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Abstract

Diminishing fossil fuels and global warming issues have forced the scientists to look for alternate
sources of energy to cater to the ever increasing demand. Artificial systems are being developed
in order to mimic natural photosynthesis and directly harvest and convert solar energy into
renewable energy and environmental remediation. Despite significant efforts, it has been not
possible to design a single material which has sufficient efficiency, stability and low cost. To
integrate the desired characteristics in a single component, heterogeneous photocatalysts are
designed with multiple functional components which could combine the advantages of different
components to overcome the drawbacks of single component photocatalysts. The present
highlight gives a concise overview of heterogeneous catalysts that have been developed and
studied in our group and some excellent works of others in recent years. The review focuses on
the principles of photocatalytic and electrocatalytic activity followed by the some key examples
of oxide based materials. This includes a wide range of structural modification and crystal
growth leading to composites, heterostructures, including insulator/semiconductor,
semiconductor/semiconductor, and multi-hetero nanostructures and core-shell nanostructures
which have been modified in order to improve the performance by increasing the light
absorption, promoting the charge separation and transportation, enhancing the redox catalytic

activity and intrinsic electrocatalytic properties. The electrochemical processes like hydrogen
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evolution reaction (HER), oxygen evolution reaction (OER) and oxygen reduction reaction
(ORR) have been discussed closely on the effect of size, shape, exposed facets and surface area

of electrocatalysts (metal oxides).
Energy, environment & catalysis: An Introduction

The incessant rise of world’s population together with extensive industrial development has led
to energy crisis and environmental contamination. This rapid change resulted in depletion of
natural sources like fossil fuels and the associated environmental problems like hazardous
wastes, contaminated ground water and toxic air contaminants. The major challenge of 21
century material chemists is to find solution for all these problems'®. In order to address this
significant problem, extensive research is underway to develop advanced analytical,
biochemical, and physicochemical methods for the characterization and elimination of hazardous
chemical compounds from air, soil, and water. Catalysis is one of the best approaches towards a
solution for energy conversion (or) transformation of hazardous chemical wastes. In 1835, Jons
Jakob Berzelius coined the term ‘“Catalysis”. Ostwald was awarded Nobel Prize for his
investigations on reactions catalyzed by presence of acids and bases in 1909. It may be noted that
the Haber’s process for ammonia synthesis (using heterogeneous catalysis) has been hailed as the
most significant research of the 21* century”. Since heterogencous catalysis is essentially a
surface phenomenon, any property which affects the surface of the materials affects the catalytic
property.

Nanotechnology is governed by miniaturization of materials with an aim to achieve improved
properties compared to their bulk materials especially increasing the surface area for catalytic
applications®®. Change in particle size tends to influence the structural characteristics’ and
electronic properties of materials which in turn drives the physical and chemical properties of the

. 110, 11
material

. Especially, the size and morphology dependent properties of nanomaterials, like the

quantum confinement effects in semiconductor nanostructures and plasmonic absorption

characteristics in metallic nanostructures, gains attention owing to its potential in developing
. 12,13

new solar energy harvesting processes = .

Diverse nanostructures such as nanoparticles, porous nanospheres, nanotubes, nanorods,

nanowires and other more complex structures have shown extraordinary unconventional

properties, which enriches the material selection and can be chosen for the design of effective
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photocatalytic systems. Nanoscale photocatalysts, with a large surface area, can contribute more
active sites for desired reactions.

Herein this review, we briefly discuss the underlying principles of photo & electrocatalysis,

the challenges faced while designing a catalyst with a focus on some of the recent studies done
by our group as well as by other eminent groups on oxide based heterostructures including
semiconductor/semiconductor, metal/semiconductor and also by varying the morphology of the
nanomaterials. With the broad range of nanostructures available, the integration of multiple
functional components has been easier to create heterogeneous structures with unique
characteristics and enhanced performance. Conversion of solar energy into fuels and/or
electricity is one of the major scientific challenges being faced by the researchers and is the need

of the hour'.

1. Photocatalysis

Photo catalysis involves the formation of energy rich electron-hole pairs from a semiconductor
on the absorption of photons typically in UV-Visible range. The catalytic material should be
photostable, inexpensive, non-toxic and also chemically and biologically inert'’.

The three major potential applications addressed by the phenomenon of photocatalysis are solar
water splitting, photoreduction of CO, and photocatalytic detoxification of organic pollutants.
Also, there are three basic steps which follows after a semiconductor photocatalyst is exposed to
incident photons either equal or larger than the band gap (Eg) of the semiconductor, a)
photoexcitation of charge carriers i.e. excitation of an electron from the valence band (VB) of the
semiconductor to its conduction band (CB) b) separation and diffusion of the charge carrier to
the photocatalyst surface; and 3) oxidation and reduction reaction on the catalyst surface. The
fate of the photoexcited electron on the photocatalyst surface can be different, for example, it
might be used to reduce protons to hydrogen or oxygen to O”" radicals, or even be used for
reducing CO,. Figure 1 depicts the possible processes on irradiating the metal oxide

nanoparticle.
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Figure 1. Schematic diagram of radical generation and organic dye degradation upon photoirradiation of a metal

oxide semiconductor in water containing an organic dye.

However, for all these reactions to happen, the position of the CB & VB is critical. It is
imperative that the CB minimum is located at more negative potential than the electrochemical
potential of the desired reaction while the top of the valence band must be more positive than the
oxidation potential of H,O to O, (1.23 V vs. NHE). Thus, the minimum photon energy which is
required to drive the reaction, thermodynamically calculated is 1.23 eV, and corresponds to a
wavelength of ca. 1000 nm, in the near infrared region.

This value of 1.23 V per electron arises from the corresponding equations of oxidation and

reduction of water (Egs. (2) and (3), respectively).

H,0 > H, +%0, 123V (1)
2H,0 — O, +4H++4e 0.80 V/pH=7 2)
2H,0 +2e—— H, +20H  —0.42/pH =7 3)
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This is a typical “uphill reaction” and involves a large positive change in the Gibbs free energy

AGe =238 kI mol ' which is essentially provided by light or ideally sunlight to drive the reaction
16,17
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Figure 2. (a) Model of the band formation of an oxide semiconductor. (b) The band gaps and band-edge positions of
several semiconducting photocatalysts relative to the vacuum level and the redox potentials for water photolysis
Reproduced from Ref. 18 with permission from The Royal Society of Chemistry. (c) Charge transfer site at the
surface of an oxide semiconductor (Figure a and ¢ have been reproduced from Ref. 19 with permission from

Elsevier). (d) Schematic of photocatalytic water splitting in presence of semiconductor.

The fundamentals of photocatalysis, especially its thermodynamics and kinetics of the process
are essentially important to understand for the designing of an effective photocatalyst. In an
excellent review by Prof. Ohtani, the important issues like the band position, activation energy,
and rate determining step involved are discussed”. Apart from this, there exists a strong
probability of recombination during the separation and diffusion process. The major pathway

being the relaxation of photoexcited electrons back into the VB. Electrons also get trapped both
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at and below the surface of a semiconductor, from where the recombination can proceed. Defects
in the crystal structure or grain boundaries are usually the places where the holes can get trapped.
The recombination probability can be minimized by improving the crystallinity of photocatalyst,
as the density of crystal defects (trapping & recombination sites) is reduced with increasing
crystallinity. The reduction in the particle size of the photocatalyst is also helpful since the
diffusion pathway between the photoinduced charges and the reaction site is shortened.
Although, the last decade has seen some significant progress made in the area of photocatalysis,
there are major issues that need to be addressed before photocatalysis can be both efficiently and
economically used for commercial applications. The designing of photocatalyst essentially needs
to consider the 1) electronic structure ii) surface structure and iii) crystal structure which directly
affects its performance. Other than photostability, there are two major concerns which should be
taken into consideration for the development of a photocatalyst: first being the general
improvement of light absorption (increase in photons absorbed), and the second being the
extension of wavelength range for light absorption of semiconductor materials into the visible
portion of the solar spectrum.

Some of the excellent reviews discuss the energetics of the photochemical &
photoelectrochemical splitting of water using semiconductors'®. Among all the classes of
materials, metal oxides play significant role in several branches of chemistry, physics, biology
and materials science. Metal oxides are one of the most enthralling classes of inorganic solids
with diverse structures, properties and several applications in microelectronics, sensors,
piezoelectric devices, phosphors, coatings, fuel cells, energy storage/conversion devices,
coatings and extensively as catalysts’' . Thus, the focus of this review remains mainly on metal
oxides in form of heterostructures with other semiconductors.

Among the very first materials which has been studied for photocatalysis, is TiO,. In the Honda—
Fujishima effect®® water oxidation was carried out on n-type TiO, single-crystal electrode by
band-gap excitation in the early 1970s, and since then many researchers have explored the utility
of TiO, as a photocatalyst due to its photoactivity, higher stability environment friendly and
lower cost™.

1.1 Metal Oxide photocatalysts
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The two main groups of elements that can act as active cation components in a water-splitting
metal oxide photocatalyst are group 4/5/6 and 13/14/15 elements i.e. Ti, V, Zr, Nb, In, Sn, Sb.
TiO, and ZnO are both characterized by suitable band gap energy and favorable band positions
which triggered the enormous amount of research on these two materials and still continues in
the form of their composites. Among other materials, TiO, was among the first to be explored in
detail. It crystallizes in three structure types: Rutile, Anatase, and Brookite. All modifications
contain TiOg octahedra that are interconnected via two (Rutile), three (Brookite), or four
(Anatase) common edges and via shared corners, and as a result, the band gaps (3.0 eV for Rutile
and 3.15 eV for Anatase) differ slightly*®. They also differ in their photo activity i.e. in general,
nanostructured anatase displays better photocatalytic activity than those of Rutile?’. In an effort
to study the effect of a specific plane on photoactivity , Bahnemaan et al have carefully chosen a
natural mineral from which a single crystal has been cleaved, polished and oriented for (101)
surfaces for anatase whereas (001), (100), and (110) surfaces were chosen for rutile. The
photocatalytic activities of the different TiO, single crystal surfaces have been assessed. A higher
activity is observed towards the photocatalytic methanol oxidation on the anatase (101) surface
as compared with that on the rutile (001) surface which can be explained either by direct
interfacial transfer of photogenerated holes leading to the photocatalytic oxidation of methanol or
the photogenerated OHe radicals on the anatase (101) surface are more reactive than those on the
rutile (001) surface®’. Batzill discusses the variation of photocatalytic activity of metal oxides as
a function of their crystallographic surface orientation'’.

However, a serious limitation that remains with TiO, based photocatalysts is its large band gap
(Eg > 3 eV) which can only absorb photons with light wavelengths shorter than about 400 nm in
the UV or near-UV wavelength regime, which accounts for less than 5% of the total solar energy
irradiation. Despite significant efforts, most photocatalysts available to date can only function in
the ultraviolet (UV) or near UV regime with limited efficiency due to a number of limiting
factors such as a mismatch between the semiconductor band gap and the solar spectrum,
inefficient charge separation and transport, and the uncontrolled semiconductor degrading side
reactions which lead to material instability”®. Different methods have been explored to enhance
light absorption in the visible light region, which include: (1) chemical doping of TiO,, such as
incorporation of additional metal or nonmetal species (e.g., nickel, vanadium, chromium,

24, 29, 30

platinum, nitrogen, tungsten, fluorine, sulfur, etc.) (2) the exploration of alternative
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narrow band gap semiconductor photocatalysts, such as Si,”' InP,** CdSe,** and GaZnON>* ¥
and (3) the loading of the visible light sensitizer, such as organic dye, metal nanoparticles, or a
narrow band gap semiconductor.

Among the three phases (Rutile, Anatase and Brookite) of TiO,, Anatase is the most widely
studied®®*’. To improve the activity of TiO,, p-block elements were substituted at Ti or O sites®™
' or noble metals like Au or Pt were deposited on TiO; surface®™. Wang et al studied the
incorporation of TiO, with graphene or graphene oxide to enhance the adsorption ability and
photodegradation of organic dyes%. The report of ZnO photocatalysis by Morrison and Freund
used current doubling for the detection of hole and free-radical based reactions and capacity
method for the detection of electron based reactions’’. Rao and coworkers recently reported the
photocatalytic hydrogen generation by the ZnO hybrid with cadmium chalcogenides along with
Pt metal”®. Considerable amount of hydrogen has been generated photocatalytically using the
hybrid nanostructures of ZnO/Pt/CdS, ZnO/Pt/Cd,xZn,S and ZnO/Pt/CdS;Sex, under UV-
visible and visible light irradiation in the presence of hole scavengers like Na,S and Na,;SOs. The
presence of a metallic contact between two semiconductors favors exciton charge separation.
Good H, evolution rates up to 17.4 mmol h™'g™ and an apparent quantum yield (AQY) of 11.1%
were obtained with ZnO/Pt/CdS under UV-visible irradiation. With 20% Zn substitution in place
of Cd in CdS, the rate of H, generation was 31.2 mmol h” g and 12.5 mmol h™' g respectively
with UV-visible and visible irradiation, the corresponding AQY values being 23.1% and 18%.
While with 50% substitution of S by Se in CdS, the rate of hydrogen generation was at 19 mmol
h'g! and 16 mmol h”' g with UV-visible and visible irradiation respectively, but the AQY
values were in the range of 8-9%. The catalytic activity was found to improve on replacing
Na,S and Na,SO; by benzyl alcohol as the scavenger for ZnO/Pt/CdS yielding H, at the rate of
31.6 mmol h™! g'1 and AQY of 34.5% under visible irradiation. The performance was even better
with ZnO/Pt/CdysZng»S where the rate was 36.5 mmol h! g'1 and the AQY reached 50.4% with
visible irradiation™®.

Hydrogenated ZnO (denoted H:ZnO) NRAs(Nanorod Arrays) were grown on a solid substrate
and were used as photocatalysts for hydrogen evolution®. The advantage with high aspect ratio
nanorods is that a large surface area is accessible for charge transfer and a short diffusion length
for minority carriers and a long pathway for light absorption along the NR axis™ °'. On

immobilizing the NRs on a substrate it prevents its aggregation and eases the separation and
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recovery processes for ZnO powder catalysts. Surface defects such as oxygen vacancies (Vo) and
interstitial hydrogen (H;) were introduced purposefully into ZnO via hydrogenation process.
These impurities assist in increasing the carrier density of ZnO which facilitate the transport of
photoexcited charge carriers. Vertically aligned nanorods of H:ZnO with an average diameter of
~ 200 nm and length of ~ 2 mm were grown on an FTO glass substrate by cathodic
electrodeposition followed by hydrogenation and annealing in air at 350°C .

The rate of hydrogen production was examined for H: ZnO NRAs in a Na,S—Na,SOj; electrolyte
solution under white light illumination (a 300 W xenon lamp without filter). While the ZnO
sample has average hydrogen production rate of ~ 10 mmol h”' cm™, the H: ZnO sample shows a
5-fold increase in hydrogen evolution, achieving a remarkable production rate of 49 mmol h™
cm™. This has so far been reported to be the best photocatalytic hydrogen evolution rate ever for

3253 which is about 40 times larger than the other values™>. The photocatalytic

ZnO catalysts
activity of the hydrogenated NR powders were also determined in order to directly compare the
reported values for ZnO powder. 1.64 mg of H: ZnO NR powders, equivalent to the mass
loading on two pieces of H: ZnO NRA films, were collected from FTO substrates. The
photocatalytic properties of these powders were measured under the same conditions as for
H:ZnO NRA films. The hydrogen production rate of H: ZnO NR powders were calculated to be
18.8 mmol h”' cm™ (44 000 mmol h™ g™') which is smaller than that of H: ZnO NRA films. The
improved hydrogen production rate for H: ZnO NRA films could be attributed to their ordered
structure thereby providing a large accessible surface area for photocatalytic reactions. The
ordered H: ZnO structure also forms surface electric fields between NRs that could reduce the
recombination of photo-excited electrons and holes, as has been reported for other ordered
nanostructures . Several other ZnO based materials like ZnO/TNTs (TiO, nanotube arrays)57,
Zn0/g-C3Ny(ref 58), ZnO —Bi,Ss(ref 59), reduced graphene oxide (RGO)- ZnO hollow sphere 60,
Zn0-CdS®' have also been explored.

The crystallinity has a marked effect on the photocatalytic activity of the materials synthesized,
and thus there has been dedicated research towards the high yield synthesis of many kind of
highly crystalline metal oxide and mixed oxide nanocrystals preferably with different
morphologies including belt, rod, truncated-octahedron, cubic, sphere, sheet etc. A simple
method involving the reaction of inorganic precursors in aqueous solution under hydrothermal

conditions has been successful in yielding large quantities of crystalline oxides. A variety of
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highly crystalline inorganic nanocrystals can be synthesized in large scale. The shape of
inorganic nanocrystals such as CoWQ4, Lay(Mo00Q,); can be controlled by adjusting the synthetic
conditions including pH and reaction temperature. Usually, the synthesis is carried out in the
presence of bifunctional 6-aminohexanoic acid (AHA) as a capping agent where the amine group
of AHA ligand gets bonded to the surface of oxide nanocrystals and uncoordinated carboxylic
acid group of AHA ligand captures metal ions by its interaction with —COOH group and favors
the formation of highly dispersed metal on the oxide surface during the synthesis®*.

Under aqueous conditions, (pH ~ 7.5), noble-metal precursor cations strongly adsorb on the
negatively charged surface of 6- aminohexanoic acid-stabilized oxide nanocrystals through
electrostatic attraction, due to the deprotonation of —-COOH groups. This technique leads to the
preferential heterogeneous nucleation and growth of metal precursors on the surface of the
substrate seeds via the interaction between noble-metal precursor and uncoordinated carboxylic
group of AHA-capped oxide nanocrystals followed by reduction using NaBHy. This leads to high
dispersion of tiny metal particles on the nanosupport for the synthesis of a variety of hybrid
metal/oxide nanocrystals. Ag/TiO, nanobelts have been synthesized as a typical hybrid
photocatalyst sample and studied for its photocatalytic activity for methylene blue degradation ®.
The valence and conduction band of semiconductor oxides should have appropriate potentials
which can lead to the generation of photoexcited electrons (¢ and holes (h+)). The ease of
migration of photoexcited electrons and holes to the surface of the catalyst material is equally
important for the fast reduction and oxidation of surface-adsorbed dye/organic moiety. New
materials are being explored and examined continuously for facilitating photocatalytic
degradation of organic waste and water splitting®*®®. Tantalates are one such class which evolved
owing to the position of the conduction band consisting of 5d orbitals located at a more negative
potential than that of titanates (3d) and niobates (4d). The lower potential of the conduction band
is advantageous towards the photocatalysis reactions. Among others Sn,Ta,O;, BaTa,Og,
K5Ta3B,01,, and NiTa,O¢ are the ones which contain Ta>* and have been studied for

photocatalytic water splitting under UV light irradiation®””".

10
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Figure 3. Diffuse reflectance studies of (a) Cd,Ta,O; (inset TEM image of Cd,Ta,O;nanocubes) and (b)
Cd,Nb,0O; (inset TEM image of Cd,Nb,O; nanocubes). (c¢) Photocatalytic degradation of Rhodamine B using
Cd,Ta,0; and Cd,Nb,0O; nanocubes at pH 8.5 with O, purging. SS (solid state route); HM (hydrothermal method).
(d) bar diagram of dye degradation activity of commercial TiO,, Cd,Ta,0; and Cd,Nb,0. These figures have been

reproduced from Ref. 71 with permission from The Royal Society of Chemistry.

The structure of the photocatalyst is very crucial for the smooth migration of electron—hole pairs.
Tantalates with corner-shared TaOg octahedra possess Ta—O—Ta bond angles close to 180 degree
and this accounts for the easy migration of photogenerated electron—hole pairs in the corner-
shared framework of TaOg units®* "2, Tantalates and niobates crystallize in the ABO;
(perovskite) or A;B,0; (pyrochlore) structure where the B-O-B bond angle is close to 180°.

Tantalates and niobates have been synthesized by conventional solid state route or the polymer

11
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precursor method at high temperature (typically 1000-1300 °C)”> ™

which results in larger
particle size, segregation of components and possible loss of stoichiometry due to volatilization
of the constituents. To avoid these, low-temperature, wet chemical routes have been employed to
prepare homogenous nano sized particles with higher purity and crystallinity which would
eventually enhance photocatalytic activity””” . Influenced by the crystallinity, size, surface
charge and surface area, the photocatalytic performance of Cd,Ta;O; and Cd;Nb,O7; nanocubes
(figure 3a & b) synthesized by hydrothermal route is nearly 7 times more efficient than samples
synthesized by solid state route and nearly comparable degradation rate of photocatalysis with
commercial TiO, ''. Fig. 3¢ shows the degradation plot for Rhodamine B in the presence of
Cd;Ta,07 and Cd;Nb,O7 nanocubes synthesized by hydrothermal and solid state method at pH
8.5 under O2 purging. The rate of photocatalytic activity was significantly higher under basic pH
(8.5) with continuous purging of oxygen during the irradiation. Absence of oxygen or lower pH
(4.5) decreased the photocatalytic efficiency. The extent of adsorption of dye on the surface of
catalyst is partially responsible for this. From the zeta potential measurements, the surface charge
on Cd,Ta,0; and Cd;Nb,O; nanocubes was found to change from negative to positive on
changing the pH to 4.5 from pH of 8.5. Under basic conditions, the surface of the catalyst is
negatively charged and the dye adsorbed easily on the catalyst surface (Rhodamine B being a
cationic dye) leading to increase in the rate of photocatalysis. In acidic media, both Rhodamine B
molecules and catalyst surface are positively charged and owing to the strong electrostatic
repulsion between the similarly charged surfaces, Rhodamine B molecules are less likely to
adsorb on the Cd,Ta,07; and Cd,;Nb,O; nanocubes. Lower dye adsorptions leads to lower dye
degradation which has been studied earlier in case of TiO, and Mo doped TiO,’®. Fig 3d
displays the photocatalytic efficiency of Cd,Ta,O; and Cd;Nb,O; and it was observed that
nanocubes synthesized by hydrothermal method is more efficient than the one via the solid state
route. In addition, Cd;Ta,O; nanocubes synthesized by hydrothermal route almost comparable

degradation rate of photocatalysis with commercial TiO,

1.2 Composite based photocatalysts

Silica-supported tantalum oxide (ST) hollow spheres were designed for photocatalytic
applications in the UV range of 4.1 to 4.8 eV and also to combine the efficient adsorption

characteristics of mesoporous silica with the photocatalytic properties of Ta,Os ” The design of

12
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these nanostructures enables a good interface between the SiO, and Ta,0Os, which leads to close
proximity of the adsorbed dye and the active site of Ta;Os on the silica surface. The synthesis
process to obtain these nanostructures is simple and can be obtained by the hydrothermal
treatment of tantalum isopropoxide and tetracthylorthosilicate at 120 °C for 48 h in the presence
of cetyl trimethyl ammonium bromide, which was used as a capping agent. The maximum
observed surface area was found to be 610 m?/g and pore size distribution of ST hollow spheres
varied from 13.4 to 19.0 nm. Lewis acidity of silica and the contact area between SiO; and Ta,Os
plays a crucial role in controlling the photocatalytic properties of the ST hollow spheres.

Figure 4. (a) shows the TEM images of different Si0,-Ta,Os samples as synthesized under
hydrothermal conditions and also after calcining the samples at 550 °C for 5 h. From TEM
studies, an increase in both the shell roughness and thickness was observed after calcinations
which could be attributed to the evaporation of leftover aqueous or organic part. Photocatalytic
degradation of Rhodamine B was monitored by the dye absorbance at 546 nm as a function of
irradiation time in presence of different ST samples (fig 4b) and a remarkable enhancement (~ 6
times) in the photoactivity of silica-supported tantalum oxide hollow spheres was observed when

compared to pure Ta,Os.
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Figure 4. (a) TEM images of different SiO,-Ta,0s samples (ST1, ST3, ST5) as synthesized under hydrothermal
conditions and (ST2, ST4, ST6) SiO,-Ta,Os calcined at 550 °C for 5 h. (b) Photocatalytic degradation of
Rhodamine B monitored by the dye absorbance at 546 nm as a function of irradiation time in presence of different

ST samples. Reproduced from Ref. 79 with permission from The American Chemical Society

The quest for an efficient visible light catalyst leads scientists to develop composites with
materials like silica, graphene, graphitic carbon nitride etc. Silver based photocatalysts are very
popular in these categories owing to its significantly higher photocatalytic performance®® than
the other known visible light photocatalysts, such as g-C3Ny4, N-doped TiO, and BiVO481’ 82,

But the poor photostability of silver salts limits its extensive use as a visible light photocatalyst.
A challenging task thus remains to develop a simple and effective technology which will not
only reduce Ag consumption for a Agz;PO4 based photocatalyst but will also improve its stability
and surface area for large scale applications. Hence, the need of a material with high thermal and
chemical stability which can be mixed with the active photocatalyst so as to improve its
properties. Graphitic carbon nitride (g-C3;Ny) is one of the n-conjugated semiconductor materials
possessing good photocatalytic activity for hydrogen production from water splitting and the
photodegradation of organic pollutants under visible light irradiation® **. The metal free g-C35Nj
photocatalyst is characterized by a very high thermal and chemical stability, as well as electronic
properties but the photocatalytic performance of g-CsNy is still limited due to the high
recombination rate of the photo-induced electron—hole pair. Thus modifications are essential to
make g-C3;Ny a valuable material for visible light photocatalysis: one among others is loading of

a co-catalyst onto the surface of g-C;Nj.

14
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Figure 5. Photocatalytic performances of g-C;N4 based composites. (a) Degradation of MB under visible light
irradiation for 30 min over different Ag;PO,4-g-C;N,4 composite photocatalysts. (b) Effects of a series of scavengers
(ammonium oxalate (AO), isopropanol (IPA) and benzoquinone (BQ)) on the MB degradation over different
photocatalysts (the dosage of scavengers = 0.1 mmol L', irradiation time t= 30 min). Schematic diagram of
photoinduced electron—hole transfer processes (c¢) Ag;PO4-g-C3N4 composite, band-band transfer and direct Z-
scheme transfer. These figures have been reproduced from Ref. 85 with permission from the PCCP Owner Societies
and (d) N-doped ZnO/g-C;N,4 core—shell (Z-scheme transfer) reproduced from Ref. 86 with permission from The
Royal Society of Chemistry.

The hybridization of g-Cs;Ns with Agi;PO4 led to an enhanced activity under visible light
irradiation®’. The synergic effect between Ag;PO4 and g-C;N4 led to a structural stability for
silver phosphate, high separation efficiency owing to the well positioned C.B. & V.B. positions,

The photoinduced electrons in g-C3;N4 can move freely towards the surface of the Ag;PO,4 while
the holes can transfer to the VB of g-C3Ny4 conveniently and vice versa, since band edges of both

g-C3Ny and AgsPOy lie in the visible region. Therefore, g-C3N4 can act both as an electron
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acceptor and donor. Hence, the electrons can easily migrate to the surface of Ag;PO, and the
redundant electrons on Ag;PO4 can also be transferred to g-CsN4 which separates the electron-
hole efficiently. The uniform dispersion of silver nanoparticles onto g-C;N, and the adsorption
capacity towards the organic pollutant also contributes to its photocatalytic efficiency.

The optimum photocatalytic activity of g-CsN4—Ag3;POy4 at 25 wt% of g-C3;N4 under visible light
is almost 5 and 3.5 times higher than pure g-C;N4 and Ag;PO, respectively. On similar lines
were designed N-doped ZnO/g-CsNy4 hybrid core—shell nanoplates via a facile, cost effective and
eco-friendly ultrasonic dispersion method. The direct contact of the N-doped ZnO surface and g-
C3Ny shell without any adhesive interlayer, introduced a new carbon energy level in the N-doped
ZnO band gap thereby effectively lowering the band gap. The synergistic effect at the interface
of the N-doped ZnO and g-C;Njy results in increased area of exposure, energy band structure and
enhanced charge separation. Consequently, the hybrid core—shell nanoplates exhibit enhanced
visible-light photocatalysis towards the degradation of Rhodamine B in comparison to that of
pure N-doped ZnO and g-Cs;Ny4. These studies show the importance of evaluating new core—shell
composite photocatalysts with g-C3Nj as shell material®.

To promote the separation of photoinduced electron-hole pairs by the effective transfer of
photogenerated electrons and holes at the interface, TiO, based nano-heterostructures®™ 8 have
been synthesized. The attachment of visibly active photocatalytic nanoparticles on the TiO;
surface has been found to enhance the photocatalytic activity in both the UV and visible
regions® . On similar lines, ceria/ titania heterostructures have been designed which were found
to exhibit an enhanced broad light wavelength region of photocatalytic activities of CeO, /Ti0O;
nanobelt heterostructures. Under UV irradiation, both TiO, and CeO, can be excited, which
results in the generation of photo generated holes in the valence band (VB) and electrons in their
conduction band (CB).

CB celectrons (CeO,) easily migrate to the CB of TiO, through the interface, because the
conduction band-edge potential of CeO, (—0.3 eV) is more negative than that of TiO; (—0.27
eV). Similarly, because the valence band-edge potential of CeO, (2.42 eV) is lower than that of
TiO, (2.88 e¢V), VB holes (TiO,) can inject to the VB of CeO, by the control of the interface.
This separates the photoinduced electron-hole pairs in TiO, and CeO, thereby improving

photocatalysis. Whereas under visible light irradiation, the electrons in the VB CeO, are excited
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to its CB. The photogenerated electrons in the CB of CeO, can be transferred to the CB of TiO,,
leading to efficient charge separation®’.

Also the matching band energy between CeO, nanoparticles and TiO, nanobelts facilitates the
separation of photoinduced electron-hole pairs and the higher surface area of CeO, nanoparticles
on the surface of TiO, nanobelts results in a strong capture of MO molecules which facilitates
the faster degradation. Many such composites have been designed like TiO, with graphene’ and
also with reduced graphene’’. Water-dispersible, core-shell magnetic nanoparticles of
Fe;04@TiO, have been synthesized by anchoring cyclodextrin cavities to the TiO, shell. The
tethered cyclodextrins are responsible for the dispersibility of the nanoparticles in aqueous
medium. The amorphous TiO, shell is the photocatalyst for the degradation and mineralization of
the organics, bisphenol A and dibutyl phthalate, under UV illumination, and the magnetism
associated with the 9 nm crystalline Fe;O4 core assists in the magnetic separation93.

The fabrication of type II heterostructures plays an important role in modification of
photocatalysts and has been extensively studied. He el al. have discussed applications in the area
of environmental remediation and water splitting94.

Our group has also been extensively working on photocatalysis in order to design effective
photocatalysts. Along with advantages of ZnO & TiO,, are the associated disadvantages like the
fast recombination rates of electrons & holes resulting in the low quantum efficiencies thereby
limiting the photocatalytic activity. The second and most important factor lies in its inability to
utilize the visible range of the solar spectrum which limits their use. With these limitations in
mind, photocatalytic systems were designed with chemical potential gradients by creating
heterojunctions which assist in the localization of the electron and holes at two different sites in
the catalyst. Narrow/mid band gap semiconductor nanocrystals have also been used as a
sensitizer to enhance the visible light absorption thereby increasing their activity. CdS®>, CdSe™,
PbS”’, Bi2S3%, InP”’, Ag2S'" are some of the visible light photocatalysts that are being used as
a sensitizer. In addition, geometric constraints on the materials were also found to be an effective
way of limiting the electron-hole recombination. One dimensional ZnO nanostructures have been
an ideal choice for an effective electron transport which limits the recombination rate. To
understand the efficacy of the separation of electron and hole in anisotropic material Type II
ZnO/ CdS core shell nanorod array with varying shell thickness has been synthesized'®'. The

coupling of the two semiconductors led to enhanced light absorbing capacity & is characterized

17



CrystEngComm

by longer lifetime, higher activity & enhanced current than pure ZnO & CdS thereby indicating
that type II core shell structures are efficient for photocatalytic & PV application. The dye
degradation studies using these core shell nanorod array were found to be highly dependent on

the shell thickness (figure 6d).
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Figure 6. Schematic diagram of the core/shell nanorod arrays, showing the type-II band gap alignment: electron—
hole pair generation by incident photons and electron injection from the excited shell material into the metal oxide
core. (a) ZnO-CdS core-shell , (b) NaNbOs-CdS core- shell and (¢) ZnO-In,S; core-shell. Photocatalytic dye
degradation monitored by the C/Co Vs. time plot in presence of different core-shell photocatalyst (d) ZnO-CdS, (e)
NaNbO;-CdS and (f) ZnO-In,S;. Figure a and d were reproduced from Ref. 101 with permission from The
American Chemical Society, Figure b and e has been reproduced from Ref. 102 with permission from The American
Chemical Society, Figure ¢ and f have been Reproduced from Ref. 103 with permission from The American

Chemical Society.

In another case study (Type II semiconductor), core-shell nanostructures of ZnO@In,S; led to
effective injection of photogenerated electrons from In,S; into ZnO which increased the

probability of absorption of radiation in the visible range. These results reveal that the
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combination of narrow band gap with wide band gap semiconductor enhances their
photocatalytic abilities to a greater extent i.e. ~ 5 times higher than In,S; nanoparticles and 56
times higher than ZnO nanorods '*.

Figure 6 (a-c) shows the schematic diagram of the core/shell nanorod arrays, showing the type-II
band gap alignment: electron—hole pair generation by incident photons and electron injection
from the excited shell material into the metal oxide core and fig 6( d-f) shows the photocatalytic
dye degradation monitored by the C/Co Vs. time plot in presence of different core-shell
photocatalysts (a) ZnO-CdS, (b) NaNbO3-CdS and (c¢) ZnO-In,S; respectively.

In addition to core-shell nanostructures of two semiconductors, heterostructures have also been
studied to extend the photo response of ZnO. Semiconductors with narrow band gap like CdS,
PbS, In2S3 and Bi2S3 have been attached on the ZnO surface to make suitable heterojunctions
(band gap engineering) and these heterostructures can function in visible light as
photocatalyst'®*'%. CuS is a narrow band gap semiconductor (2.2 eV) and is a very suitable
candidate for visible light photocatalysis without any toxic element'*” ', Type-II semiconductor
with p-n heterojunction has been fabricated by decorating CuS nanostructure on the surface of
ZnO nanotubes'”. These ZnO/CuS heterostructures efficiently decompose methylene blue upon
irradiation of visible light in room temperature. The percentage of degradation being 0.6, 63 and
87% for ZnO, CuS and ZnO/CusS respectively after irradiation of visible light in 30 min . The
rate constant ‘k’ for pure CuS is 9.8x10~ min" whereas when ZnO/CuS has been used as
photocatalyst the value of ‘k’ increases three times to 2.3x10~ min™. Efficient adsorption of dye
molecules on the catalyst surface and successive decomposition of the dye molecule by reaction
with the photogenerated electron and hole seperately.”® In this case hierarchical morphology of
the ZnO/CuS heterostructures and the negative surface charge of the sample leads to enhanced
adsorption of the cationic dye methylene blue on the catalyst surface. There are other reports
where metal nanoparticles like Ag“o, Aum, Pt'"? have been decorated on the surface of ZnO, to

delay the recombination rate of the photo generated electrons and increase the efficiency of ZnO.

2. Nanostructured metal oxides and their hybrids for electrocatalytic (HER, OER and
ORR) applications
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Metal oxides are one of the most enthralling classes of inorganic solids with diverse structures,
properties and applications. Metal oxides find applications in microelectronics, sensors,
piezoelectric devices, phosphors, coatings, fuel cells, energy storage/conversion devices,

coatings and catalysts' ">

. Electro catalysis is a combination of principles of electrochemistry
and catalysis whereby the presence of an electro catalyst enhances the rate of electrochemical
reaction at anode or cathode''® '"'7. The origin of electro-catalysis was in early 1920s when
Bowden and Riedel measured the rate of hydrogen evolution reaction (HER) on several

metals''® 1"

. Development of electro catalysts is gaining lot of importance as several energy
technologies depend upon electrochemical reactions. We have discussed here the fundamental
understanding and advances of HER, OER and ORR activity studies of nanostructured metal
oxides and their hybrid materials as electro catalysts. The dependence of electrocatalytic activity
on size, facet, surface area, core/ shell of nanometal oxides and the strong interaction between
carbon supports with metal oxides are discussed thoroughly. Here we confine to the recent
literature pertaining to HER, OER and ORR by nanostructured metal oxides and their hybrid

materials.

2.1 Hydrogen evolution reaction (HER)

Hydrogen as a fuel has several advantages due to high combustion heat, zero pollution and
plentiful natural abundance. Study of Hydrogen evolution reaction (HER) allows one to
understand the fundamentals of electrode kinetics as well as improving the hydrogen production
through water electrolysis'*’. Hydrogen evolution reaction (HER) is the cathode half reaction in
which H; is evolved during water splitting. It is a reverse reaction to hydrogen oxidation reaction
(HOR) and both involve only two electron transfer leading to kinetically fast reaction unlike
oxygen evolution reactions (OER) / oxygen reduction reactions (ORR) which involve four
electron transfer and are kinetically sluggish. According to the widely accepted mechanism, HER

at a metal electrode in acidic medium involves three steps'>" '*

. The first step (Volmer or
discharge step) involves the generation of surface adsorbed hydrogen (H,4s) through the coupling
of single electron transfer at the interface with proton to the surface. After the generation of Hygs,

it can follow two paths: one could be recombination of two surface adsorbed H atoms to generate
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H; by desorption (Tafel step) or the other way is by protonation of H,4s (Heyrovsky step) coupled

to a single electron transfer'?" '%,

H+(aq) + e — Hags (Volmer (or) discharge step) 4a
2 Hygs — Ho (Tafel step) 4b
Hags + H' (aq) + € — Hy (Heyrovsky step)  4c
As can be seen from above reactions, the strength of M-H,qs interaction plays important role in
deciding the activity of electro-catalyst. If the Volmer reaction is the rate determining step
(RDS), the resulting Tafel curve should yield a slope 118 mVdec”. While if Heyrovsky step is
the RDS, the measured Tafel slope would yield a value of about 40 mV dec (or) 30 mV dec™.
The above three steps of HER(4a-c) should satisfy thermodynamic constraints' and if we
assume reactions follow Volmer- Heyrovsky mechanism,
E°HHads T E Hads, 1 12 = Epasmz = 0 (%)
For Volmer reaction (4a) the equilibrium potential of the redox reaction for an adsorbed or
chemisorbed state can be considered as
A G(Hags) = AG(H +¢") (6)
According to Norskov et al'*, A G(H" + ¢ ) is 0 at E = 0 (vs NHE) and — e,E at any other
potential E. The electrosorption valency corresponding to equation (6) is close to 1 and static
dipole moment of the H,gs bonded to the surface is close to zero. Hence for Volmer reaction the
standard equilibrium potential can be written as
E® b /Hads = -AG®/ (Hags)leo  (7)
AG°(H,gs) is the adsorption energy of H,gs and if AG®/ (Hads) < 0, H,gs formation on catalyst
surface is thermodynamically favorable, E° H /Hads > O.
E® tottads = -E’Hadgs, 1 12 <0 (8)
For HER at E = 0, H,qs formation is thermodynamically favorable and molecular hydrogen
formation should be thermodynamically unfavorable. For this situation, the thermodynamic

overvoltage nt can be written as

Nr=E° H*, HaggH, - E°nam2 (9)
The above step which is thermodynamically least favorable step is termed as the potential
determining step (not kinetically rate determining step). As the lowest possible 1t = 0, a catalyst

with following condition need to be designed:
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Nr= B® i tads - E Hads, 1 12 - G°/ (Hads)/e, -0 (10)
When the above analysis follows Volmer-Tafel mechanism for HER/HOR and standard
equilibrium constant of reaction can be written as
K Hagsmo = €xp (-AG® (Hags)/ RT (11)
In such a case,
E°H+/Hads - AG®/ (Hags)/€o = 0 (12)
As per Heyrovsky-Volmer mechanism, thermodynamic over voltage Nt - E° gi/Hags in case of E°

H+/Hads < 0. For the case of E° yi/pags > 0, the Tafel reaction becomes endothermic and potential

determining.

T L

0 AG(Hyg6)

Figure 7. ““Thermodynamic” volcano plot for the hydrogen evolution reaction (HER) and the hydrogen oxidation
reaction (HOR): thermodynamic overpotential (standard equilibrium potential of the potential-determining step) vs.
the free binding energy of hydrogen on the electrode surface. The dashed-line gives the same plot for the HOR. The
potential-determining steps corresponding to the various legs of the curves are indicated. Reproduced from the ref.

123 with permission of Elsevier.

As can be seen from the Volcano plot (Figure 7), r for the HER as a function of G°/ (Hags) and
illustrates how the optimal catalyst is a compromise between strong and weak binding of Hpgs.
For the reduction reaction V- shaped plot and for oxidation reaction A- shaped plot were
observed. Based on above considerations, the best catalyst for HER is the one that binds in such

a way that there is no sink or barrier in going from reactant to product through an intermediate.

22

Page 22 of 55



Page 23 of 55

CrystEngComm

Three important parameters play a crucial role in selecting catalytically active HER catalysts.
The material should possess intrinsic electrocatalytic effect, large active surface area per unit
volume ratio and good electrochemical stability. Platinum which is a noble metal and platinum
based alloys are the most effective catalysts for HER with small over potential. However the
high cost, scarcity and CO poisoning of Pt based materials are the limitations for their HER
based applications. Recently more economical non-noble metal based HER electrocatalysts have
been explored such as transition metal chalcogenides, carbides, oxides although they are less

122 .
. Here we focus on the recent studies

effective and stable than Pt based electrocatalysts
concerning the nanostructured metal oxides for HER study.

Tungsten oxide (WOs3) is known to form tungsten bronze (HyWO3) which is a good electron and
proton conductor and hence is a promising electro-catalyst. Luo and coworkers demonstrated the
effect of Ta’* doping on HER activity of WO; nanowires. They prepared Ta-doped WOs;
nanowires by hydrothermal method and observed that compared to undoped samples, Ta doped
ones exhibit two times higher current density; Ta-doped WO; nano wires (10.72 mA cm °) and
undoped WO3 (5.34 mA cm?) at an over potential of -0.52 V. The best HER performance was
achieved with molar ratio of Ta/W being 0.01. With the addition of Ta’" in WOs it creates more
defects or oxygen vacancies such that more protons are intercalated which enhances electron
transfer to improve the HER activity'%.

Atta et al'*® prepared ARuO; (A = Ca, Sr or Ba) nanoparticles (40-100nm) by co-precipitation
method. The HER activity of as studied by Tafel polarization is in the order of BaRuOs>
CaRuO3;> SrRuOs;. The exchange current density values observed were, -60.7, -13.1 and -884.6
HA cm? and activation energy values 42.6, 86.3 and 17.7 kJ/mol for Ca, Sr and BaRuOs,
respectively. The A site metal ion in perovskite plays important role on the stability of crystal
structure as well as improves catalytic activity through synergistic interactions with B-site metal
ion. In BaRuOs, Ru-Ru bond length is much less compared to Ca or Sr compounds, indicating
strong Ru-Ru bonding, leading to enhanced HER activity. When ternary oxides like Sri.
xCayRu0O; were prepared, they exhibit increased activity than binary oxides more so with Ca
doping'?!. Layered misfit compounds are popularly known for their thermoelectric properties,
while misfit oxide like Ca;Co409 prepared by Pumera and co-workers was known to be a highly

active electrocatalyst for both HER and ORR studies. In HER activity Ca3;Co04O9 electrode

surface gave a Tafel slope of 87mV/decade, compared to glassy carbon electrode (130
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mV/decade). CazCo4O9 exhibits higher heterogeneous electron transfer rate of 3.76 x 10 *cms !

compared to 3.11 x 10~ cm s for glassy carbon. Even though inferior in its efficiency, due to

its lower cost and affordability it is very good alternative for Pt'*®

. Yamada et al investigated the
effect of size and shape of a series of Co304 nanoparticles on H, evolution by ammonia-borane
(AB) hydrolysis. Although the size effect is minimal, there is a dependence on the shape. Among
cube, hexagonal sheets and irregular particles, the hexagonal sheet was observed to show highest
activity. The rate of hydrogen evolution for Co3O4 sheet was 0.35 mmol/min in between 5 and 10
min and for cube, 0.22 mmol/min. Even though cubic particles were small with high surface area
sheet morphology exhibits pronounced H, evolution due to atom alignment on surface. In the
sheet, the (211) plane where Co atoms are aligned at large distances while for cube it is (100)
plane with atoms aligned in close packed form. Cu loading in Co30O4 decreases the induction
period (0.5% Cu-6 min. 4% Cu- 0.7 min) and increases the rate of H, evolution to 0.63
mmol/min'?’.

NiO/Ni/CNT heterostructures (Figure 8a) have been found to be highly effective electrocatalyst
for hydrogen evolution'*®. These heterostructures were synthesized by thermal decomposition (at
300 °C, Ar atmosphere) of Ni(OH), bonded with carbon nanotube (CNT) surface. NiO/Ni
heterostructures were characterized using XPS and XANES studies (Figure 8b, c). Incomplete
coverage of Ni core by NiO exposes the Ni/NiO interfaces which are synergistically active HER
catalysis in alkaline medium (Figure 8d). In alkaline medium, OH" ions from water splitting gets
attached electrostatically on the NiO surface at the Ni/NiO interfaces due to Ni*" species. Two

mechanisms are possible for HER in alkaline medium as given below.

H,0 + e 2 Hygs + OH (Volmer) and
Hags + Hags =2 Hy (Tafel)

Or

H20 + ¢ = Hugs + OH (Volmer) and
H,0 + Hugs + € 2 Hy, + OH™ (Heyrovsky)

At the interface, nearby Ni sites facilitates Volmer process (H adsorption) and imparts the
synergistic effect of Ni/NiO interfaces in HER whereas only NiO does not show HER catalysis

as it lacks H adsorption sites'**.
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Figure 8. (a) Schematic of NiO/Ni-CNT, NiO/CNT and Ni/CNT structure. (b) High-resolution Ni XPS spectra of the
three hybrid materials (the dotted line points out the binding energy of Ni2p (red) and metallic Ni (blue). (c¢) Ni L
edge XANES spectra of the three hybrid materials. (d) Linear sweep voltammetry of the three hybrid materials in
IM KOH at a scan rate of 1mV/s under the loading of 0.28 mg cm™ on RDE showing superior HER catalytic
activity of NiO/Ni-CNT. Reproduced from the ref. 128 with permission of Nature publishing group.

Novel RuO,/Ni nano/microarchitecture was fabricated to study the HER activity. Compared to
pure RuO,, p-Ni (p = porous) and Ni, RuO,/p-Ni catalyst is known to exhibit high HER activity.
At larger current densities (> 40 mA cm™), the RuO,/p-Ni composite leads to superior HER
performance than the Pt catalyst. The high HER activity of composite is attributed to
incorporation of RuO; into porous Ni structure which has large specific surface area. The
synergistic effect results in enhanced activity with hydrogen spillover as well as it improves the
long term durability of catalyst'®.

Ganguli and co-workers have investigated the HER and OER performance of Cu metal NPs (4-
6nm) synthesized from aligned copper oxalate nanorods which were prepared by microemulsion
method. Controlled decomposition of oxalate nanorods under Ar atm. results in the synthesis of

crystalline, uniform nanoparticles with high surface area. The hydrogen evolution reaction

(HER) study of Cu NPs resulted in current density of 12 mA cm™ (on GCE) and 46 mA cm™ (Pt
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electrode) which were significantly higher than reported values (maximum 1 mA cm?). The
catalyst has shown very good stability. In case of HER it was stable even after 50 cycles. The
enhanced activity and good stability were attributed to small size NPs with high surface area (34
m? g1)130

and their HER, OER photocatalytic properties. Copper oxalate nanorods and CuO (1:1)

. Ganguli and co-workers described the effect of low temperature synthesis of Cu-Cu,O

precursors were annealed in Ar atm. at 350°C leading to 25nm size particles and around 100nm
NPs of Cu,O were obtained when CuO alone without oxalate precursor were annealed at 850°C.
The NPs obtained at 350°C were known to show better HER activity than those obtained at
850°C. The HER current densities were found to be 0.0207 cm® mg™” & 0.0235 cm® mg™ for GC
electrode and 0.0324 cm” mg” & 0.0476 cm® mg™' for Pt electrode for Cu,O obtained at higher
and lower temperature respectively. As shown in the figure 9, the current density was found to be
14 times higher than GC and 4 times higher than Pt electrodes for Cu,O synthesized at 350°C
compared to 850°C. They also show stability up to 50 cycles. The enhanced activity of NPs

obtained at 350°C is related to their small particles size and high surface area'”".
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Figure 9. HER of Cu,0 synthesized at different temperature (a) on glassy carbon and (b) platinum as working
electrode. Reproduced from the ref. 131 with permission of the Royal Society of Chemistry.

2.2 Oxygen evolution reaction (OER)
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Oxygen evolution reaction (OER) is an anodic half-cell reaction in which oxygen is evolved in
the electrochemical oxidation of water during water splitting or solar cells and metal air batteries

. It is the reverse reaction to oxygen reduction reaction (ORR), both processes being kinetically
sluggish and involves multi step proton coupled electron transfer. Before going into examples of
metal oxides studied, we discuss the mechanism of OER involving these electrocatalysts.
Chemical composition, electronic structure and surface atomic arrangement of the electrocatalyst
influences the OER performance. As OER is very sensitive to the surface, the thickness and

122 One of the proposed mechanisms of OER

morphology of oxide layer play an important role
involves the coordination of water to the metal oxide surface with subsequent proton transfer to
solvent and electron transfer to the electrode to form M-OH species (equation 13) and then M-O
species is formed via proton coupled oxidation (equation 14) or by disproportionation M-OH
(equation 15) . The M-O species liberates O, by decomposition of bimolecular species
decomposition (equation 16) or by the attack of water (hydroxide) (equation 17). The sequence
of reactions involved are shown below'?'.

M +H,0 - MOH+H" +¢ (13)

MOH — MO + H' + ¢ (14)

2MOH — MO + M + H,0 (15)

2MO — 2M + O, (16)

MO + H,0 - M+ O, + 2H" +2¢" (17)
Sabatier’s principle'*” indicates that OER activity depends on the bond strength of the catalyst
surface and reactant/product. Ideally moderate bond strength, neither too strong nor too weak are
useful. Apart from noble metals and noble metal oxides (RuO, & IrO;) the search is on for an
efficient metal oxide electrocatalyst with low cost, stability in strong alkaline media,
environment friendly and most importantly one that can lower the overpotential to sustain
appreciable current. RuO, and IrO, are the most widely studied OER catalysts in acidic or
alkaline media but are expensive and thus a low cost oxide electrocatalysts with high activity and
durability is desired. A large variety of oxides of Fe, Mn, Ni and Co including simple oxides
such as Fe;04, MnO,, NiO and Co3;04 and several mixed metal oxide spinels and perovskites
have been recently explored for their OER activity'*. Our group has reported OER activity of

134,135

ternary metal oxide like Mg;MnQO4 and NiCo,04 nanostructures in alkaline medium (Figure

10). The nanorods of smallest particles having highest surface area shows higher OER
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activity'*>. The morphology dependent OER activity of nickel cobaltite (NiC0,04) has also been
explored. These nanostructures with three different morphologies such as square sheet,
hexagonal sheet and spherical particles were prepared by solvothermal method. Hydrolyzing
agent (urea or NaOH or NH4OH) plays an important role in controlling the morphology. Among
the three samples as shown in Figure 10b, the square sheets were found to exhibit highest OER
activity with current density of ~280 mA/cm®. The highest activity of square sheet of NiC0,04
was attributed to high surface area (100 m* g "), (larger pore volume (0.227 cm® g ') and ordered

pore distribution'°.
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Figure 10. (a) Cyclic voltammogram of Mg,MnQO, nanostructure (inset TEM micrograph of Mg,MnQOy,). Reproduced
from the ref. 134 with permission of Elsevier. (b) Cyclic voltammograms of NiCo,0, (different aspect ratio NCO-1,
2 and 3) towards the oxygen evolution reaction. Reproduced from the ref. 135 with permission of the Royal Society

of Chemistry.
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A detailed study on the synthesis of anisotropic Co03;04 nanostructures with controlled
morphology for OER activity has been reported'”’. There Co3O4 nanoparticles were obtained
from various types of cobalt oxalate precursors. The rate of decomposition of the precursor was
vital in getting particles with different sizes and aspect ratio (Figure 11a). Among the Co0304
nanoparticles, the ones obtained at 300°C showed highest current density (104 mA/ cm?) at an
onset potential around 0.38 V, while for NPs obtained at 400, 500, and 600 °C the onset potential
was recorded at 0.43, 0.45, and 0.58 V, respectively to r same current density (Figure 11b). The
difference in particle size and aspect ratio of nanorods were key in obtaining high current
density. For the Co3;04 nanostructures obtained at 300°C, had the highest aspect ratio 10.5:1 and

each rod consisted of very tiny particles with average size of 8—10 nm and these nanostructures

lead to high OER'’.
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Figure 11. Anisotropic assembly of Co;0, nanoparticles. (a) Schematic diagram for the growth process of
Co3;04 nanorods. (b) Cyclic voltammograms of Pt working electrode loaded with Co;0,4 nanostructures obtained at
different temperatures: (a) 300, (b) 400, (c¢) 500, and (d) 600 °C, (e) bare Pt, and (f) Pt with carbon. Reproduced

from the ref. 137 with permission of American Chemical Society.

Molecular orbital calculations have been attempted to predict the enhanced OER activity
observed among the perovskite structure of type A A'\ByB"1_yOs3, where A or A’ is a rare-earth
or alkaline-earth metal and B or B’ is a transition metal. The OER activity of these oxides
showed a volcano type dependence. Among the several oxides studied, Bag sSrsCogsFep 2034
(BSCF) is predicted to show highest OER activitym. The OER activity was predicted at an e,
occupancy close to unity, with high covalency of transition metal oxygen bonds.

Chen and coworkers developed a novel and simple room temperature methodology to prepare
nanocrystalline spinels MyMn; O4 (M = divalent metals like Co, Mg, Zn, etc.). They used
reduction-recrystallization approach with MnO, nanoparticulate as the starting material. The
resulting spinels CoxMn3; 4O4 had definite morphology and controlled crystal phase either as
cubic or tetragonal. As electrocatalysts, nanoparticles obtained at ambient conditions normally
outperform the high temperature synthesized powders for ORR and OER activity. The enhanced
performance of nanoparticles is attributed to high specific surface area and abundant defects.
Among cubic and tetragonal phases, the latter is known to exhibit twice the OER activity due to
the dissimilar binding energies of oxygen adsorption on cobalt and manganese defect sites. For
ORR activity it is the cubic Co-Mn-O spinel which outperforms the tetragonal phasem.

Very recently, Alejandra Ramirez et al prepared homogeneous thin films of three different
manganese oxides, a-Mn;0; (mostly Mn III), MnOx (Mn III, IV) and Mn;O4 (Mn II, III) by
Galvanostatic anodic deposition on F: SnO,/glass and were annealed at different temperatures to
improve crystallinity'*’. The oxygen evolution in 1M KOH of these oxides for onset at an
overpotential () of 170 mV vs. RHE (at J = 0.1mA/cm?) the current densities of 20 mA/cm? at 1
=230 mV vs. RHE for a-Mn,03, (at J = 0.1 mA/cmz) with current densities of ca. 20 mA/cm? at
n =290 mV vs. RHE for MnOx (at J = 0.1 mA/cm?) and current densities of ca. 10 mA/cm? at
=570 mV vs. RHE for Mn3;O4 were observed. The highest OER activity of a-Mn,Os is related to
its crystal structure and compared to other oxides it exhibits a very short O-O distance of 2.55 A
which facilitates the O, generation. One more advantage observed for a- Mn,0O; was its low

specific resistivity owing to which it has a fast recharge capacity than other manganese oxides.
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Mn;04 phase shows semi covalent nature in tetrahedral sites and ionic character in octahedra
which hinders the O, evolution compared to a-Mn,0; 140,

McCrory et al evaluated the oxygen evolution activity of the following oxides: CoOyx, CoP;,
CoFeOy, NiOy, IrOy, NiCeOy, NiCoOy, NiCuOy, NiFeOy, and NiLaOy in acidic and alkaline
solutions. They observed that all the non-noble metal catalysts exhibit similar OER activity in 1
M NaOH, achieving 10 mA cm * current density at overpotentials between 0.35 and 0.43 V
(Figure 12). The IrOx catalyst achieved 10 mA cm * current density at = 0.32 + 0.04 V under
similar conditions although it was unstable during 2h of constant current electrolysis. Among all
these oxides studied, NiFeOy stands out due to its lower surface area and hence higher specific

activity; at n = 0.35 V, it also has specific current density 10 times higher than other non-noble

metal catalysts studied'*".
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Figure 12. Zoomed-in region of interest for alkaline OER from Figure 6. The x-axis is the overpotential required to
achieve 10 mA cm—2 per geometric area at time t = 0. The y-axis is the overpotential required to achieve 10 mA
cm * per geometric area at time t = 2 h. The diagonal dashed line is the expected response for a stable catalyst. The
color of each point represents the roughness factor of the catalyst with a bin size of 1 order of magnitude.
Reproduced from the ref. 141 with permission of American Chemical Society.
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Manthiram et al studied the role of morphology and surface planes on OER activity in the
LiMn,; sNipsO4 spinel. The specific catalytic activities of the truncated octahedra, cubic,
spherical, octahedral were 1.1, 1.7, 2.2, and 3.3 mA/cm? at 1.7 V vs RHE respectively.
Octahedra sample with all {111} surface planes exhibits the highest activity whereas the
truncated octahedral sample with {001} surface planes exhibits lowest activity (Figure 13). The
Tafel slopes for the cubic, spherical, octahedral, and truncated octahedral samples are,
respectively, 120, 73, 70, and 92 mV dec’!. The octahedral sample exhibits the lowest Tafel
slope of 70 mV dec ' with highest durability while truncated octahedral sample exhibits the
highest Tafel slope of 120 mV dec ™' with durability similar to the cubic and spherical samples'**.
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Figure 13. Histogram illustrating the shape-dependent electrocatalytic activity of LiMn; sNij sO4 spinel oxides for
OER. Reproduced from the ref. 142 with permission of American Chemical Society.
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Liu et al developed a cost effective scalable method to fabricate hierarchical ZnyCo3;xO4 nano
array structures. These nanostructures have large surface area, high porosity and high active site
density. The ZnyCo3; xO4-1:3 Nano arrays exhibit outstanding OER activity with a small over
potential of 0.32 V at a current density of 10 mA/cm” with a Tafel slope of 51 mV/decade.

That is how ZnxCos-xO4-1:3 nano arrays exhibit superior OER performance than pure Co3O4 and
a commercial Ir/C catalysts'*. Chen and Qiao fabricated three dimensional (3D) network of N-
doped graphene (NG)-NiCo,04 (NiCo) hybrid with hierachial pores as an advanced OER
catalysts for water splitting. The materials studied for OER activity are PNG-NiCo, NG-NiCo,
PNG, PG-NiCo (PG = porous graphene) exhibit onset potential of 310, 340, 352 mV and 315
mV (LSV) respectively. Among all these, PNG-NiCo shows high activity with small onset
potential which is more negative than other samples. PNG-NiCo exhibit excellent current
densities of 5 mA cm™, 21.1 mA cm™ at the over potentials of 373 mV and 564 mV respectively
which are comparable to noble metal catalysts. The edges and defective sites of NiCo,04 are the
active centers to facilitate the dissociation of water. The novel performance of PNG-NiCo is
attributed to the very strong interactions between NiCo,04 and N-doped graphene which results
from the direct growth of NiCo,Os on graphene sheets'*. A novel core-ring NiCo0,04
nanoplatelets were prepared by simple co-precipitation followed by decomposition at 200°C. The
core ring nanoplatelets, thus obtained exhibit better OER performance (an overpotential of
0.315V at a current density of 100 mAcm™.) than Co30;4 or NiC0,0,4 nano particles prepared by
other methods. The core ring structure provides exceptionally active surface area with all top and
bottom surface of the core ring, side surfaces of the ring as well as core being active for
electrocatalytic activity. Core and ring were known to show similar surface (111) plane which
has the high Co atom density. Due to the Co rich surface taking part in OER, exchange of
electrons is increased between water and NiCo,O4 core ring nanoplatelets resulting in the
apparent current density of electrode catalyst'®.

The incorporation of Cu into Co3;04 nanoparticles (NPs) (CuyCo3x04, 0 < x < 1) by thermal
decomposition and its effect on OER performance was studied by Wu and Scott!*S. Cu,Co03.404
NPs with an average particle size of 20-30nm crystallize in cubic spinel structure. Among all the
samples studied, Cuy7Co,304 was known to exhibit high current density of 1 A cm?ata voltage
of 1.8V in 1 mol dm™ KOH at 25°C. Cu incorporation shifts the Co*'Co*" redox peak, onset

potential of OER to more negative values. One more reason attributed for high OER is inversion
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of Cu”" into the octahedral sites leading to more Co>" occupying the tetrahedral sites, which
influences the surface properties as well as improved OER activity'*.

Dual phase (mixed cubic and tetragonal) nanocrystals of MnCo,04 spinels (dp-MnCo,04) were
prepared by simple hydrothermal method'*’. These were integrated with nanocarbon materials
like N-rGO and CNT. The coupled materials act as bi-functional catalysts, exhibiting superior
OER activity with respect to commercial Pt/C. Mechanically mixed dp-MnCo,04 + CNT
mixture exhibits inferior electrocatalytic kinetics which shows that strong covalent hybrid
coupling between both the components is necessary. In OER activity, the onset potentials of dp-
MnCo0,04/CNT and dp-MnCo,04 N-tGO observed were much lower than Pt/C and current
densities observed are much higher than Pt/C. The MnCo,04 — nanocarbon hybrids outperformed
Pt/C with overall activity and durability in enhanced OER performances due to synergetic
covalent coupling phenomena which was observed from binding energy shifts of Co, Mn, C and
N with or without spinel/nanocarbon integration'®’.

2.3 Oxygen reduction reaction (ORR)

Oxygen reduction reaction (ORR) is a cathode half reaction involving the reduction of oxygen in
fuel cells, metal air batteries and chlor-alkali electrolysis. The reduction involves strong O=0
bond and it requires four coupled electrons and proton transfers. Hence ORR is kinetically very
sluggish. ORR may also proceed through two electron process to hydrogen peroxide, the H,O,
formed may further reduce to water or it may catalytically decompose. Oxygen reduction is
associated with very high positive potential hence we need materials which can contribute high
current without dissoluting themselves. Because of this reason, only noble metals and their alloys
are widely studied for ORR'*"* '*2. Platinum (Pt) and platinum based alloys are used as catalysts
in cathode compartments of fuel cell devices. High cost of Pt due to scarcity and sluggish
electron transfer kinetics associated with cathode reaction are the major barriers for the
commercialization of fuel cells. Hence there is a great need for the development of non-precious
metal based electrocatalysts for ORR in the development of energy conversion devices like fuel
cells and metal air batteries'*®.

Transition metal oxides, sulphides, carbides or nitrides such as Co3;04, Fe;Os, Fes04, MnOy,
Ti0,, NbO,, Ta,0s, CosSg, WC and TiN were extensively studied as active catalysts for ORR.
Noble metal catalysts are active for ORR in acidic medium, while non-precious metals based

catalysts are active in alkaline medium. Several mixed transition metal oxides such as AMn,O4
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(A= Co, Ni, Zn) or AC0,04 (A = Mn, Ni, Cu) act as potential candidates due to their high
abundance, ease of preparation and outstanding redox stability in aqueous alkaline solutions'*”
149 Variable valence states of metals and structural flexibility of spinels offer an opportunity to
fine tune their catalytic properties. Frequently, the non-noble metals and metal oxide catalysts
suffer from dissolution, sintering and agglomeration result in the catalyst degradation during fuel
cell operation. To overcome this, metal oxides were combined with nanocarbon species such as
graphene, carbon nanotubes (CNT) which themselves by virtue are good ORR catalysts. The
combination of metal oxides and nanocarbon improve the electrocatalytic activity, durability and
high electrochemical stability due to their excellent conductivity and large surface area. The
strong interaction between nanocarbon support and metal oxides is one of the main reasons for

enhanced catalytic activity'*> 714,

The dependence of adsorption orientation of oxygen molecules on electrocatalyst surface was
explained by El-Deab and Ohsaka. MnOy nanorods with porous texture were electrodeposited on
to Pt electrode to make nano-MnO,/Pt surface. Compared to bare Pt and MnOy, the composite is
known to exhibit significant positive shift of the onset potential of the ORR. Electronic structure
of Pt surface does not change after loading with MnO which means the improved ORR activity
does not arise from the change of Pt electronic surface. On bare Pt surface, parallel adsorption of
O, molecules (one O, molecule per one Pt atom) results in zero ring current. However nano-
MnO,/Pt surface have parallel, end on orientation of oxygen molecules. This results in having
more oxygen molecules on nano-MnOy/Pt surface leading to higher ring current, positive shift of
ORR onset potential and higher reaction rate "*°. Sun and co-workers prepared Co/CoO coreshell
nanoparticles and combined with graphene (G) by self-assembly method. Thus obtained G-
Co/CoO composite exhibits comparative activity and better stability than commercial Pt-C. Co
core in Co/CO core-shell plays key role in improving the ORR activity. Graphene as a support
plays important role in enhancing the ORR performance as G—Co/CoO NPs show a more
positive half-wave potential (-0.176 V) than C—Co/CoO NPs (-0.290 V) in O,-saturated KOH
(0.1M) solution. CoO shell thickness also plays an important role i.e. 1 nm thick shell show
maximum activity'>'. Retna Raj and coworkers investigated the effect of N-doping in reduced
graphene oxide (rGO) on ORR activity for which they made N-rGO-Mn;04 hybrid by simple

148

sonication and reflux method using hydrazine as reducing agent . The onset potential for
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oxygen reduction is observed at -0.075 V for N-rGO-Mn3;0O4 hybrid which is 60-225mV less
negative than rGO/Mn3QOq, Pt/C, free Mn3;04, and N-rGO/Mn304 mixture. The current density at
potential of -0.6 V for the hybrid is 1.3-2.3 times higher than bare N-rGO and Mn3;O4. The
enhanced ORR activity arises from synergistic effect, as the pyridinic nitrogens present in the
hybrid improves the direct reduction pathway for ORR'*. Zhai et al have grown the CoMn,Oy
spinel nanocrystals on poly diallyldimethylammonium chloride (PDDA) functionalized carbon
nanotubes (PDDA-CNTs)'*. Cos04 on PDDA-CNTs exhibit high ORR activity with onset
potential of -0.07V whereas CoMn,O4/PDDACNTSs exhibit much positive onset potential (-0.009
V). The enhanced ORR activity of hybrid is due to the high surface area and abundant defects in
CoMn,0y4 along with that in the nitrogen free CNT plane. PDDA creates net positive charge to
facilitate ORR activity. The CoMn,O4/PDDA-CNTs hybrid also exhibit excellent OER activity
and durability'®.

Li et al demonstrated the structure dependent ORR activity of Cu,O nanocrystals'>%. They have
used PEG and PVP as capping agents. With PEG, 40nm nanocubes were obtained with dominant
{100} plane, as the reaction time increases cubes are truncated to become spheres with more
{111} planes. In case of PVP, porous Cu,O nanocrystals formed with mixed {100} and {111}
planes. Even though three Cu,O samples show same onset potential, the electrocatalytic activity
kinetic range varies with different planes as seen from the Tafel slope. The ORR kinetics of
Cu;O nanocrystals is controlled by charge transfer and intermediate migration, these two
processes are faster on {100} plane than on {111} plane. The Cu,O nanocrystals also show
better methanol tolerance and durability than commercial Pt/C'*.

The fabrication of 3D monolithic Fe;O4 NPs on N-doped graphene aerogels (N-GAs) (Figure
14a) was done by Wu et al'>. This non-precious metal based hybrid catalyst acts as an efficient
ORR catalyst. Fe;04/N-GAs exhibit positive ORR onset potential (—0.19 V) and high current
density (—2.56 mA cm 2, Figure 14b) than for Fe;04/N-GSs (—0.26 V, —1.46 mA cm °) and
Fe;04/N-CB (—0.24 V, —1.99 mA cmfz). Fe;04/N-GAs hybrid also has lower H,O, yield, and
higher electron transfer number for the ORR in alkaline media than the other hybrids. GA has 3D
macropores, interconnected macroporous network for the uniform distribution of Fe;O4 NPs and

high specific area which are key in enhancing the ORR activity of Fe;04/N-GAs'>>.
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Figure 14. (a) Fabrication process of monolithic Fe;04 NPs supported on 3D N-doped graphene aerogels (Fe;0,4/N-
GAs), (b) cyclic voltammetry of Fe;04/N-GAs in N,- and O,-staturated 0.1 M aqueous KOH electrolyte solution at a
scan rate of 100 mV s and (c) Linear sweep voltammetry of Fe;04/N-GAs in O,-saturated 0.1 M KOH at a scan
rate of 10 mV s ' at different RDE rotation rates (in rpm).Reproduced from the ref. 153 with permission of

American Chemical Society.

Liang et al developed a simple strategy to prepare spinel manganese-cobalt oxide (MnCo0,04)-
mildly reduced graphene oxide (N-rGO) covalent hybrid for ORR activity'>*. Compared to
Co0304/N-rGO hybrid, the Mn substitution leading to MnCo0,04/N-rGO increases the activity of
catalytic sites of the hybrid materials to boost the ORR activity. In basic medium at 0.7 V vs.
RHE, the ORR activity of MnCo,04/N-rGO hybrid afforded current density of 151 mA/cm?
which is 7 times higher than simple mixture of MnCo,04 + N-rGO (22 mA/cm?). The hybrid
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exhibits strong covalent interactions as C-O and C-N can form C—O—metal and C—N—metal
bonds between metal and N-rmGO. Particle size higher than 10nm of MnCo0,04 shows poor ORR
than 5nm one and the content of MnCo,04 (65-80%) afford high ORR, lesser or higher than this

will result in poor ORR'™*,
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Figure 15. Linear sweep voltammetry (LSV) curves of different catalysts during ORR. (a) CuCo,04/N-rGO hybrid,
CuCo0,04 + N-rGO mixture, Co30,4/N-rGO hybrid, CuCo,04, N-rGO, and Pt/C in an O,-saturated 1 M KOH solution
at 1600 rpm. (b) dp-MnCo,04, dp-MnCo,0,/CNT hybrid, dp-MnCo,04/N-rGO hybrid, mechanically mixeddp-
MnCo,04 + CNT, CNT, N-rGO, and Pt/C in a 0.1 M KOH aqueous solution, with the rotating rate of 2000 rpm.
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Figures (a and b) have been reproduced from the ref 155 and ref.147 respectively with permission of American

Chemical Society.

Sun and coworkers reported the synthesis of spinel CuCo,04/N-rGO hybrid and observed that
compared to simple physical mixture of CuCo,04 and N-rGO or Co3;04/N-rGO exhibits better
ORR activity with good durability'>. ORR onset potential of CuC0,04/N-rGO hybrid (=0.14 V)
was 30mV more positive than Co3;04/N-rGO hybrid, as the copper substitution increases the
number of actives sites in the hybrid (Figure 15a). CuCo,04 alone shows poor ORR, the
improved performance of hybrid is attributed to strong covalent interactions between N-rGO and
CuCo,04. Synergic covalent coupling between dp-MnCo,04 and N-rGO enhances ORR activity
of the dp-MnCo0,0, (Figure 15b) and leads to a promising candidate for Pt replacement for
ORR'Y".

Zhang et al prepared NiCo,04-rGO hybrid by growing Ni-Co-glycolate on the surface of
graphene oxide sheets followed by heat treatment with preferred nucleation sites arising from the
coordination effect. In alkaline conditions, the hybrid is much more ORR active than individual
NiCo0,04 or rGO components. The rotating disk electrode (RDE) measurements of the hybrid
shows ORR current density —1.08 mA cm *at —0.349 V vs. Ag/AgCl and reaches about —2.0 mA
cm * at the potential of —0.8 V at 2500 rpm which is highly phenomenal value. From the
Koutecky—Levich (K-L) plots, the n value (number of electrons involved per O, in ORR) is 3.8
suggesting a four electron process for NiCo0,04 -rGO hybrid whereas for rGO and NiCo,04 the n
values are 1.8 and 2.6 respectively. The excellent ORR activity is attributed to the very strong
coupling between the NiCo,04 nanoparticles and rGO sheets'>®. Monodisperse 10nm M (1)
substituted magnetite MxFe; \O4 (M = Mn, Fe, Co, Cu) NPs were synthesized and their carbon

(C) supported C- MyFe; O4 samples were studied for ORR activity in alkaline media'”’

. Among
these, MnyFe; \O4 was found to be highly active for ORR followed by CoxFe; yO4, CuxFe; «Oa,
and Fe;0,4. In CV, a large positive shift of onset reduction potential from C-Fe;O4 (—0.210 V) to
C-MnFe,04 (—0.322 V) was observed. MnFe,O4 has high ORR with the half-wave potential at
—0.154 V, close to that from the commercial Pt (—0.137 V). The compositional study in
MnyFe; O, revealed that when X = 1 (that is MnFe,04) the highest ORR (half-wave potential at
—0.154 V) was achieved. Mn—ferrite NPs show a pair of redox peaks in the range of —0.077 to

0.062 V due to Mn(III)/Mn(II). Compared to other M(II) in M(II)— ferrite NPs described, Mn(II)
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has higher tendency to adsorb O, and to transfer electrons to O, to regenerate Mn(III) which is
responsible for the excellent ORR performance of C-MnFe,O,4. Cost effective, noble metal free
graphene (G) supported Co/CoO/CoFe,04/G catalyst was developed as an alternative for Pt for
ORR activity. Layered double hydroxides of cobalt, iron with graphene (CoFe-LDH-G) were
used as precursors and their thermal treatment leads to Co/CoO/CoFe;04/G catalyst. The catalyst
exhibits a distinct ORR peak at -0.163 V is observed in O, saturated solution. The half wave
potential of -0.25V vs. Ag/AgCl, only 50 mV negative than Pt/C was observed for
Co/Co0O/CoFe;04/G catalyst. It is the cobalt atoms that act as active catalytic sites and with
graphene support pronounced ORR activity was obtained'*®.

La-Mn based perovskites with carbon (C-LaMnO;) were prepared by reverse micellar (RM)
route and compared their ORR activity with the carbon supported sample prepared through
mechanical mixing. As the number of reactive sites in sample prepared through RM are larger
and possess high surface area, it exhibits high ORR performance. When Ca and Fe were
substituted in A and B sites of perovskite as Laj4CagsMnggsFeo4Os with carbon support it
exhibits superior ORR activity than carbon-supported LaMnO; and LaMn,¢Fey 403 with much
durability under strong alkaline conditions. Especially Ca substitution at A site increases the

number of valence states in B leading to enhanced ORR'™.
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Figure 16. ORR activity of perovskite metal oxides. (a) Proposed ORR mechanism on perovskite oxide catalysts via
four steps: 1, surface hydroxide displacement; 2, surface peroxide formation; 3, surface oxide formation; 4, surface
hydroxide regeneration. (b) Potentials at 25 mA cm-2 ox of the perovskite oxides have an M-shaped relationship
with d-electron number. Data symbols vary with type of B ions (Cr, red; Mn, orange; Fe,grey; Co, green; Ni, blue;
mixed compounds, purple), where x=0 and 0.5 for Cr, and 0, 0.25 and 0.5 for Fe. (c) The shape of the e, electron
points directly towards the surface O atom and plays an important role during O,”/OH" exchange. (d) Potentials at
25 mA cm™ox as a function of e, orbital in perovskite-based oxides. Data symbols vary with type of B ions (Cr, red;
Mn, orange; Fe, grey;Co, green; Ni, blue; mixed compounds, purple), where x=0 and 0.5 for Cr, and 0, 0.25 and 0.5
for Fe. Reproduced from the ref. 160 with permission from Nature publishing group.

Suntivich et al. demonstrated ORR activity of perovskite-based oxides with various A-site (La;_
xCayBO;, La;+«BOs4x) and B-site (LaB; «\B'xO3) substitutions with a correlation between c*-
orbital (eg) occupation and the extent of B-site metal-oxygen covalency'®’. Proposed mechanism
for the ORR activity of these perovskites follows 4 ¢ transfer and the O,”/OH™ exchange takes
place at the B sites (Figure 16a). The ORR activity depends on the d- electron number per B
cation and follows M-shape with d-electrons (Figure 16b). These perovskites with transition

metal at B sites are very good for ORR activity due to greater hybridization between the e,
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orbital of bulk transition-metal ions (B site) and a molecular orbital of surface oxygen. In
perovskites, e, filling have a value of ~1 and increasing covalency between the metal 3d and
oxygen 2p orbitals are important factor for excellent ORR activity (Figure 16c, d).

Han et al prepared a series of calcium-manganese-oxides, perovskite type CaMnOj, layered
structure  Ca;Mn30g, post-spinel CaMn;0s and CaMn;Og¢ with porous microsphere

morphology'®'.

Table 1. Electrochemical results during ORR for the Ca—Mn—O series and the benchmark Pt/C. Reproduced from
the ref. 161 with permission of the Royal Society of Chemistry.

Catalyst ~ E ™ E_, V) I (mA em ) I_(mA mg ) o
CaMnO, 0.96 0.76 -5.79 62.7 3.96
CaMnO,  0.85 0.70 354 38.3 3.53
CaMn O,  0.85 0.69 -3.71 40.2 3.50
CaMn,0, 0.95 0.78 ~4.43 48.0 3.86
PY/C 0.99 0.84 —6.17 66.8 3.98

,E 1,1 ,and n denote onset potential, half-wave potential, specific current, mass
onset’ " half’ "s’ "m

current density and electron transfer number, respectively. I, I , and n correspond to values
determined at 0.5 V.

As can be seen from the table CaMnO; and CaMn3;Og both are highly active, except low
reduction current they exhibit properties similar to Pt/C. Ca,;Mn3;Og and CaMn,04 exhibit poor
electrochemical performance. Surface oxidation state of Mn and crystallographic structure are
the two parameters that affect O, activation and in turn ORR activity. CaMnO3; and CaMn3;Og
have average surface Mn valence between +3 and +4 and CaMnO; with corner sharing MnQOg
octahedra provides (1x1) tunnels with comparable size to O-O bond length (0.12nm) of
molecular oxygen to benefit ORR. While CaMn,;O4 with low reducibility and sheet like denser

MnOs octahedra is unfavorable for oxygen adsorption makes it less efficient ORR catalyst'®".
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Summary and outlook

The continuous exploration of new phases as potentially improved catalysts has been entirely
application-driven with the urge to develop clean source of energy either photo or electro-
catalytically. This perspective underline the basic research conducted on metal oxides and their
various hybrids both in terms of structure and compositions. The need to establish the link
between the fundamentals of the mechanism to a commercial working model in order to
maximize the efficiency still remains unresolved. We have outlined the key points of our
discussion on heterogeneous catalysis separately for photo & electro catalysis.

In general, photocatalytic process comprises of a sequence of multiple steps which could either
be synergistic or a competing step and it is equally challenging to identify which factor (s)
dominates the overall activity. The multiple steps includes light harvesting, charge generation,
separation, transportation, recombination and utilization .The efficacies of catalysts towards
photocatalytic dye degradation was reviewed and new strategies were developed to improve the
activity of photocatalytic systems especially for the visible-light-responsive photocatalysts, and
active sites (co-catalysts) on photocatalysts which are observed to enhance the activity by many
folds. Several methodologies have been developed to design the catalyst in order to improve
light absorption, charge separation and transfer processes along with the integration with co-
catalysts. However, the development of a photocatalyst with a wider absorption band is still
needed. This perspective will provide an understanding of how the semiconductor nano-
architectures can integrate multiple functional components for a highly efficient and stable
photocatalyst.

We have presented several metal oxides and their hybrids as electrocatalysts for HER, OER and
ORR reactions. The mechanism and thermodynamics of HER reveal that the best catalyst should
be the one that binds in such a way that there is no sink or barrier in going from reactant to
product through intermediate. Doping of high valent metal ions in oxides leads to defects or
oxygen vacancies that will enhance the current density of the catalysts. In perovskites (ABO3),
synergistic interactions between A site metal ion and B site metal ion were found to improve the
catalytic activity. Size and shape plays vital role in deciding the activity. , and we have also
discussed the shape dependent electrocatalytic activity. Among these shapes, the one with certain
exposed facets/planes was found to exhibit high activity. The metal oxide or hybrid with definite

chemical composition, its electronic structure and their surface atomic arrangement influence the
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electrochemical performance. Large surface area, high porosity and high active site density were
found to improve the activity. Spinels have metals with variable valence states and their
structural flexibility also helps in fine tuning the electro catalytic activity. Perovskites with
transition metal at B site, e, filling having a value of nearly unity and increasing covalency
between metal 3d and oxygen 2p orbitals are observed as important factors for excellent ORR
performance. Orientation (end on/ parallel) of O2 molecules absorbed on catalyst surface also
plays important role leading to higher ring current in ORR. Metal oxides combined with
nanocarbon species such as graphene, carbon nanotubes (CNTs) improves the electrocatalytic
activity, durability and high electrochemical stability due to their excellent conductivity and
large surface area. The strong covalent interactions between nanocarbon support and metal
oxides was found to be the reason for enhanced activity.

There is a need to develop a generalized method which is simple and green in nature for the
synthesis of metal oxides and their hybrids with good control over composition, phase, size,
shape and with desirable exposed facets. The inherent structure related details associated with
electrocatalytic activity need to be addressed more thoroughly. There are several proposed
mechanisms involving HER, OER and ORR, one simplified, convenient mechanism needed in
each property such that catalysts can be developed on this basis. Non precious metals, oxides and
their hybrids are studied under alkaline conditions. Electrochemical stability and durability are
two concerns which needs to be addressed to improve the performance of electrocatalytic water
splitting devices, fuel cells, metal air batteries, supercapacitors, chlor-alkali industries as they are
associated with energy conversion and storage.
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The enormous efforts on the design of efficient oxide based materials towards photo & electro
catalysis has been emphasized in this article with emphasis on its size, structure & morphology.



