports.3> 3 The origin of HER and OER activity can also be
attributed to the presence of higher density of catalytically active sites in Nig2CoosP. It
must however be noted that electrochemically active surface area is different from
geometrical surface area; even though CoP has greater surface area compared to
Nio2Coo.gP but its activity is lower compared to that of the former. It clearly points out the
fact that the local synergism aided by the presence of other metal atoms*® would locally
tune the electrochemical properties in a favorable way as it is known that such elements

could lower the activation energy barrier for adsorption as well as electronic conductivity
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as evident from EIS data (Figure 5.8c, 5.13c and 5.16c¢). Moreover, the performance
metrics of our catalysts is far better than previously reported transition metal based
systems for OER under alkaline conditions. Such performance can be rationalized in
terms of better mass transport properties aided by high surface area (wider mesopores)

and appropriate engineering of local electronic structure.
5.5. Conclusion:

In summary, a simple route was developed to obtain high surface area, pore engineered
bimetallic phosphide catalysts, NiCoP (with various Ni and Co compositions) which act
as a superior electrocatalyst for OER under alkaline conditions as well as HER activity in
both alkaline and acidic medium. It is demonstrated that Nig2CoosP catalyst (having an
n@10 mA cm~2 of only 230 mV) is one of the best performing OER catalysts, compared
to previously reported transition metal phosphide catalysts. The synergistic effect of Ni
and Co present in the bimetallic phosphide catalysts improves the overall activity
compared to their monometallic phosphides. The pore-engineering in three dimensional
network morphology provides the higher active surface area facilitating the electron
transfer at the interface during the electrochemical reactions. This kind of non-noble
metal based low-cost material as bifunctional catalyst for both OER and HER can open

the path for real application in future.
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High surface area Ni containing Pd nanostructure: Pt
like activity for hydrogen evolution and oxygen

reduction reactions

Summary:

We report a novel approach for rapid synthesis of NiPd nanostructure by simple NaBH4
reduction followed by quick dissolution in HCIl and H20.. The NiPd catalyst shows a very
high surface area of 136 m? gm™ and excellent catalytic performance for both hydrogen
evolution and oxygen reduction reactions. The catalyst requires only 39 mV overpotential
at current density, 10 mA cm~2 with a Tafel slope 32 mV dec which is almost equivalent

to the state-of-the-art Pt/C catalyst.
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6.1. Introduction:

Synthesis of noble metal nanostructures of high surface area has generated a great deal of
interest owing to their potential applications in fuel cells,*? catalysis,*® sensors” 8 and
membranes.® Among all, Pd based nanostructures have attracted much attention for their
role as a catalyst in many industrially important chemical reactions.'®* In recent years, Pd
is increasingly being recognized as a better alternative to high cost platinum electrocatalyst
used for hydrogen evolution reaction (HER)*>"*® and oxygen reduction reaction (ORR),**
21 the most indispensable processes in the renewable energy technologies, water electrolysis
and fuel cell respectively. However, the performance of Pd based catalysts for
electrochemical HER and ORR is far lower than Pt 18:1%.22.23 and a |ot of efforts are being
made to improve their activity by manipulating its size, structure, surface area and

electronic properties, 212426

For example, the presence of secondary elements like Ni, Cu etc. are known to modify the
electronic structure of Pd which in turn influences its catalytic properties.*> * The
electrocatalytic activity of Pd could also be enhanced by having high surface area and
porous nanostructures as they provide large number of active sites and effective mass
transport at the electrode-electrolyte interface. Mass transport is an important parameter for
electrochemical activity and materials with wider pores would result in unaided transport
of adsorbate towards or away from the electrode-electrolyte interfaces resulting in effective

utilization of active sites located deep inside the catalysts.?"2°

Herein, we report a new and scalable method to make Pd nanostructures with remarkably
high surface area and porosity incorporated with little amount of transition metal, nickel,
to modify its electronic structure. High surface area Pd nanostructure was synthesized by a
modified procedure reported by us earlier'* by reducing the Pd and Ni salt precursor with
sodium borohydride solution, NaBHa, followed by a quick dissolution (less than 2 minutes)
in HCI/H202 mixture. The assynthesized nickel containing (6wt%<) Pd nanostructure
shows extraordinary high surface area of 136 m? gm?, the highest ever reported so far and
a benchmarking performance for both hydrogen evolution reaction (HER) and oxygen
reduction reaction(ORR) on par with platinum. The catalyst requires only 39 mV
overpotential for HER at current density, 10 mA cm=2 with a Tafel slope 32 mV dec*which

is almost equivalent to the state-of-the-art catalyst Pt/C.
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6.2. Scope of the Present Study:

Drastic increase in the world population is leading to the rapid depletion of existing fossil
fuels. Water splitting, fuel cell technologies and electrochemical energy storage have
recently been drawn a huge attraction as promising and efficient future energy applications.
Noble metal, Pt has been studied extensively as the best electrocatalyst for electrochemical
reactions but the high cost inhibits its global application. Developing low cost catalysts is
highly necessitated for widespread and commercial applications. In this chapter, we have
demonstrated the synthesis of high surface area nickel containing Pd (abbreviated as NiPd)
catalyst which showed Pt-like activity for HER and ORR.

6.3. Experimental Section:

6.3.1. Materials and Characterization Techniques:

PdCI; (Sigma Aldrich), NiCl2.6H,0 (S D Fine Chemicals), NaBH4 (S D Fine Chemicals),
H20> (S D Fine Chemicals, AR grade), KOH (Merck Chemicals), H.SO4 (98%, AR grade),

HCI (37%, AR grade) were used as received without any further purification.

Powder X-ray diffraction (PXRD) patterns were recorded using Bruker-D8 diffractometer
using Cu Ko radiation, (A=1.54 A, step size: 0.02, current: 30 mA and voltage: 40 kV).
Field-emission scanning electron microscopy (FESEM) images and energy-dispersive X-
ray spectroscopy (EDS) were obtained by using FEI (Nova-Nano SEM-600 Netherlands)
equipment. Transmission electron microscope (TEM) imaging was done using Technai F30
UHR electron microscope operating at an accelerating voltage of 200 kV. Samples were
prepared by putting a drop of very dilute dispersion in ethanol on a TEM grid (carbon
polymer, 300 mesh). Inductively coupled plasma — atomic emission spectroscopy (ICP-
AES) was carried out using a Perkin—Elmer Optima 7000 DV machine. X-ray
photoelectron spectroscopy (XPS) has been performed using Omicron EA 125
spectrometer with Al K, (1486.6 eV) source. Gas adsorption-desorption measurements
were performed on Autosorb-iQ2 (Quantachrome corp.) at 77 K. The samples were
degassed before starting the nitrogen gas sorption analysis under a high vacuum for 12 h at
373 K. Electrochemical measurements were carried out using electrochemical work station

obtained from CH instruments (660C, USA) for evaluating the electrochemical activities
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of the catalysts for hydrogen evolution reaction (HER) and oxygen reduction reaction
(ORR).

6.3.2. Synthesis of NiPd Nanostructure Catalyst:

NiPd nanostructure was prepared by the reduction of aqueous metal chloride solution by
NaBH4 at room temperature followed by acid etching in presence of HCI and H20,. H20>
was used to increase the rate of acid etching.’* ° In the first step NiosPdo2 (number
indicates the wt. % of respective metal) was synthesized and then etching was done to
remove unwanted hydroxide/oxyhydroxide species of nickel to get NiPd nanostructure

which contains 6 wt. % Ni confirmed by ICP-AES analyses.

In a typical procedure, 27.26 mL 0.1 M aqueous solution of NiCl2.6H.0 and 3.76 mL 0.1
M aqueous solution of PdCl> solution was rapidly added to 150 mL of 0.1 M aqueous
solution of freshly prepared NaBH4 with vigorous stirring. The black coloured dispersion
was stirred for 20 min. The solid product was separated and washed thoroughly with
distilled water. The solid product was transferred to 120 mL 0.1 M HCI followed by the
addition of 2 mL H20. (28%, commercially available). The dispersion was stirred for
another 2 min and the solid product was separated quickly by decantation. Finally, it was
washed several times with distilled water and dried at 40 °C for overnight. It is important
to note that, the acid leaching should be carried out only for a very short time if there is no
insitu flow of hydrogen. Otherwise, palladium will be leached out into the solution in
addition to Ni and Ni(OH)2. Similarly Pd nanostructure without nickel was also synthesized
by the reduction of PdCI> (no addition of nickel salt) in presence of NaBH4 following the

same procedure.
6.3.3. Electrochemical Measurements:

To prepare the catalyst ink, 2 mg of electrocatalyst was dispersed in a mixture of mili Q
water (0.8 mL) and isopropanol (0.2 mL) containing 10 uL of 5 wt. % nafion solution and
ultrasonicated for 1 h to obtain a homogeneous dispersion. Then, 5 uL of the catalyst ink
was drop casted on a cleaned glassy carbon (GC) electrode having 3 mm diameter (for
hydrogen evolution reaction (HER)) resulting a catalyst loading of ~0.14 mg cm=2. The GC

electrode was dried in ambient conditions and used as working electrode in the
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electrochemical studies. For oxygen reduction reaction (ORR), rotating disk electrode

(RDE) having 3 mm diameter was used.

Electrochemical measurements were carried out using a standard three-electrode cells using
a graphite rod having large area as a counter electrode and a saturated calomel electrode
(SCE) as reference electrode in acidic medium (0.5 M H2SO4) for HER activity and
mercury-mercuric oxide (Hg/HgO) electrode as a reference electrode in basic medium (0.1
M KOH) for ORR activity. All the polarization curves were recorded after the correction
of iR compensation arising due to ohmic resistance of the cell. The measured potentials vs.
SCE or Hg/HgO were calibrated with respect to reversible hydrogen electrode (RHE). The
obtained current densities were normalized to the geometrical surface area of the GC
electrode. The linear sweep voltammograms (LSVs) for HER performance were recorded
in 0.5 M H,S04 at 5 mV s~ under argon (Ar) gas saturated aqueous electrolytes. Similarly,
the LSVs for ORR performance were recorded in 0.1 M KOH at 5 mV s with different
rotations under O saturated conditions. Cyclic voltammograms (CVs) were recorded under
Ar saturated conditions at different scan rates (20-200 mV s-!) within the potential range
from 0.35 to 0.6 V (vs. RHE) in order to evaluate electrochemical double layer capacitance

(Cai), representing electrochemically active surface area (ECSA).
6.3.4. Calculation of Number of Electron Transfer for ORR:

The number of electron transfer was calculated from Koutecky-Levich equation for oxygen
reduction reaction (ORR). The linear sweep voltammograms (LSVs) were recorded on
rotating disk electrode at different rotations and these data were used to determine the

number of electrons transferred per O2 molecule.

1 1 1 1 1

- = - =t 5 (1)

j jk 1 Jjk Bw'/?

Where, j is the measured current density, j, and j; are kinetic and diffusion limited current
densities respectively, o is the electrode rotation speed and B is the Levich slope

determined from Koutecky-Levich equation given below (2):

1

2
B = 062nFC02 (DOZ)EU_E ............... (2)
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Where, n is the number of electron transferred per O2 molecule, F is the Faraday constant

(96485 C mol?), Co, is the bulk concentration of O in the electrolyte (1.2 x 10-% mol
cm=3), Dy, is the diffusion coefficient of O, (1.9 x 10~ cm? s™) and v is the kinematic

viscosity of the electrolyte (0.01 cm? s1). The values are used for an aqueous electrolyte,
0.1 M KOH solution.

6.3.5. Calibration of Reference Electrodes:

The reference electrodes Hg/HgO used in alkaline electrolyte (KOH solution) and SCE
used in acidic solution, were calibrated with respect to reversible hydrogen electrode (RHE)
using large area Pt foil as a working electrode and long Pt wire as counter electrode. High
purity hydrogen gas was purged in the respective solutions for 1 h before the experiments
and a constant overhead purge was maintained during the measurements. Cyclic

voltammograms were recorded at a scan rate of 1 mV s~ (Figure 5.1)
For 0.1 M KOH, ERrHe = EHg/Hgo + 0.894 V

For 0.5 M H2SOy4, Erne = Esce + 0.274 V

6.4. Results and Discussion:

High surface area NiPd was prepared by the reduction of aqueous metal chloride solution
in presence of NaBH4 which has been developed earlier by our group followed by rapid
washing in H202 and HCI solution (details in the experimental section).'* *° The washing
in presence of H>O, and HCI is very important in order to remove unwanted
hydroxide/oxyhydroxide species of nickel which has been used as a sacrificial template to
get high surface area of NiPd.** Powder X-ray diffraction (PXRD) pattern of NiPd shows
the formation of face centred cubic (fcc) structure like Pd (Figure 6.1). The broadening in
the diffraction peaks of NiPd signifies the presence of smaller crystallites as compared to
Pd alone. The inductively- coupled plasma atomic emission spectroscopy (ICP-AES)
analyses shows the presence of 6 wt. % Ni and 94 wt. % Pd in the NiPd nanostructure. The
field emission scanning electron microscopy (FESEM) images of Pd (figure 6.2a) and NiPd
(Figure 6.2c) show the three dimensional porous network structure formed during the

reduction process. The transmission electron microscopy (TEM) image of NiPd shows the
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particles having size around 5-15 nm fused together to form spongy network morphology
(Figure 6.2d). The high angle annular dark field (HAADF) TEM image of NiPd (Figure
6.2e) shows lattice spacing of 0.22 nm which is similar to that of Pd (111) in pure Pd
nanostructure (Figure 6.2b). Electron mapping of NiPd shows uniform dispersion of Ni and
Pd throughout the sample (Figure 6.3). N2 sorption analysis of NiPd carried out at 77 K
shows type-I1 behaviour with very high uptake of N> at higher P/P, (Figure 6.4a) and the
pore size distribution calculate using BJH (Barrett-Joyner-Halenda) method shows the pore
size range of 4 to 15 nm (Figure 6.4b) which is in agreement with TEM observation. The
Brunauer-Emmett-Teller (BET) surface area calculated from N isotherm was found to be
136 m? g~* for NiPd nanostructure which is the highest one among all the noble metal
nanostructures reported so far. Considering the mass ratio of Pd to SiO2, the surface area

will be about 240 m? g~* which is quite significant.
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Figure 6.1: Powder X-ray diffraction (PXRD) pattern of NiPd and Pd.
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Figure 6.2: (a) Field emission scanning electron microscopy (FESEM) and (b)
transmission electron microscopy (TEM) images of image of Pd nanostructure. Inset of (b)
shows the high-resolution TEM (HRTEM) of Pd. (¢) FESEM and (d) TEM images of NiPd.

(e) High angle annular dark-field (HAADF) image of NiPd.
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Figure 6.3: TEM image of NiPd and the corresponding elemental mapping of Ni and Pd.
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corresponding pore size distribution of NiPd analyzed using BJH method from (a). Inset of

(a) shows the enlarged view of adsorption.
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The HER performance for all the catalysts was carried out using standard three electrode
set up with a mass loading of ~0.14 mg cm™ on glassy carbon as a working electrode and

high surface area graphite rod asa counter electrode in 0.5 M aqueous H>SO4 solution.
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Figure 6.5: (a) The polarized linear sweep voltammograms of different catalysts for
evaluating HER activity at 5 mV s after iR compensation in 0.5 M H2SO4 solution. (b)
Corresponding Tafel analyses extracted from (a), compared with the state-of-the-art Pt/C
catalyst. (c) Nyquist plots of all the electrocatalysts at their respective onset potentials. (d)
Stability performance of NiPd catalyst before and after 2000 cycles indicating stable
performance. Inset shows chronoamperometry (the current density vs time plot) for the

same catalyst.
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Polarized linear sweep voltammograms (LSVs) (Figure 6.5a) of Pd and NiPd
nanostructures were studied at 5 mV s under Ar saturated conditions and their
electrocatalytic activity was compared with state-of-the-art commercial catalyst, 40 wt.%
Pt/C. The HER polarization curve shows one of the best performances for NiPd catalyst
that requires an onset overpotential (n) of 8 mV which is almost comparable to that of Pt.
To achieve a cathodic current density at 10 mA cm, NiPd needs an overpotential of only
39 mV which is far lower than monometallic Pd (n = 110 mV) and similar to Pt catalyst
(n =33 mV). NiPd nanostructure shows one of the best HER performances like Pt among
all other Pd-based or transition metal based catalysts reported so far in the literature (Table
6.1). In order to understand the HER Kinetics, Tafel analysis has been carried out in the
kinetically controlled region (Figure 6.5b) and the NiPd catalyst shows lower Tafel slope
of 32 mV dec?, a value far lower than Pd (70 mV dec™) and is comparable to that of Pt (28
mV dec?) signifying the faster charge transfer kinetics in Volmer-Tafel reaction
pathway.'> 17 3132 Fyrthermore, electrochemical impedance spectroscopy (EIS) analyses
(Figure 6.5c) were carried out at their respective onset potentials to understand the
interfacial charge transfer phenomenon and as expected, NiPd shows lower charge transfer
resistance (Rct) than Pd indicating facile electron transfer at the electrode-electrolyte
interfaces. Moreover, the catalyst shows excellent stability over 2000 cycles after
accelerated cyclic testing (Figure 6.5d) and there is hardly any loss in current density @10
mA cm at fixed potential over 22 h (inset of Figure 6.5d) indicating a very good

performance for long term electrochemical applications.

Table 6.1: Comparison in HER activity for different metal catalysts in acidic medium:

Catalyst  |Catalyst Loading| Overpotential at | Tafel Slope References
on the Electrode| @10 mA cm? (mV dec?)
(mg cm™?) (mV)
NiPd 0.14 -39 32 Present Study
PdPS 2.5 -90 46 17
PdsSe 0.2 -94 57 16
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PdCu 0.28 -50 34 33
Pd,Si 1 -192 131 34
WS, 0.35 ~-410 48 35
nanoflakes
MoS2/rGO 0.28 -150 41 36
Mo2C 1.4 -210 56 37
MoB 2.5 -240 55 37
Co0S2/RGO- 1.15 -142 51 38
CNT
Ni2P 1 -130 @20 mA 46 39
cm
MoP 0.86 ~-150 54 40
C@NigP3 . -110 46 41
NigP3 . -152 86 41
NisPs-Ni2P 0.283 -120 79.1 42
Nanosheet
Co/CoP - -135 66 43
CusP 15.2 -143 67 44

The electrochemical activity towards ORR for NiPd catalyst was also carried out in O2
saturated 0.1 M aqueous KOH solution using high surface area graphite rod as counter
electrode in standard three electrode set up and compared its activity with the state-of-the-
art catalyst, 40 wt.% Pt/C. The cyclic voltammogram (CV) of NiPd shows the prominent
oxygen reduction peak in O saturated solution which is absent for Ar saturated conditions
(Figure 6.6). The polarized linear sweep voltammograms (LSVs) of NiPd catalyst (Figure
6.7a) at rotating disk electrode (RDE, 3 mm diameter) with a mass loading of 0.14 mg cm~2
shows the onset potential of 0.91 V (vs. RHE) which is nearly close to that of Pt (0.97 V
vs. RHE). The limiting current densities at lower potential region is more for NiPd as
compared to monometallic Pd and Pt/C catalyst. The ORR activity of NiPd catalysts is

better than other literature reports and also equivalent to the Pt/C catalyst (Table 6.2).
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Further to investigate the kinetics and mechanism for ORR, the LSVs were recorded at
different rotations which shows increase in current densities at the limiting regions with
increase of rotation speed (Figure 6.7b, 6.8a and 6.8c). The Koutecky-Levich (K-L) plots*:
6 petween j1 (MA™ cm?) vs. w2 (r. p. s.7Y?) (details in the experimental section)
extracted from the LSVs in the limiting current density regions at different rotation shows
the linear relationship (Figure 6.7c, 6.8b and 6.8d). The similar slopes obtained from the
K-L plots at different potentials signifies the first order kinetics with respect to dissolved
O2 in the electrolyte solution. The kinetic current density (j,), a measure of inherent
catalytic property of the catalysts, signifies the highest activity for NiPd with j, of 150 mA
cm~2at 0.4 V as compared to Pt/C (63 mA cm~2). The number of electrons (n) transferred
per O2 molecule (at 0.4 V) calculated from the slopes of K-L plots for Pd (n = 4.0) and
NiPd (n = 4.2) indicates the efficient 4e~ reduction pathway to form OH- directly from O3,

a pathway similar to the one reported for Pt/C catalyst (Figure 6.7d) used in metal-air

Current Density (mA cm_z)

02 04 06 08 10 1.2
Potential (V vs. RHE)

Figure 6.6: Cyclic voltammograms (CV) of Pd, NiPd and Pt/C in O saturated (solid line)
and argon saturated (dashed line) 0.1 M KOH at 50 mV s, The broad peak for Pd and

NiPd nanostructures around 0.63 V (vs. RHE) arise due to palladium oxide reduction.
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Figure 6.7: (a) Comparison in linear sweep voltammograms (LSVs) of NiPd, Pd and state-
of-the-art Pt/C towards ORR in O; saturated 0.1 M KOH at 1600 rpm at 5 mV s, (b)
Rotating disk electrode (RDE) voltammograms at different rotations for NiPd catalyst in
0.1 M KOH at 5 mV s (c) Koutecky—Levich (K-L) plots extracted from RDE
voltammograms for NiPd. (d) The kinetic current density (j,) along with the number of

electrons transferred per O molecule (given on the top of the bar) for Pd, NiPd and Pt/C
at0.4V.
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Figure 6.8: (a) Rotating disk electrode (RDE) voltammograms at different rotations for

state-of-the-art Pt/C catalyst in 0.1 M KOH at 5 mV s and (b) corresponding Koutecky—

Levich (K-L) plots extracted from RDE voltammograms in (a). (c) Rotating disk electrode

(RDE) voltammograms of Pd measured in same conditions and (d) corresponding

Koutecky—Levich (K-L) plots extracted from (c).
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batteries and fuel cells. In addition, NiPd catalyst is very stable in the reaction conditions
and retains its initial ORR activity after 2000 cycles (Figure 6.9) signifying its stability for
long term uses. The high activity of NiPd can be attributed to the presence of wide
mesopores coupled with unusually high surface area facilitating better mass transports for

the electrochemical reactions.
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Figure 6.9: Stability performance of NiPd before and after 2000 cycles for ORR.

Table 6.2: Comparison in ORR activity for different catalysts reported in the literature:

Catalysts Electrolyte Onset potential | Ei potential References
(V vs. RHE) (V vs. RHE)
NiPd 0.1 M KOH 0.91 0.82 Present study
nanostructure
Pd 0.1 M KOH 0.90 0.78 Present study
nanostructure
Pt/C 0.1 M KOH 0.97 0.82 Present study
commercial
Pd bulk 0.1 M KOH 0.860 0.790 47
Pd/C 0.1 M KOH 0.741 0.674 48
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AuPd/C 0.1 M NaOH 1.063 0.932 49
Pt/C 0.1 M NaOH 1.048 0.891 49
Pt/C 0.1 M KOH 0.851 0.581 50
Pt/C 0.1 M KOH 0.951 0.906 51

N-doped CNT | 0.1 M KOH ~0.981 0.831 52
N-doped CNC | 0.1 M KOH 0.851 0.806 51
B-doped CNT | 0.1 M KOH 0.848 0.728 52

Graphene 0.1 M KOH 0.831 0.541 52

N-doped 0.1 M KOH 0.964 0.814 52

graphene

B-doped 0.1 M KOH 0.851 0.681 52

graphene

Electrochemically active surface area (ECSA) for NiPd and Pd nanostructures were
calculated by evaluating their double layer capacitance (Cal) in order to understand their
catalytic activities. NiPd catalyst showed very high double layer capacitance, 3.3 mF cm™
(Figure 6.10) which is 11 times higher compared to the Pd nanostructure (0.3 mF cm2) of
having BET surface area around 70 m? g-! indicating higher number of electrochemically
active sites (higher ECSA value). This can be directly correlated to the origin of unusual
activity for HER and ORR performance of NiPd than Pd as the former contains high density
of catalytically active sites. The efficient HER and ORR activities of NiPd can also be
attributed to synergistic effect of Ni present with the Pd in NiPd. Furthermore, the presence
of Ni in NiPd leads to the electronically modification of d-orbital of Pd which influences
in Fermi level shifting towards lower activation energy as better adsorption sites.>** The
presence of Ni in Pd has been already explored for better catalytic activity in
electrocatalytic applications and hydrogen peroxide synthesis compared to monometallic
Pd.'? * These reports would further support our studies for enhanced electrocatalytic
activity of Pd in presence of Ni which would lead to electronic modification of Pd electronic

structure.
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Figure 6.10: (a) Cyclic voltammograms for NiPd at different scan rates ranging from 10-
200 mV s (b) Evaluation of the double-layer capacitance (Cq) for NiPd and Pd
nanostructures at 0.5 V (vs. RHE). Double layer capacitance are calculated from the slopes
in (b).

6.5. Conclusion:

A novel simple and rapid method was developed to synthesize NiPd nanostructure
exhibiting very high surface area, 136 m? g-* by borohydride reduction method followed
by quick dissolution in presence of HCI and H20.. The NiPd catalyst thus obtained shows
extraordinary activity and stability towards HER performance in 0.5 M H2SO4 solution.
The NiPd catalyst also showed Pt-like activity for ORR. The shift in the d-band centre of
Pd by electronic modification in presence of Ni leads to the enhancement in the
electrocatalytic activity for HER and ORR. The wide mesopores present in NiPd catalyst
provides higher number of active sites which aid the mass transport in the electrochemical
interfaces and hence lowers the overpotential. The highly active NiPd catalyst could be a

promising alternative to Pt for future applications.
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Chapter-7

Controlled galvanic replacement of Ni in Ni(OH), by Pd:
a method to quantify metallic Ni and to synthesize

bimetallic catalysts for methanol oxidation

Summary:

In this chapter we have demonstrated a new and simple methodology to quantify the amount
of metallic Ni present in the mixed nickel hydroxide/nickel surface using galvanic
replacement reaction. This method was also used to manipulate the formation of NiPd on
Ni(OH). support by controlling the extent of galvanic replacement of Ni by Pd. The
bimetallic NiPd nanoparticles supported on Ni(OH)> prepared by galvanic reaction
showed better electrocatalytic activity for methanol oxidation than commercial Pd/C. This
approach can be extended to synthesize various nickel containing bimetallic nanoparticles
essential for different catalysis.
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7.1. Introduction:

Bimetallic NiPd catalysts gained a lot of attention in recent years owing to their improved
performance than the Pd catalysts in many industrially significant reactions such as
hydrogen evolution reaction, 2 oxygen reduction reaction,® # formic acid oxidation,® >’
methanol oxidation®!2 and direct synthesis of hydrogen peroxide.* One of the methods
often used to obtain NiPd nanostructure is the borohydride reduction of Ni and Pd salt
precursors.® 31 In borohydride reduction, although Pd salt is fully reduced to Pd
nanostructure, Ni salt mostly gets converted to Ni(OH). and Ni due to higher pH associated
with the addition of borohydride.> ¥ As a corollary, the obtained nanostructures mostly
composed of Ni(OH)2 and Ni nanoparticles in addition to NiPd bimetallic nanoparticles.
Quantification of metallic Ni present in the Ni(OH). is one of the challenging tasks,
although metallic Ni (in zero oxidation state) can be analysed using magnetic measurement
due to its ferromagnetic behaviour.!®* The Ni nanoparticles in Ni(OH), can be further
estimated by converting it into Pd nanoparticles through galvanic replacement reaction.* *?
This method not only allows us to estimate the total amount of Ni present in zero oxidation
state in Ni(OH)2, but also allows us to have a good control on the formation of NiPd
bimetallic nanoparticles on Ni(OH)2 support by controlling the time of galvanic

replacement reaction.

In this work, we attempted to utilize high surface area porous Ni(OH)2/Ni nanostructure
prepared by borohydride reduction method developed by our group® 8 as a substrate for
galvanic replacement reaction with Pd. The as-synthesized nanostructure, Ni(OH)2/Ni was
used as a template for the galvanic replacement of Ni present in Ni(OH)2/Ni by Pd. The
resulting NiPd loaded on Ni(OH)2 nanostructure was tested for the electrocatalytic activity

for methanol oxidation as the test reaction.
7.2. Scope of the Present Study:

Our previous study (in chapter 1) shows the presence of metallic Ni in Ni(OH)2 can be
qualitatively analysed using magnetic measurement. However, quantitative estimation of
metallic Ni present in the Ni(OH): is quite difficult. In this work, the idea is to develop a
new method to quantify the amount of metallic Ni present in the mixed nickel/nickel
hydroxide surface by simple galvanic replacement with Pd. This method has also been used

to synthesize bimetallic NiPd nanostructure on Ni(OH) support.
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7.3. Experimental Section:
7.3.1. Materials and Characterization Techniques:

NiCl2.6H20 (S D Fine Chemicals), NaBHa4 (S D Fine Chemicals), PdClI; (Sigma Aldrich),
NaOH (S D Fine Chemicals), Methanol (S D Fine Chemicals, AR grade), Nafion (5 wt%,
Sigma Aldrich), Pd/C (5 wt%, Alfa Aesar) were used as such without any further

purification.

Powder X-ray diffraction (PXRD) patterns were recorded using Bruker-D8 diffractometer
using Cu Ko radiation, (A\=1.54 A, step size: 0.02, current: 30 mA and voltage: 40 kV).
Field-emission scanning electron microscopy (FESEM) images and energy-dispersive X-
ray spectroscopy (EDS) were obtained by using FEI (Nova-Nano SEM-600 Netherlands)
equipment. Transmission electron microscope (TEM) imaging was done on a JEOL, JEM
3010 operated at 200 kV. Samples were prepared by putting a drop of very dilute dispersion
in ethanol on a TEM grid (carbon polymer, 300 mesh). Inductively coupled plasma —
atomic emission spectroscopy (ICP-AES) was carried out using a Perkin—Elmer Optima
7000 DV machine. Gas adsorption-desorption measurements were performed on Autosorb-
1Q2 (Quantachrome corp.) at 77 K. The samples were degassed before starting the nitrogen

gas sorption analysis under a high vacuum for 12 h at 373 K.
7.3.2. Synthesis of Ni(OH)2/Ni nanostructure:

The Ni(OH)2/Ni nanostructure was synthesized via one step process by the reduction of
aqueous NiCl, solution in presence of NaBH, at room temperature.’® ® In a typical
procedure, 20 mL 0.1 M aqueous solution of NiCl, was rapidly added to a 100 mL 0.1 M
aqueous solution of freshly prepared NaBHs with vigorous stirring. The mixture was
allowed to stir for 30 min. The solid product obtained after stirring was separated out and

washed with water for several times and finally dried at 50 °C for overnight.
7.3.3. Galvanic Replacement of Ni by Pd in Ni(OH)2/Ni Nanostructure:

In a typical procedure, 50 mg of as-synthesized Ni(OH)2/Ni nanostructure was soaked in
10 mL of 10 mM PdCI> solution with stirring for different time periods (5, 10, 30, 60 and
720 min). The solid product thus obtained was centrifuged and washed thoroughly with
distilled water to make sure the complete removal of PdCl.. Finally, the sample was dried
at 50 °C for overnight. The Pd loading in all the galvanic replacement samples were
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analyzed by ICP-AES. The blank experiment was also carried out with Ni(OH)2/Ni in
absence of PdCl; and no leaching of Ni from the sample was observed in the similar

conditions.
7.3.4. Electrochemical Measurements:

All the electrochemical measurements were carried out using electrochemical work station
obtained from CH instruments (660C, USA) using a three electrode set-up. The
measurements were carried out using long Pt-wire having large area as a counter electrode,
mercury-mercuric oxide (MMO) electrode as a reference electrode in strong alkaline
medium (1 M NaOH) and glassy carbon (GC) electrode having 3 mm diameter (geometric
area 0.07068 cm?) as working electrode. All the electrochemical experiments were carried
out in deaerated solution by bubbling Ar gas for 30 minutes with a scan rate of 20 mV s,
The mass-current densities for all the samples are given with respect to the

electrochemically active-mass calculated from Faraday’s law.
7.3.5. Electrode Preparation and Methanol Oxidation:

2 mg of the sample was dispersed in a mixture of milli Q water (0.9 mL) and 5 wt. % nafion
(0.1 mL) solution and ultrasonicated to obtain a homogeneous catalyst ink. Then, 3 uL of
the catalyst ink was drop casted on a cleaned glassy carbon (GC) electrode (3 mm diameter)
with a catalyst loading of ~0.085 mg cm™?. The GC electrode was dried in ambient
conditions and used as working electrode in the electrochemical studies. The methanol

oxidation was carried out using 0.5 M methanol in 1 M aqueous solution of NaOH.
7.4. Results and Discussion:

The Ni(OH)2/Ni nanostructure was synthesized by reduction of NiCl. in presence of NaBH4
(as discussed in the experimental section). This method produces mostly Ni(OH). along
with Ni nanoparticles as nickel is prone to hydrolyze to its hydroxide at higher pH produced
by the presence of NaBH..'® The Ni nanoparticles dispersed in the Ni(OH)2 nanostructure
are difficult to detect using powder X-ray diffraction (PXRD) study and can’t be quantified
by inductively coupled plasma — atomic emission spectroscopic (ICP-AES) analysis.' The
Ni(OH)2/Ni nanostructure shows a broad X-ray diffraction peak (Figure 7.1a) which
confirms the amorphous nature of the sample. The field emission scanning electron

microscopy (FESEM) image of Ni(OH)2/Ni shows sponge like morphology (Figure 7.1b).
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Figure 7.1: (a) Powder X-ray diffraction (PXRD) patterns of Ni(OH)2/Ni,
Ni(OH)2/Nio.4sPdoss (after 5 min galvanic replacement) and compared with commercial

Pd/C. (b) Field emission scanning electron microscopy (FESEM) image of Ni(OH)2/Ni.

Galvanic replacement (details in the experimental section) was carried out by soaking of
Ni(OH)2/Ni in PdCI; salt solution (10 mM) at different periods of time (5, 10, 30, 60 and
720 min). During the galvanic replacement, Ni metal nanoparticles dispersed in Ni(OH)2
nanostructure were replaced by Pd metal as the reduction potential of Pd?*/Pd (E°= +0.915
V) is higher than Ni**/Ni (E°= -0.25 V). Since the galvanic replacement reactions occur
with non-noble metal of zero oxidation state,'® the amount of metallic Ni present in the
mixed metal hydroxide/metal surface can be directly correlated with amount of Pd (Table
7.1). The amount of Pd loading with time by galvanic replacement was quantitatively
estimated by ICP-AES and the results are given in Table 7.1. From the table, it is observed
that all the metallic Ni was replaced by Pd within 60 min which mostly corresponds to
around 0.05 mol% of Ni present in Ni(OH)2. Beyond 60 min time of galvanic replacement,
no increase in the Pd loading confirmed from ICP-AES, suggesting that all the nickel (zero

valent state) present in the as-prepared sample are replaced by Pd (Table 7.1).
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Table 7.1: Estimation of Pd and Ni in Ni(OH)2 sample at different time intervals of galvanic

replacement reaction (analyzed from ICP-AES).

Time for Pd loading in | Pd loading in | Remaining Ni in Ni:Pd Sample name®
galvanic Ni(OH),/Ni | Ni(OH),/Ni | Ni(OH),/Ni® | (mol ratio)
replacement (wt. %) (mol %)3 (mol %)
(min)
5 2.9 0.027 0.021 44:56 Ni(OH),/Nig 44Pdg 56
10 3 0.028 0.020 42:58 Ni(OH),/Nig 4,Pd 55
30 3.8 0.036 0.012 25:75 Ni(OH),/Nig ,5Pd, 75
60 5.1 0.048 0 0:100 Ni(OH),/Pd
720 5.1 0.048 0 0:100 Ni(OH),/Pd

4Pd loading (mol %) with respect to wt. of the catalyst. IDRemaining Ni in metallic state
(mol %) calculated by subtraction from complete galvanic replacement of Ni by Pd beyond

60 min. °Ni and Pd mol % is given in the sample name as calculated in the table.

The galvanic replacement reaction carried out for different time periods (10, 30, 60 and 720
min) shows diffraction patterns similar to that of Pd in Pd/C (Figure 7.2). FESEM analysis
shows similar morphology as that of Ni(OH)2/Ni nanostructure for all the synthesized
samples. Ni(OH)2/Nio.25Pdo.75 (after 30 min galvanic replacement) was chosen for further
studies as it shows better electrocatalytic performance towards methanol oxidation among
all the samples. The Ni(OH)2/Nio.2sPdo.7s (abbreviated as Ni(OH)./NiPd) sample shows
bright spots in FESEM (Figure 7.3a) associated with Pd (lighter element Ni is replaced by
heavier Pd). Further, the energy dispersive X-ray spectroscopic (EDS) analysis shows the
presence of Pd distributed over the Ni(OH)./NiPd nanostructure (Figure 7.3a). The
transmission electron microscopy (TEM) analysis of Ni(OH)2/NiPd (Figure 7.3b) further
confirms the Pd dispersion over Ni(OH)2 nanostructure. The Pd particles are polydispersed
in nature and the particles size are in the range of 30 to 50 nm. The Brunauer-Emmett-
Teller (BET) surface area calculated from N> adsorption-desorption isotherm for
Ni(OH)2/Ni (Figure 7.4) at 77 K is around 64 m?/g which did not change significantly for
Ni(OH)2/NiPd sample. This suggests that in galvanic replacement reaction the morphology

and surface area of the template, Ni(OH): is retained.*?
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Figure 7.2: PXRD patterns of different galvanic replacement samples prepared at
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different time periods (10, 30, 60 and 720 min).

Figure 7.3: Characterization of Ni(OH)2/NiPd sample after 30 min of galvanic
replacement. (a) Field emission scanning electron microscopy (FESEM) image of
Ni(OH)2/NiPd and the corresponding electron mapping of Ni and Pd respectively. (b)

Transmission electron microscopy (TEM) image of Ni(OH)2/NiPd.
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Figure 7.4: N2 adsorption-desorption isotherms of (a) Ni(OH)2/Ni and (b) Ni(OH)2/NiPd
(after 30 min galvanic replacement) nanostructure measured at 77 K.

The electrochemical response of Ni(OH)2/Ni nanostructure was studied in deaerated 1 M
NaOH solution (purged with Ar gas for 30 min) using long Pt-wire having large area as a
counter electrode, mercury-mercuric oxide (MMO) electrode as a reference electrode. The
cyclic voltammogram (CV) of Ni(OH)2/Ni nanostructure shows a couple of redox peaks at
1.4V and 1.73 V (vs. RHE, reversible hydrogen electrode) (Figure 7.5a) associated with
the formation of NiOOH from Ni(OH): as reported in the literature.?° The characteristic
response of Pd in CV was observed (like hydrogen adsorption-desorption behavior) in the
potential regime —0.06 V to 0.35 V (vs. RHE) and PdO reduction peak at 0.68 V (vs. RHE)
(Figure 7.5b). The amount of active Pd present in each sample was calculated from
coulombic charge for the reduction of PdO using Faraday’s law. The coulombic charge for
mono layer desorption of oxygen from the Pd surface is 405 uC cm2.2! These values were
compared with ICP-AES analyses and it was observed that the amount of Pd calculated
from Faraday’s law is very less than the ICP-AES analysis (Figure 7.6). This can be
attributed to the fact that the Faraday’s method takes into account only the
electrochemically active Pd present in the sample whereas, the ICP-AES gives the total
amount of Pd present in the sample. It is important to note that Pd loading due to galvanic
reaction is very fast as complete replacement occurs in 60 min as estimated from ICP-AES
(Table 7.1). The reaction time (galvanic replacement) versus the amount of Pd deposited

on Ni(OH). shows that all the nickel in zero valent state is replaced within 60 minutes as
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there is no significant difference in the amount of Pd loading beyond 60 minutes of galvanic

reaction (Figure 7.6).

(a)os (b)
14
0.6+ —
el
= >
T 0.4; £ 0.
~ o
1= S
G 0.2- 3 -
= E - — Ni(OH),/Ni; ,,Pd <o
3 3 — Ni(OH),/Ni ,Pd, .,
0.01 S ——Ni(OH)y/Nig ,sPd, 75
O — Ni(OH),/Pd-60m
0.2 -21 — Ni(OH),/Pd-720m
' — PdiC
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0
Potential (V vs. RHE) Potential (V vs. RHE)

Figure 7.5: Electrochemical characterization of all the samples. Cyclic voltammograms of
(@) Ni(OH)2/Ni and (b) different galvanic replacement samples and Pd/C measured in 1 M

aqueous solution of NaOH with a scan rate of 20 mV s,
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Figure 7.6: The time (for galvanic replacement) versus amount of Pd (per mg of catalyst)
analyzed from Faraday’s law and inductively coupled plasma - atomic emission

spectroscopy (ICP-AES) analyses.
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Methanol oxidation was carried out using 0.5 M methanol in 1 M NaOH solution for all
the synthesized catalysts and compared with commercially purchased Pd/C. Ni(OH)./Ni
nanostructure shows methanol oxidation at the potential where NiOOH/Ni(OH)
transformation and oxygen evolution reaction occurs (Figure 7.7a) as observed in the
literature.'* 20 By replacing of Ni by Pd using galvanic replacement reaction, methanol
oxidation was observed at very low potential of 0.79 V vs. RHE for Ni(OH)2/NiPd (Figure
7.7b). On comparison to Pd/C, it shows large potential shift, 18 mV towards lower potential
signifying the role of synergistic effect of Ni with Pd for the oxidation of methanol (Figure
7.7b). Ni(OH)2/NiPd catalyst with different Ni and Pd compositions also show relatively
better activity for methanol oxidation as compared to Pd/C. It is also interesting to note that
there is almost no change in the onset potential of methanol oxidation for the catalysts
prepared by 5, 10 and 30 min galvanic replacements (Table 7.1), whereas the catalysts
obtained beyond 60 min show similar onset potential as that of Pd/C (Figure 7.7b). This
indicates that the catalysts contain only Pd nanoparticles (no NiPd) is less active for

methanol oxidation compared to other catalysts prepared at shorter time periods.
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Figure 7.7: Cyclic voltammograms of (a) Ni(OH)2/Ni and (b) different galvanic
replacement samples and Pd/C towards methanol oxidation carried out using 0.5 M
methanol in 1 M NaOH.
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The catalyst stability towards methanol oxidation is studied using current-time study at
fixed potential for 1h period. Figure 7.8 shows Ni(OH)./NiPd catalyst is as stable as Pd/C.
In addition, the current observed is higher in Ni(OH)2/NiPd than Pd/C which is also
reflected in cyclic voltammetry studies.
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Figure 7.8: Current-time (i-t) curve of Ni(OH)2/NiPd and Pd/C catalyst to check the
stability towards methanol oxidation reaction.

7.5. Conclusion:

In conclusion, galvanic replacement was successfully employed to quantitatively estimate
the amount of Ni present in the Ni(OH)2/Ni. This method was also used to synthesize
bimetallic NiPd supported on Ni(OH)2 which can be used as a “carbon-free” catalyst. NiPd
nanoparticles (with different Ni:Pd ratio) supported on Ni(OH)> were prepared by
controlling the galvanic replacement time. Bimetallic NiPd (Ni(OH)./NiPd) prepared by
30 min galvanic replacement reaction showed better performance towards oxidation of
methanol as compared to commercial Pd/C catalyst. As this method of preparation is simple
and doesn’t require any additional additives, this can be extended to prepare other nickel

containing noble metal nanostructures for various electrochemical applications.
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Chapter-8

Summary and conclusion

The thesis deals with new materials for heterogeneous catalysis, hydrogen peroxide
synthesis and electrocatalysis. The first part of the thesis is focused on NiPd based
bimetallic catalysts for the direct synthesis of hydrogen peroxide, a possible alternative to
the existing anthraquinone method. The unusual enhancement in the catalytic activity of
Pd in presence of Ni was observed for hydrogen peroxide synthesis. Introduction of a small
amount of Pt as a promoter in NiPd catalyst (synthesized on carbon support) further

improved the catalytic activity for hydrogen peroxide synthesis.

Energy related materials are another emerging area of research in the field of science and
technology. Enormous efforts have been made in designing and developing efficient
electrocatalysts from the cost-effective earth abundant elements. The second part of the
thesis focuses on new approaches for the synthesis of high surface area transition metal and
Pd based materials for various electrocatalytic applications. In the chapter 5, a new method
to synthesize high surface area ternary phosphides (NiCoP) is described and these
phosphides show very good performance for oxygen evolution reaction. A rapid synthesis
of high surface area, Ni containing Pd nanostructure is demonstrated in chapter 6. The
bimetallic NiPd shows Pt-like activity for hydrogen evolution and oxygen reduction
reaction which could be utilized as an alternative to Pt. Chapter 7 discusses about a simple
method to prepare NiPd nanostructures on Ni(OH)2 support by galvanic replacement
reaction and their electrochemical activity for methanol oxidation.

Overall, the thesis is mainly focused on transition metal and Pd based bimetallic catalysts
for heterogeneous catalysis (hydrogen peroxide synthesis) and electrocatalytic
applications. We have shown that the activity of Pd, improved phenomenally in presence

of transition metal, Ni which would reduce the cost of the catalysts.
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