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Abstract:

The review addresses new advancement of metal, bimetallic, metal oxide, and composite
particles in their nanoregime for facet selective catalytic application. Synthesis and growth
mechanism of the particles have been accounted in brief in this review with a view to
elaborate critical examination of the faceted morphology of the particles for catalysis. Now
size, shape and composition of the particles have been found to become largely overruled and
remain subdued because precise explanation now emerges out from the facet selective
catalysis. Thus selective high and low index facets have been found to regulate the selective
promotion of adsorption which eventually leads to effective catalytic reaction. As a
consequence high density of atoms on a catalyst surface rest at the corners, steps, stages,
kinks etc. to host the adsorbate efficiently which catalyze a reaction. Again, surface atomic
arrangement and bond length has been found to play dominant role for adsorption leading to
effective catalysis.

1. Introduction

The past decade has witnessed the size,"® shape,7'15 and composii:ion16'22 dependent catalytic
reactivity of nanoparticles. By tuning the size, shape and composition, the catalytic activity of
a nanomaterial can be improved. It is well established that a catalyst becomes more effective

as its size goes down. More precisely this fact can be envisaged from the increased number of
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surface atoms especially from the general idea of surface to volume ratio. Thus size
dependent catalysis becomes an important aspect in the surface catalysed reaction. It has
already been proved that reduction potential of metal particles becomes progressively

negative as the size goes down (Fig. 1).*
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Fig.1. Electrochemical standard potential of metal particles depends on agglomeration

number.

Again, the catalytic reactivity of nanoparticle is also related with the shape of particles. The
shapes of the nanocatalysts are determined by their crystal structures, including crystallinity,
terminating facets and anisotropy. These parameters strongly affect the properties of
nanocatalysts. For example, shape dependent catalysis by Au nanoparticles was reported by
Liang and co-workers who have used Au nanoparticles in the form of nanospheres, nanorods,
and nanoprisms to catalyze the hydrogenation of aromatic nitro-compounds to amines.”
Furthermore, multi-component nanocomposites with controlled composition can greatly alter

the catalytic reactivity as well. This issue is interesting because in one hand, it can advance
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the fundamental understanding of solid state reactivity; on the other hand, it might provide a
facile method to tune the composition for enhanced catalytic effect. Recently the exposed
facet of a nanocrystal has been found to offer greater versatility than size, shape and other
parameters in tuning the catalytic efficiency of nanocrystal.”** Facets are the flat faces on
particular geometric shapes. Generally the shape of a nanoparticle has a strong correlation
with the exposed facet(s) and thus the surface structures as well as the fraction of atoms at
corners and edges also become important.”** Faceted nanomaterials are of two types: (i)
low-index faceted nanomaterials and (ii) high-index faceted nanomaterials. Since a facet, a
surface of a crystal, is a plane, it can also be denoted with miller indices. Low index facet is
one where the sum of the three components is small. High index facets are those which

contain a set of Miller indices {hkl} with at least one index greater than unity.

During the synthesis of faceted metal or metal oxide nanoparticles, if the growth is under
thermodynamic control, the product will be bounded by low-index facets i.e., lower surface
energy. In this case, the stabilizing or capping agent plays an imperative role for determining
the products shape because the different facets have selective adsorption properties which is
also reflected in their growth rates.’’ In contrast, when the growth is governed under
kinetically controlled condition, then the product can drastically diverge from the
thermodynamically favoured structure; noteworthy examples include nanocrystals with high-
index facets or concave surfaces.’> The difficulty in generating concave structures with

controlled high-index facet can be attributed to their higher surface energy.”’34

In this case,
the use of a capping agent, a template, and/or kinetic control has been considered for
nanocrystals formation with concave surfaces. Metal and metal oxide nanostructures with
high index facets possess more active catalytic sites than usual due to the presence of high

density of low-coordinated atoms, steps, edges and kinks and now it becomes an important

arena in ca‘[alysis.35 So for enhanced catalytic activity, design and fabrication high index
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faceted metal or metal oxide nanoparticle is now a challenging task. Recent studies revealed
that high index faceted nanocrystals are synthesized either by selective overgrowth or through
site-specific dissolution of nanoparticles.

The most widely studied facet-dependent property is catalytic reactivity of nanomaterials
towards a particular reaction because the catalytic activity of nanomaterials is highly related
to their exposed facets. This is understandable because the atoms at different facets have
different reactivity/surface energy. Another interesting facet dependent property is revealed
out of the facet selective etching and reshaping of polyhedral nanocrystals, showing that
surface conditions such as charges and preferential molecular adsorption on selected faces
can be exploited even to form unique hollow or concave structures.**>’ There are also reports
addressing facet dependent electrical conductivity*” and magnetic behaviour®' of different
nanoparticles. Currently, facet dependent synthesis of different nanoparticles is making the
headlines in the research area due to their promising properties and enhanced catalytic

reactivity.

A wide variety of methods has been developed for synthesis of noble metals, including Au,
4 Ag,46'49 Pd,so'53 Pt,54'57 and Rh**®' as well as their bimetallic®*® combinations with
different exposed facets. For noble metals, the most commonly observed shapes are
octahedron, truncated octahedron, cuboctahedron, and cubes, with different degrees of
truncation at corners and edges and enclosed by different low-index facets, such as {111},
{110}, {100} in different proportions (Fig. 2). Such types of materials with faceted structures
have received immense importance due to their outstanding performance in catalytic reaction

73-78

such as Suzuki coupling,’*®® CO oxidation,”””’* styrene oxidation,” hydrogenation, and

electrocatalytic reaction’*™*’,
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Fig. 2. 3-D Geometry of different polyhedrons with different volume ratio of {100} to

{111} facets.

It is well known that the Pt-groups of metals are very costly due to their extremely low
abundance in the Earth’s crust. But due to the enhanced catalytic activity, higher stability of
the particle and minimum poisoning effect from the external agencies, there is a continuous
and ever-increasing demand and hence surge for synthesis of such type faceted noble
nanomaterials. In order to reduce the use of these expensive metals, we need to focus on the
performance of more familiar, low cost and stable oxide materials such as Cu,0,%%7 Ti0,,%
% 7n0,°"%? Fe,04,” Co304”**etc. Thus the recent trend of the research area has been shifted
towards the design and fabrication of such type low cost oxide nanomaterials by controlling
their shapes with exposing different reactive facets. To this end, a variety of different shaped
oxide nanomaterials have been reported for their enhanced catalytic reactivity in different

fields such as photocatalysis,”™”’ gas sensor,” lithium-ion battery,” solar energy

100191 and water splitting'**.

conversion,
In this review, we focus on the facet dependent catalytic activity of metal, metal oxide, and
composite nanomaterials with low and high index facets. For each material, we briefly
summarise the progress towards the experimental implementation of these synthetic

approaches. We also investigated the essential role of stabilizing or capping agent in

determining the products shape with exposed facet by tuning the surface reactivity of
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different facets via selective adsorption. Finally, the dramatic differences in catalytic
reactivity with distinctly different facets are addressed in terms of surface energy, surface
atomic arrangement and configuration associated with terraces, steps, kinks, and vacancies.
As many reviews on Pt-group of metals,'”*'** Cu,0*® and celebrated TiO,'*'% have already
been reported hence in this brief report we mostly centred our discussion for the faceted other
common and useful oxide nanomaterials.

2. Low Index Faceted Nanomaterials

Metal and metal oxide nanoparticles expose different low-index facets depending on the
particle shapes. Octahedral, cubic and rhombic dodecahedral nanocrystals are bound by
{111}, {100} and {110} low-index facets, respectively. Facet-dependent catalytic activity
can be appraised more accurately if only a single set of surface facets are available in the
nanocrystals. The catalytic reactivity of the particles exposing two or more surface facets
such as truncated octahedra and cuboctahedra can also be examined, when their efficiencies
are compared to the monofaceted nanocrystals.

2. 1. Metal Nanoparticles

During the last few decades, the synthesis of metal nanoparticles with variable shapes by
exposing specific crystal facets has received noteworthy interest due to their potential and
promising application in facet selective catalysis. A careful review of literature reveals that
the platinum metals by virtue of their nobility and partially filled d-orbital become the most
celebrated catalyst. It is also observed that especially Pd remains to be the best for
hydrogenation reaction. In this context if we consider the morphology driven or facet
selective catalysis even then Pt and Pd takes the lion’s share. Even today electrocatalysis is

best prompted by faceted Pt and Pd nanoparticles.
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2.1.1. Platinum Nanoparticles

El-Sayed and coworkers investigated the facet dependent catalytic reactivity of Pt
nanoparticles with varied shapes for electron-transfer reaction between hexacyanoferrate and
thiosulfate.'”""" For example the tetrahedron Pt nanoparticle containing {111} facets
exhibited highest catalytic activity than {100} faceted Pt nanocube.'”’”  Furthermore
comparative study of hydrogenation reaction with facet-controlled Pt nanoparticles was
conducted in great detail by Somorjai er al.'**"'*""7® They examined that {100} faceted Pt
nanocubes produced cyclohexane as the major products during hydrogenation of benzene
whereas cuboctahedron bound by {111} and {100} facets produced a mixture of cyclohexane
and cyclohexene.''? Faceted Pt nanoparticles are also widely used in electrocatalytic oxygen
reduction reaction (ORR). In 1994, Yeager et al. proved that catalytic reactivity towards ORR
decreased in the sequence of {110} > {111} > {100}.""” ORR was found to be sensitive to
the exposed crystal facets of the Pt electrode surface. Xia et al. investigated that Pt
mutioctahedron served as a better catalyst for ORR than the commercial Pt/C due to the high
ratio of {111} to {100} as exposed facets and the existence of surface steps on their
surfaces.''® In another work Sun et al. proved {100} faceted Pt nanocube exhibited four times
higher specific activity for ORR than from other faceted polyhedrons or truncated

cubes, %120

As the shape control synthesis of nanoparticles is believed to be a kinetic process, high
energy facet vanishes faster in crystal growth stage and difficult to preserve on surface of the
nanoparticles. Therefore capping agents (surfactants or biomolecules or peptides) are used to
overcome this problem in the shape control synthesis of nanoparticles. Capping agent can
bind specifically to the particular facet with lowering the surface energy. In this study shape
controlled Pt nanocrystals have been obtained by using appropriate peptide sequence.'?' The

{100} faceted Pt cubes have been synthesized by binding peptide Ac—Thr—Leu—Thr—Thr—
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Leu-Thr—Asn—CONH, and {111} facet Pt tetrahedrons have been synthesized by binding
peptide Ac—Ser—Ser—Phe—Pro—GIn—Pro—Asn—CONH,. Again the shape transformation from
cube to tetrahedron is done at room temperature by switching the binding peptide sequence.

Huang et al. reported the preparation of Pt nanocrystals in presence of different aromatic
molecules.'” There facet selective capping by differently substituted organic molecules
evolves differently faceted Pt nanocrystals. The confirmation obtained from Raman study.
Again the study has been generalized considering facet selective synthesis of Pd nanocrystals
also. In one case they have provided aromatic organic molecules which bear negative ring
current i.e., negative electrostatic potential because of the substitution in the phenyl ring. In
that case phenyl ring is able to interact with the {111} facets of Pt nanocrystals. However,
electron withdrawing substituents in the phenyl ring makes the ring current positive. As a
result of which molecules like p-nitro phenol does not interact with the {111} facet instead
{100} facet extend its partnership with the positively charge bearing p-nitro phenol like

molecules.

Keeping this idea in mind, it might be possible to think of a junction between two differently
faceted nanomaterials for catalysis. There two selective capping agents may be brought into
contact because of their facet selective capping by the two faceted nanomaterials in contact.
Thus a facile reaction between two capping agents might take place across the hetero-

junction.

2.1.2. Palladium Nanoparticles

Pd nanoparticles enclosed by different facets are also widely used in hydrogenation,123 127

128-132

. . . 133 . . L . 134
Suzuki coupling, oxygen reduction ™ and formic acid oxidation reaction . For

selective hydrogenation reaction of 1,3-butadiene, it was found that {110} faceted Pd single

crystals exhibited five times higher catalytic reactivity than {111} facet exposed Pd'*>!*
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indicating more open surface and higher sticking probability of {110} facets which favours
adsorption and activation."”” The product selectivity also varies with different exposed facets.
For example, {111} faceted Pd nanoparticle produced fully hydrogenated product of n-butane
whereas both 2-butene and n-butane were obtained on the {110} surface."**'%

Although Pt is the most efficient catalyst for ORR but the researchers has been devoted for
alternative catalyst due to its high cost and Pd (less expensive than Pt) is probably the best
substitute among all other metals around Pt. Xia et al. recently studied facet dependent ORR
activity of {100} faceted Pd cubes and {111} faceted Pd octahedron."”” Facet dependent
formic acid oxidation had also been explained by taking five differently shaped Pd based
catalysts. It was found that maximum current density increased in the order of octahedrons <
truncated octahedrons < cuboctahedrons < truncated cubes < cubes (Fig. 3) signifying that

{100} facet was more reactive for the oxidation of formic acid than that of {111} facet.'**
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Fig. 3. Maximum current densities of formic acid oxidation obtained by using different
Pd polyhedrons enclosed by {111} and {100} planes in different proportions. The inset
displays their corresponding peak potentials. Reprinted with permission from ref. 134.

Copyright 2012 from Royal Society of Chemistry.
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In another approach, Xia et al. prepared size dependent Pd octahedrons from Pd cubes of a
single size.'""! There selective capping agent Br™ hindered the oxidative etching of Pd on
{100} facet as a result of which selectively {111} facets have been found to be etched.
Presence of a suitable reducing agent triethylene glycol in solution phase reverts back the
oxidized Pd(II) to Pd(0). The freshly produced Pd(0) gets deposited back on the edges of the
cube and diffuse to the adjacent side faces because of the ongoing oxidation and Br ion
blocked {100} facets (Fig. 4). Thus octahedral Pd nanocrystals are produced. Size dependent
octahedrons have been produced just by controlling the etching and regrowth rate of Pd by

variable proportion of oxidant and reductant.
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Fig. 4. (a) Schematic representation of the five important steps involved in the oxidative
etching and regrowth process. (b) Schematic representation of the formation of Pd
octahedra with different but controllable edge lengths (I) by controlling the rates of
oxidative etching and regrowth for Pd cubes. Reprinted with permission from ref. 141.

Copyright 2013 from American Chemical Society.
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The presence of bromide ions in the reaction mixture plays a vital role for formation of {100}
faceted Pd and Ag nanocrystals.'**'** Here bromide ions act as a capping agent and
preferentially adsorb on the {100} facets, thus stabilizing these facets. In this work, Xia et al.
measured the number of Br ions adsorbed on the surface of a {100} faceted Pd nanocubes
using inductively coupled plasma mass spectrometry and X-ray photoelectron
spectroscopy.146 Again from XPS analysis it is also confirmed that there is a chemisorptions
type of interaction between Br ions and Pd nanocubes which can be removed only by
deposition at higher temperature under reductive condition. The removal of adsorbed Br ions
on the surface of {100} faceted Pd nanocubes is also possible through over growth of Pd
cube which causes the formation of cuboctahedral or octahedral structures. A critical amount
of Br ions is required for full coverage of all the {100} facets and if the amount is less than
the optimum value then it causes the formation of truncated cubes with some {111} facets.
Thus I and Br™ deserve special mention in relation to oxidative etching as well as capping of
Pd crystal facets.

2.1.3. Gold Nanoparticles

Coinage metal Au as nanoparticle has attracted extensive interest in heterogeneous catalysis.
But their facet dependent phenomenon is far less explored even though it appears as a hot
topic in the catalysis research. Zubarev et al. demonstrated the wet chemical process for the
purification of high aspect ratio 1-D Au nanorods from the initial mixture of Au nanoparticles
(rods and platelets).'*”'** Here Au nanoparticles have been synthesized by using the concept
of seed mediated technique, first proposed from our laboratory in 2001,° where a mixture of
spheres, rods and platelets are obtained. It is observed that the treatment of the mixture of
rods and platelets with Au(Ill)/ CTAB complex causes a conversion of platelets into higher
soluble smaller nanodisks, which remain in the supernatant while the pure nanorods slowly

precipitate (Fig. 5). Supernatant blue solution containing nanodisks can be easily converted
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back to less soluble multifaceted platelets only by addition of Au(I) ions and ascorbic acid. It
has been accomplished that in general Au fcc planes follows the energy sequence {111} <
{100} < {110}. However, experimentally a different order has often been observed in the
solution phase {111} < {110} < {100}. So adsorption of capping agent significantly altered

the surface energy of the faceted particles.

Fig. 5. TEM images of gold nanoparticles: (A) as-synthesized mixture, (B) mixture of
faceted platelets and rods, (C) mixture of nanodisks and rods and (D) nanorods.
Reprinted with permission from ref. 147. Copyright 2008 from American Chemical

Society.

In a recent work, nitro aromatic reduction has been studied by using different faceted Au
nanoparticles (cubic, octahedral, and rhombic dodecahedral) at different temperatures.'*
Highest catalytic rate of reduction has been observed for rhombic dodecahedron irrespective
of the temperature change. From DFT calculations, it has been found that the binding energy
between p-nitroaniline and {110} facets of rhombic dodecahedral Au nanoparticles is higher
than the other two and the catalytic efficiency follows the sequence of {110} > {100} >
{111}. It was also observed that at 25°C {100} faceted cubic Au nanoparticles exhibited

higher reduction rate than from {111} faceted Au and the situation is just reversed at 40°C.
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Recently, regioselective catalysis using morphologically different Au nanocrystals for the
synthesis of 1,4-disubstituted triazole through click reaction has been reported by Huang et
al."™® 1t is observed that thombic dodecahedral Au nanocrystal with {110} facet serves as a
best suited catalyst for the regioselective synthesis of 1,4-disubstituted triazole than from
{111} faceted octahedral and {100} faceted cubic Cu,O nanocrystals. The improved catalytic
efficiency of rhombic dodecahedral Au nanocrystal can be attributed to the less-congested
surface Au-atom arrangement on the {110} surface and largest unsaturated coordination
number of surface Au atoms.

So, there is a need of further experimentation to explore the facet selective catalysis
especially for Au nanocrystals.

2.1.4. Rhodium Nanoparticles

Facet dependent catalytic reactivity of differently shaped Rh nanoparticles is less explored
with respect to Pt, and Pd. Rhodium 1D nanostructure has been prepared from aqueous RhCl;
solution from uniform heating in presence of CTAB. Here CTAB acts as a face selective
adsorption additive and helped the formation of 1D nanostructures of Rh."' It has been
observed that the pH has a remarkable influence on the alteration of aspect ratio and
sharpening of the edges of Rh nanorods. Interesting shape transformation has also been
shown in a selective redox environment for nanorods and nanowires to octahedral and
spherical particles, respectively.

Attention has been directed to evolve concave nanocrystals of Rh encasing mix {111} and
{110} facets as Rh is an important catalyst.152 Selective capping of {111} facet of Rh seed
particle by citrate and then temperature dependent diffusion of Rh from corner to edge gives
birth to concave tetrahedron (Fig. 6). This synthetic strategy offers a radically different

approach for formation of noble-metal nanocrystals with concave surfaces.
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3) Citrate capped

Fig. 6. (a—d) TEM images of Rh nanoparticles obtained at different reaction times after
the injection of Rh(III) precursor: (a) 6, (b) 15, (¢) 30, and (d) 60 min, respectively. All
the scale bars are 5 nm. (e) Schematic representation of the formation of Rh concave
tetrahedrons. Reprinted with permission from ref. 152. Copyright 2013 from American

Chemical Society.

2. 2. Bimetallic Nanoparticles

Catalytic reactions involving mono metallic particles have served many industrial processes.
Latter on it has been experienced that bimetallic or even multimetallic particles are more
advantageous in catalytic performance and optical properties than single component
system.'>*"*® In this respect noble metal bimetallic particles are very important. Recently Pt-

Pd, Pd-Rh, Pd-Ag, Pd-Ir, Pt-Au and Co-Pt; etc. have been used for catalytic purposes.

Bimetallic alloy nanoparticles of Pt-Pd bearing nanotetrahedron (Td) and nanocubes (Cb)
have been meticulously synthesized via one-pot hydrothermal route.'” Reducing agent,
HCHO together with capping agent, Na,C,04 evolve nanotetrahedron (Td) from the solution

phase synthetic route. The capping agent as well as the oxidized product of HCHO co-jointly

Page 14 of 88



Page 15 of 88

Nanoscale

help the selective evolution of Td. However, nanocubes (Cb) are obtained while PVP is used
as reducing agent and iodide-bromide as small capping agents. Interchange of reducing agent
resulted in mixture of morphologically different products. It has been shown that {100} facet
bound cube has higher electrocatalytic activity than {111} faceted Td towards methanol
oxidation. Interestingly, {111}-facet enclosed Pt-Pd Td exhibits better durability.

For the fuel cell application i.e., from the electro-oxidation point of view Co/Pt; has recently
been exploited for methanol oxidation.'®® Zhang and co-workers have synthesized
morphologically different shapes of Co/Pt; using variable proportion of stabilizing agents.
The {111} faceted nanoflowers exhibited highest catalytic efficiency towards methanol
oxidation than any other facets even though there happens size variation of the nanocrystals

of Co/Pts.

In another piece of work chosen single capping agent PAH (poly allyl amine hydrochloride)
has been found as a complex forming and tuning agent to co-reduce of Pt and Au precursor

salts to form high energy {100} faceted Pt/Au alloy nanocube for 4-Nitrophenol reduction.'®!

Xia and co-workers reported the preparation of three distinctive shapes of Pd-Ag bimetallic
nanocrystals through controlled nucleation and growth of Ag atom on one, three, and six of
the equivalent {100} facets of a Pd seed.'® Only by controlling the flow rate of AgNO3, they
obtained hybrid dimers, eccentric nanobars, and core—shell type of Pd-Ag nanocrystals. These
Pd-Ag bimetallic nanoparticles exhibited significantly different localized surface plasmon

resonance properties in comparison to pure metals and their alloys.

Considering the importance of bimetallic catalyst particles recently Xia et al. have considered
Rh deposition on selected facets of Pd nanocrystals.'® Three important parameters have been
introduced for fabrication of bimetallic Pd-Rh particles using the concept of seed mediated

technique. Monometallic basic frame work of cuboctahedron Pd nanocrystals has become the
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selected platform for deposition of Rh metal. Two important ideas have enriched the {111}
facet of Pd cuboctahedron by Rh due to (i) selected capping of {100} facet of Pd by Br™ ion
and (ii) thermodynamically controlled reduction of Rh(IIl) ions onto the selected part of
{111} facet of Pd. In the latter case slow but controlled reduction covers the entire {111}
facet of Pd producing Pd-Rh cubic structures (Fig. 7). Whereas faster rate of reduction
produce multiple Rh island on each Pd {111} facets due to high surface energy and inter
atomic Rh-Rh binding energy (Fig. 7). Finally etching of Pd-Rh bimetallic nanocrystals by

Fe(III)/Br” pair produced Rh nanoframe.

(1) (2)

— B —
140 °C, Island
4.0 mL/h growth 5 /
Pd-Rh multipod
cuboctahedron
\Br_ Capped
Pd
cuboctahedron i, L
160 °C, Layered
1.0mL/h growth h, A 5
Pd-Rh binary
| Pd{100} Pd{111} g Rh{100} ¢ Rhatom nanocube

Fig. 7. Schematic illustrations of the formation of Pd—Rh multipod cuboctahedron and
Pd—Rh binary nanocube from Pd cuboctahedron. Reprinted with permission from ref.

163. Copyright 2013 from American Chemical Society.

Recently the synthesis of hollow structure or concave faces has received noteworthy attention
due to presence of high-index facets as well as their unique optical and -catalytic

: 164-172
properties.

Xia et al. have reported the synthesis of Pd-Rh core-frame concave
nanocubes through site-specific over growth of Rh adatoms at the corners and edges of Pd

cubic seeds.'” The as-synthesized Pd cubic seeds are slightly truncated at the corners and
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edges. It is observed that Br- ions cover the Pd {100} surface except the truncated sides of
the Pd cube. So Rh atoms deposited at all the corners and edges and ultimately formed Pd-Rh
concave core-frame structure with Pd {100} and Rh {110} facets (Fig. 8). Rh is highly
resistant to oxidative corrosion than from Pd.""*!”® So etching of Pd-Rh core-frame concave
nanocubes by Fe(IIl)/Br™ pair produced Rh nanoframes with a unique open structure through

selective etching of the Pd cores (Fig. 8).

3B s
- Brf (1) 4
—_—
«Pd
« Rh

Pd cube 1(2)

Fig. 8. Schematic representation of the synthesis of Pd-Rh core—frame concave
nanocubes and Rh cubic nanoframes by using three important steps: (1) Selective
nucleation of Rh at the corners and edges of the Pd nanocubes due to the capping of
{100} facets by Br ions; (2) formation of concave nanocubic Pd-Rh bimetallic core—
frame since the growth of Rh on the corners and edges of the Pd nanocubes is
continued; and (3) preparation of Rh cubic nanoframes by selectively etching away the
Pd cores. Reprinted with permission from ref. 173. Copyright 2012 from Wiley-VCH

Verlag GmbH & Co.
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As Pt-group metals are very expensive, researcher focused on synthesis of shape and size
dependent synthesis of nanocrystals with maximise their catalytic performance.176 Iridium
nanoparticles generally exist with morphology of spherical shapes in which investigation of
facet dependent catalytic activity is impossible.m'180 So synthesis of Iridium nanocrystals
with well-defined facets is now a challenging task. Keeping this in mind, Xia ef al. for the
first time reported the facile synthesis of Ir nanocrystals with well-defined facets through a
simple seed-mediated growth approach where cubic and octahedral Pd nanoparticles are used
as seeds.'®! The main success of the reaction is that layer-by layers smooth deposition of Ir
shell on Pd core due to fast diffusion of Ir adatoms on Pd surface which is greatly accelerated
at high temperature (200°C). It is found that cubic and octahedral Pd@Ir core-shell
nanostructures are also enclosed by {100} and {111} facets as like the initial Pd seeds which
ensure the replication of facets. Then these two well-faceted core-shell nanocrystal exhibited
facet dependent catalytic efficiency for the selective generation of H, from the decomposition
of hydrazine. The experimental results suggest that {100} faceted cubic Pd@Ir serves as a
better catalyst than those of {111} faceted octahedral Pd@]Ir with roughly same size.

2. 3. Metal Oxide Nanoparticles

The recent developments in material science have now shifted to tailor made metal oxides
with specific crystal facets to overcome the cost effect of precious noble metal. It has been
seen that the exposed facets of oxides nanomaterials tremendously affect the catalytic
reaction performance. This provides a new opportunity to understand the nature of active
sites and atomic configuration of different crystal facets and the structure reactivity by
correlating the reaction property with the exposed crystal facets of oxide nanomaterials.

2. 3. 1. Cuprous Oxides

Cu,O being a natural product obtained from Earth’s crust as cuprites and has attracted

engineers and chemist for its p-type semiconducting and catalytic property, especially when
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Cu,0 is taken to the nanoregime. Cu,O has a typical cuprite crystal structure in which body-
centered cubic unit cell lattice is built by the copper atoms and oxygen atoms occupy half of
the tetrahedral sites.'®® As shown in Fig. 9, all the surface Cu atoms are fully exposed in case
of {110} facets, while the {111} facet contains some exposed and some sub-surface Cu
atoms. Only partially exposed Cu atoms are available in case of {100} facet of Cu,0'™
which is also reflected in the experimental results of low reactivity of {100} facet bounded

nanocube.
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Fig. 9. Crystal structure models of cuprite Cu,O showing the (a, b) {100}, (c, d) {111},
and (e, f) {110} facets. Oxygen and copper atoms are shown in red color and white color,
respectively. Reprinted with permission from ref. 182. Copyright 2013 from Wiley-VCH

Verlag GmbH & Co.
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Facet dependent catalytic property has recently fascinated scientist to study coupling reaction.
It has been shown that {111} faceted octahedral Cu,O shows higher reactivity towards C-N
coupling reaction than {100} facet.'™ As the surface area plays an important role in catalysis,
etched products of cube shows improved catalytic coupling reaction.

Recently regioselective catalysis using morphologically different Cu,O nanocrystals has been
reported by Huang ez al. It was observed that rhombic dodecahedral Cu,O with {110} facet
serves as a best suited catalyst for the regioselective synthesis of 3,5-disubstituted isoxazoles
than from {111} faceted octaheral and {100} faceted cubic Cu,O nanocrystals.'® In so doing
3,5-disubstituted isoxazoles from a wide variety of aromatic imidoyl chlorides and terminal
alkynes in ethanol at 50°C has been obtained with excellent yields.

Adsorption being the first step in catalysis, many adsorbents has been examined in relation to
dye adsorption. There also {111} faceted octahedral Cu,O nanoparticle serves best leaving
aside other morphologically different faceted Cu,O nanoparticles. 186

Similarly faceted Cu,O nanocrystals have been shown to be a good photocatalyst for
degradation of negatively charged methyl orange.'®”"**

Huang et al. demonstrated facet dependent etching of cubic, octahedral, and rhombic
dodecahedral Cu,O nanoparticles in presence of acetic acid and ammonia solution.'”>'"°
During etching process, it is observed that {100} facets are more stable whereas less stable
{111} and {110} facets are transformed to form new {100} facets.

Hollow 3-D nanostructures of Cu,O (Fig. 10) are evolved from different faceted solid
parental nanostructures capable of scattering visible to near-infrared lights. The preparation
procedure takes the advantage of sonnication, etching by HCIl and kinetic control through

selective expulsion of surfactant molecule.'®’
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{r11}

face-selective etching

Scale bar: 100 nm

Fig. 10. Facet selective etching of morphologically different Cu,O nanocrystals.
Reprinted with permission from ref. 197. Copyright 2013 from American Chemical

Society.

Different surface atomic arrangement of the exposed crystal facets exhibits distinctive
antibacterial activity. This was realized by Wang and co-workers introducing E. Coli strain in
the reaction medium.'”® From zeta potential measurement, they reported that the electrostatic
interaction between E. Coli and {111} faceted octahedral Cu,O is stronger in inactivating
bacteria than from {100} faceted cubic Cu,0.

The compositional and morphological evolution of differently shaped Cu,O (octahedron,
truncated octahedron, hollow octahedron, cube and sphere) nanoparticles have been studied
very recently by introducing different etching agents like aqueous NaOH, triethylamine
(TEA) and oxalic acid solution and their oxidative dissolution depends on the exposed crystal
planes (Fig. 11)."” During oxidative dissolution in aqueous oxalic acid solution, it is found
that the relative stability of {100} crystal plane is higher than {111} crystal plane. Etching
only with oxalic acid exhibits shape transformation from octahedron, truncated octahedron

and hollow octahedron Cu,O nanoparticles to cube and hollow cube as etching products with
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50% reduction of edge length. All morphologically different Cu,O nanoparticles and
chemically etched products show facet dependent photocatalytic activity under visible light
irradiation. Photocatalytic efficiency of different particles for congo red degradation has
shown a close relationship with exposed crystal planes, surface area and particle size. Finally,
NaOH etched product with hollow octahedron morphology exposing {111} facets exhibit

highest photocatalytic activity.

Fig. 11. Chemical etching of morphologically different Cu,O nanoparticles. Same color
of the etched products produced from Cu,O nanoparticle of a particular shape.
Reprinted with permission from ref. 199. Copyright 2013 from American Chemical

Society.

In another work Huang et al. reported facet dependent electrical conductivity of differently
shaped Cu,0 and Au-Cu,O nanoparticles.*” The experimental results suggest that {111}

faceted octahedral Cu,O are highly electrical conductive whereas {100} faceted Cu,O shows
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very poor conductivity. Again octahedral Au-Cu,O core-shell structure shows significant
enhancement of conductivity, but cubic Au-Cu,O core-shell shows little enhancement.

Cu,O nanocage has been judiciously obtained to encapsulate Au nanorod for possible
application. The authors have studied time dependent seed particle growth of two types of
Cu,O nanoframes with variable wall thickness. Slow and faster etching by ethanol and
ethanol-HCl mixture in NaOH/SDS solution produced truncated rhombic dodecahedral
structure of Cu20.200 The authors have discussed the importance of Au incorporation in Cu,O
cages. Furthermore anion sensitivity of {111} facet with that of {100} facet of Cu,O has been
compared.

2. 3. 2. Titanium Dioxides

Titania has four polymorphs: rutile, anatase, brookite, and TiO,(B) based on the 3D
arrangements of TiOs octahedral unit. Of these phases, rutile is the thermodynamically most
stable form in bulk titania, whereas anatase is the most stable one when the size goes below
14 nm.**' Other two polymorphs [brookite, and TiO(B)] are not generally obtained in
mineral because they exit in metastable forms. The structural variation in different
polymorphs arises mainly due to the different sharing of edges and corners of TiO¢ octahedral
unit with the adjacent one (Fig. 12). For the anatase phase, TiOg octahedral unit are connected
by sharing edges. The rutile phase is built by sharing the corners of TiOg octahedral unit
along a and b direction but the edges along c direction. In case of brookite, the connectivity
of TiOg octahedral unit along ¢ direction is similar to that of rutile, but along the a and b

directions TiOg octahedral units are connected by sharing both the corners and edges.”” F

or
TiO»(B), the connectivity of TiOs octahedral unit by sharing of edges is similar to that of

anatase form but the with a different 3D arrangement that generates a layered structure.””
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Fig. 12. 3-D Arrangements of the TiO; anatase, rutile, and brookite forms. Reprinted

with permission from ref. 202. Copyright 2010 from American Chemical Society.

Both {110} and {101} surfaces of rutile and anatase phase are terminated by sixfold- and
fivefold- coordinated Ti atoms and threefold- and twofold- coordinated O atoms (Fig. 13).2%
Due to slight orthorhombic distortion, anatase phase is less symmetrical than rutile phase and
it also found that the Ti-Ti bond distance is shorter in the anatase form than the rutile form.
As a result, anatase TiO, becomes less dense and stable than the rutile form due to presence
of the degree of distortion in the basic building block. The different exposed crystal facet of

TiO; is the promoter of heterogeneous catalysis.
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A Rutile TiO, (110) B Rutile TiO, (101)

Fig. 13. Atomic configurations of the {110} and {101} crystal facets for anatase and
rutile TiO,, respectively. Reprinted with permission from ref. 204. Copyright 2014 from

Royal Society of Chemistry.

TiO, nanocrystals are considered by far to be the best catalyst for UV assisted chemical
reaction. Recently, TiO, nanocrystals with different crystal forms and crystal facets are
obtained from hydrothermal reaction involving Ti(OH)s in presence of anion additives.”*
Restructuring and recrystallization may occur for TiO, NCs due to the strong interaction
between added anions and TiO, surface leading to phase transformation from anatase to rutile
or brookite. ‘Hard” donor atoms bind differently with the crystal facets of TiO, and cause
surface restructuring and recrystallization. It has been observed that truncated octahedral
anatase TiO, NC was obtained when F~ was used as capping anions. F~ is selectively adsorbed
on {001} facets of TiO, and lower the surface energy, leading to larger percentage of {001}
facets. But SO4* or Ac (acetate ion) in place of F~ upon hydrothermolysis produces anatase

TiO, nanorods. Longer nanorods are obtained with SO,* and short nanorods with Ac .

Selective photocatalytic reduction of nitrobenzene and selective oxidation of benzyl alcohol
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have been elucidated with the different faceted TiO, NCs. Comparative accounts of facet
selective reactions have been documented for benzyl alcohol oxidation without any facet
discrimination but nitroaromatics describe a definitive order of reduction rates of

nitrobenzene which follows {101} > {001} > {100} (Fig. 14).
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Fig. 14. Photocatalytic performances of TiO,; nanocrystals with different crystal facets
in (A) reduction of nitrobenzene to aniline after reaction for 30 min and (B) oxidation of
benzyl alcohol to benzaldehyde after reaction for 4 h. Reprinted with permission from

ref. 205. Copyright 2013 from American Chemical Society.

It has recently been discovered that naturally occurring TiO; nanocrystals bear energetically
favourable {101} facets.*****” Furthermore, morphology of the anatase phase represents
octahedral bipyramidal structures. It is very difficult to produce TiO, nanocrystal with
reactive and energetically unfavourable {001} facets. Recently Li et al. has discovered a
hydrothermal process to stabilize {001} faceted anatase TiO, nanosheets in aqueous
medium.”'® There F~ ion capping capability has been discussed which promotes oriented

attachment along {001} facet via hydrolytic path way. They have also shown that solvents
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like HCI, ethanol, propanol, and butanol suppress the hydrolysis of surface Ti-F which helps
the retention of original nanosheet morphology.

Recently, Pradhan et al. reported the photocatalytic efficacy of anatase TiO, nanocrystals.?'!
The size dependent TiO, nanocrystals have been found to evolve by varying the reaction
time. The paper has documented the use of effective diethanolammine capping for {101}
facets instead of {100} facets. Thus with increasing reaction time nanocrystals with {101}
facets predominates and as a result cuboid nanocrystals are produced with selected facets
(Fig. 15). The author has identified high energy oxidative {001} facets and low energy {101}
reductive facets. The popular belief of hole-electron pair generation and subsequent decrease

of charge recombination have been envisaged in the paper. Finally, TiO, nanocrystal with

{001} or {100/010} and {101} facets exhibited facet selective photocatalytic activity.

Fig. 15. FESEM, TEM images, and 3-D geometrical models of respective TiO;
nanoparticles are shown with different facets hydrothermally synthesized in (a, b) 12 h,
(c, d) 24 h, (e, f) 36 h, and (g, h) 48 h. The scale bar in all the images is 25 nm. Reprinted

with permission from ref. 211. Copyright 2013 from American Chemical Society.
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Chen et al. reported the photocatalytic efficiency of {001} faceted TiO, nanocrystal through
both experiment and theory. It has been found that postannealing TiO, nanoparticles at 350,
450, and 550 °C exhibited outstanding performance of photocatalytic H, production as
compared to that of commercial P25. In this report, the enhanced photocatalytic activity of
450 °C calcined sample has been explained by synergistic effect.”’* They have brought in the
co-existence of low index faceted structures having dominant {010} and {001} facets which
they have termed as quasi hetero-junction. Photocatalytic H, evolution by the TiO,
semiconductor nanoparticle has also been supported by density functional theory.

TiO, nanocrystal with uncommon high energy {111} facets has been synthesized by wet
chemical synthesis at room temperature. Ye et al. have not only synthesized the TiO,
nanocrystal using F~ and ammonia as capping agents but also substantiated the energetic of
high energy faceted {111} structure through density functional theory.”'* The electronic band
structure of the {111} faceted TiO, nanocrystal is supportive for the generation of more
reductive electrons. The authors have proposed high solar energy conversion efficiency from
the as-synthesized product with {111} facet than the common faceted anatase TiO,
nanocrystals with {001}, {010}, {101} facets.

Again faceted TiO, nanocrystal has been produced from titanium isopropoxide in acid
medium (HF and HCI) under prolong hydrothermal heating using an autoclave.*'* To
promote photocatalytic activity of TiO, nanocrystals different metallic co-catalysts have been
deposited onto the TiO, facets to examine facet selective oxidation of glycerol. It has been
concluded that {110} facet shows maximum photocatalytic activity while {001} facet
performs badly. Intermediate activity has been documented by {101} facet to produce

hydroxyl acetaldehyde (HAA).

To make TiO, an efficient catalyst many attempts have been made. Among them tuning of

the band gap value of TiO, by changing its morphology is a fruitful way to improve the
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catalytic activity of TiO,. Furthermore doping of elements is also responsible for tuning the
band gap value.’’” Sometimes deposited metals change the catalytic property of the
composites drastically. In this regard Haruta’s work is a ground breaking one.?'® Here we
present one elegant application of Au-TiO, composite materials for photocatalytic hydrogen
generation.”!” Faceted Au nanoparticles have been deposited onto the high exposed {001}
facet of TiO,. It has been shown that anchored Au{l111} shows highest reactivity over the

other two [Au{100/111} and Au{100}] Au nanoparticle.

Oxidation of CO has been reported taking faceted TiO,-Au as the catalyst.”'® In this work
faceted TiO, has been prepared to host Au nanoparticle. It is clearly shown that reactivity of
differently faceted TiO, varies with temperature for CO oxidation. Interestingly 100%
oxidation has been reported on {100} TiO, facet at 253 K with the increasing temperature
{001} facet become increasingly important for CO oxidation. At the intermediate

temperature i.e.; at 273 K {101} facet converts CO into CO, quantitatively.

TiO, nanocrystals become activated under UV irradiation and can be best physically
modified by a suitable dye. That provides improved visible light photocatalytic activity.
Further improvement is governed by noble metal loading on dye-sensitized TiO, nanocrystal.
This is because of the suppression of charge recombination process. Lu ef al. loaded Pt onto
commercially available P25 Degussa TiO, nanocrystals for water reduction.”' In their report
they have explained the improved photocatalytic activity of the composite nanomaterials
taking the Fermi level of Pt {111} facets into consideration. In fact neat Pt {111} facet stands
active due to larger number of unsaturated Pt atoms at the corners and edges of Pt{111}
nanoparticles. Again the position of the Fermi level traps the electron easily out of
conduction band of TiO,. Thus the composite Pt{111}/TiO, provides more reaction sites for

water reduction than the other two Pt{100/111}/TiO; and Pt{100}/TiO, nanocomposites.
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2. 3. 3. Ferric Oxides

Generally, it is known that four types of Fe,O3; polymorphs exist depending upon the atomic
arrangements of Fe™ and O ions and they are a-, B-, y-, and & phases. Among them highly
crystalline a-, and y-Fe,O3; have been studied for a long time due to their nontoxicity,
environmental friendliness and abundance in nature. a-Fe,O3; has corundum-type structure
(R3¢ space group, a =0.50352 and ¢ = 1.37508 nm) with hexagonal close-packed array of o
ions, and Fe®" ions occupy 2/3 of the octahedral sites.””” Whereas y-Fe,O3 has cubic structure
(Fd3m space group, lattice constant value 0.83474 nm) in which the Fe’* ions are distributed
in the tetrahedral (eight Fe ions per unit cell) and octahedral sites (the remaining Fe ions and
vacancies) confined by the cubic close-packed array of oxygen anions.”' Fig. 16 shows the
surface atomic configurations of the crystal facets for a- and y-Fe;O;. It is observed that
{001} facet is the most frequently exposed facet for a-Fe,Os , which is only terminated by Fe
or O atoms, whereas another low-index facet, {100}, simultaneously contains both Fe and O
atoms.”? v-Fe,05 generally bound by polar and unstable low-index {001}, {011}, and {111}
facets and the surface energies of {001}, {011}, {112}, and {012} facets after surface
reconstruction are almost equivalent.223 The catalytic reactivity of Fe,O3 depends not only on

their crystal phase but also on the exposed crystal facets.
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Fig. 16. Atomic configurations of the {0001} and {1120} facets for o-Fe,O; and {001}

and {110} facets for y-Fe,O3. Reprinted with permission from ref. 204. Copyright 2014

from Royal Society of Chemistry.

Recently Fe,O3 has been actively considered as an anode material for lithium storage owing
to its high theoretical capacity (1000 mA h g'). Yu et al. reported an interesting flame
pyrolysis method for synthesis of 26-faceted truncated cuboctahedral y-Fe,O; by direct

224 . .
The choice of solvents is

burning of ferrocene in different solvents using an alcohol lamp.
therefore very important for fabrication of maghemite nanocrystals and their carbon
composites. Polyhedron y-Fe,O; obtained when methanol, ethanol and dimethylformamide
were used as solvent, whereas isopropanol, butanol and tetrahydrofuran produced smaller
iron oxide nanocrystals encapsulated in carbon. Details mechanism for shape evolution from
14-faceted truncated octahedrons to 26-faceted truncated cuboctahedrons has also been
discussed clearly. Fig. 17 indicates that hexagons {111} (indicated as A, B, C, and D) grew

faster in truncated octahedron®®

which resulted in the formation of new squares {110}
(indicated as O') and at the same time originally square {100} (marked as O) transformed to

octagonal {100} plane (indicated as P) as the surface energies of different facets are different.
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It is observed that the surface energies follow the order of 6{101} > {001} > c{111}. From
the electrochemical performance of the as-synthesized catalysts as an anode material for Li-
ion battery, it can be concluded that y-Fe,O3;@C displayed high discharge specific capacity
(1050 mA h g") and stability than from bare maghemite mainly due to the high electronic

conductivity of carbon.

Fig. 17. Cartoon illustration of the formation of truncated cuboctahedrons by further
growth of truncated octahedron nanocrystals in the flame. Reprinted with permission

from ref. 224. Copyright 2012 from Royal Society of Chemistry.

Shen et al. fabricated hexagonal a-Fe,O3; nanoplates enclosed by two larger {0001} basal
surfaces, which gave higher discharge capacity (1630 mA h g™') and more cycling stability
for Li-ion battery than from a thicker a-Fe,O3 nanograins (1510 mA h g") enclosed by a
variety of crystal facets although both nanocrystals have identical surface area (22.02 and
24.32 m* g).**® The better electrochemical performance of hexagonal a-Fe,O3 nanoplates is
attributed to the presence of significantly larger {0001} planes, shorter thickness along the
<0001> direction.

By using solvothermal method Li and the co-workers synthesized 27 nm thick Fe,O;

nanodisks bound by {001} facets.”’ By comparing the packing density of Fe** and O* for
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{001}, {100} and {010} facets (Table 1), it should be clearly concluded that that the packing

of O” in the {001} facet is exactly hexagonal close packing (hcp) but in other two cases

packing is not in the manner of hcp (Fig. 18). That is why in the oriented growth of hematite

nanodisks, this {001} facet is the most stable and most exposed. In this work the most stable

{001} facet of Fe,O3; was preserved mainly due to the preferential capping effect of acetate

ion. The as-synthesized materials showed excellent rate and cyclic capability as an anode

material of Li-ion battery due to reduced diffusion length of Li" ions.

Table 1. The atomic densities for the {100}, {010} and {001} facets of Fe,O3. Reprinted

with permission from ref. 227. Copyright 2013 from Royal Society of Chemistry.

Tons {100}/nm™ {010}/nm™ {001}/nm™
Fe’™ 2.89 2.89 9.11
0~ 5.78 5.78 13.8

Fig. 18. {001} Plane (a), {100} plane (b) and general view of o> packing (c) in hematite.
The pink balls in (c) correspond to the O” ions between the top and bottom layers of o*
. Reprinted with permission from ref. 227. Copyright 2013 from Royal Society of

Chemistry.
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Yan et al. investigated the effect of largely exposed {110} facets of hollow sphere like a-
Fe,O3 for high lithium storage properties and improved photocatalytic activity towards water
oxidation.””® The growth process for formation of three-dimensional hierarchical hollow a-
Fe,O; involves three steps. The formation of FeOOH nanosheets on the surface of CuO
spheres uniformly occurred in the first stage. In the second stage, core CuO was gradually
dissolved in the aqueous solution as [CuClL]"™ through etching with in situ produced H" ion
under hydrothermal condition. As a result, hollow spherical FeOOH was produced. Finally in
the last step the products were annealed at 500 °C in air and obtained hollow sphere like a-
Fe,0; without any structural changes. Due to higher density of Fe atoms on {110} facets of
a-Fe,0;, the product showed superior Li ion storage performance and enhanced
photocatalytic activity towards CO oxidation.

Morphologically different Fe,O3 nanoparticles with different dominant facets have also been
used in photocatalysis. Layered a-Fe,O3; nanodisks have been judiciously obtained through a
low cost silicate-anion-assisted hydrothermal method.”” It is found that silicate ions adsorbed
very strongly onto the {0001} facets of a-Fe,Os nanoplates, resulting in a novel layer-by-
layer oriented attachment of the nanoplates. So, here silicate ions played a crucial role for
formation of such type of rare layered structure of a-Fe,Os. In this study, the layered a-Fe,O;
showed better photocatalytic degradation activity for methylene blue compared to nanoplates
which is mainly due to the higher adsorption capacity of the layered structure.

Rhodamine B degradation on Fe,O3 nanoparticle has been studied spectrophotometrically by
Chen et al.>® A comparative account of facet selectivity has been underlined in their report in
the light of higher density of surface Fe ions on {10-12} facet. The nanocrystals bearing
{0001} and {10-10} facets with lower density of Fe ions photodegrade the dye less

effectively.
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Cao and co-workers compared the photocatalytic activity of a-Fe,O3; polyhedrons, rods,
ellipses, and cylinders bound by different facets for the degradation of organic contaminants
in presence of H,0,.”" The photocatalytic performance of differently shaped a-Fe,O;
towards methylene blue degradation follows the order: polyhedrons bound by {101} and
{001} facet > rods bound by {001} > ellipses > cylinders and the order was not in good
agreement with the BET surface area values. The improved photocatalytic activity of
polyhedral a-Fe,O; can be ascribed to its higher density of {101} facet.

The study of facet dependent catalytic activity of differently shaped a-Fe,Os nanostructures
for heavy metal determination by stripping voltammetry was conducted by Huang and co-
workers.”” They compared the selectivity and sensitivity of Pb*" ion detection by using three
types of a-Fe,O3; nanostructures including nanocubes, nanoplates, and nanorods with
dominant facets of {012}, {001}, and {110}, respectively. {110} facet bound o-Fe,O;
nanorods were found to be more active catalyst for Pb*>" ion detection and the electrochemical
sensitivity is about 6-fold and 32-fold than that of nanoplates and nanocubes. This
experimental result is closely related to the DFT calculations.

26 faceted y-Fe,Os enclosed by six {100}, eight {111}, and twelve {110} facets have been
successfully prepared by Gao et al. via flame synthesis method by directly combusting the
methanolic solution of iron precursor.”® Then they investigated the catalytic activity of
polyhedral y-Fe,O; for styrene to benzaldehyde conversion reaction compared to other two
commercial y-Fe,O; samples. The catalysis experiment indicates that the 26 faceted
polyhedral y-Fe,O; hold great promise for styrene to benzaldehyde conversion with very high
catalytic selectivity because of the large number of different facets, especially the {110}
facets which have more number of Fe atoms than {100} and {111} facets in y-Fe,0s.

Faceted a-Fe,0; have also played major role for enhancing gas sensing property. Zheng et al.

investigated that exposed {110} facets of plate like a-Fe,O; have significant role in acetone
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sensing and CO oxidation.”* They reported a controlled solvent evaporation process for
fabrication of porous plate like a-Fe,O3 in presence of an ionic liquid [Bmim]CI which acted
as both solvent and templating agent. This nanoplate-like a-Fe,03-400 (annealing at 400° C)
had higher sensitivity towards acetone than commercial a-Fe,O3; which can be attributed to its
unique plate-like morphology and its higher crystallinity. Then they deposited different
percentage of Au onto the porous plate like a-Fe,Os and tested their catalytic improvement
towards CO oxidation. For the same loading of Au on the a-Fe,O; support, {110} faceted a-
Fe,0; exhibited superior catalytic activity towards CO oxidation than a-Fe,O; (Fluka).

2. 3. 4. Cobalt Oxides

The structure of Co304 is usually considered to be spinel (Fd3m space group and unit-cell
length of 0.8084 nm) and is built by the cubic close packed array of O* ions and Co”" ions
occupy one-eighth of the tetrahedral sites whereas Co®* occupy half of the octahedral sites
(Fig. 19). Under equilibrium condition, Co3O4 naturally exists with a morphology of a
truncated octahedron enclosed by energetically favourable the {001} and {111} faces than
the more reactive {110} facets.”> In addition the reactive {110} facets of Co304 have two
types of surface terminations: in type A two Co”" cations are distributed in the tetrahedral
sites, two Co>" cations in the octahedral sites, and four O® anions; and in type B two Co**

cations are distributed in the octahedral sites and four O* anions.?*®
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Fig. 19. Atomic configurations of the {001}, {111} and {110} facets for spinel Co030,.
Reprinted with permission from ref. 204. Copyright 2014 from Royal Society of
Chemistry.

Several strategies have been proposed for synthesis of differently shaped Co;O4 nanoparticles
bound by different facets for different applications. Facet dependent electroanalytical sensing
of heavy metal ions from solution has been described by Huang et al. Nanocrystals of Co;04
with two different predominant facets {111} and {001} have been shown to carry different
degree of heavy metal ion loading and that is the basis of sensing applications.””” The
hydrolysis of Co(CH3C0OO),.4H,0 under hydrothermal condition with and without ethylene
glycol evolves Co3;04 with {111} faceted nanoplates and {001} faceted nanocubes
respectively. Theoretical (DFT) calculations suggest that Co;O4 {111} facets exhibit a
relative larger adsorption energy, more adsorption sites, and a relative lower transition-state
barrier than Co304 {001} facets. This result becomes supportive to the experimental
observation for accounting facet-dependent electrochemical sensing behaviour toward heavy

metal ions.
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Kodambaka et al. proposed a simple wet chemical approach for fabrication of single
crystalline {111} faceted Co3;O4 holey nanosheets.”® Co30O4 holey nanosheets exhibited
efficient catalytically active for methanol decomposition at low temperature due to presence
of higher energy {111} surfaces.

Li et al. found that the exposed facets of Co;04 nanostructures including a cube with {001}
facet, a truncated octahedron with {001} and {111} facets and octahedron with {111} facet,
have a noteworthy influence on their electrochemical performance.” Only by changing the
amount of NaOH and Co(NO3),.6H;0, they have successfully prepared Co;O4 nanoparticles
with different facets under hydrothermal condition. When these three materials were
evaluated for lithium storage properties, octahedral Co3;04 with dominant {111} facets
exhibited much better lithium storage capability (946 mAh g at a rate of 100 mAh g™ after
50 cycles) than the other two kinds of Co30s4. From the surface atomic configuration (Fig. 20)
it is observed that {001} plane contains 2 Co*" whereas {111} plane contains 3.75 Co*", that
means {111} plane has more Co" jons. This data is also in good agreement with the
prediction that the lithium storage capacity is greatly facilitated through the exposed {111}

facet of Co3;04 nanoparticles.

Fig. 20. The surface atomic configurations of the {001} facet (a), {111} facet (b), and
{110} facet (c) for Co304 . Reprinted with permission from ref. 239. Copyright 2012

from Wiley-VCH Verlag GmbH & Co.
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Golberg et al. have proposed a facile one-step solution approach to obtain unusual single-
crystal Co;04 nanocages with highly exposed {110} facets.* Clearly the sample showed
enhanced lithium storage capacity of 864 mAh g at 0.2 C over 50 cycles and excellent rate
capability. These improved electrochemical energy storage properties can be attributed to
their highly exposed {110} facets, high density of atomic steps on the nanocage surfaces and
the large void interiors.

Nie et al. synthesized thermodynamically stable {111} Co3;04 nanofilms by a microwave-
assisted method and subsequent liquid nitrogen cooling using sodium hydroxide and cobalt
sulfate solution.**! During the growth process, liquid nitrogen cooling treatment played a vital
role for further aggregation of nanosheets to form nanofilms with high surface area. This
{111} faceted Co0304 nanofilms were used as active catalyst for the decomposition of
ammonium perchlorate (AP).

2. 3. 5. Nickel Oxides

NiO has a cubic rock-salt crystal structure (Fm-3m) with octahedral Ni(IT) and O sites.
Being a p-type semiconductor, NiO is one of the most promising metal oxide (band gap

energy 3.6-4.0 eV) exploited in photocatalysis, electrochemistry, and electrochromics.***>*

By using a simple wet chemical approach, Richards et al. demonstrated the fabrication of
{111} faceted NiO nanosheets with hexagonal holes without adding any template or halide
ions for the first time. NiO nanosheets with controllable sizes from 300 nm to 3 pm were
synthesized by adjusting the amount of urea while the size of the holes was determined by
calcinations conditions.**® Experimental results suggested that {111} faceted NiO nanosheets
with unusual surface were very much active for low temperature methanol decomposition
than from conventionally prepared CP-NiO which could be attributed to the high surface
energy of {111} facets. In another work, Richards et al. proposed that {111} faceted NiO

nanosheets with hexagonal holes were also very much efficient adsorbent for the removal of
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different dyes (brilliant red X-3B, congo red and fuchsin acid) from aqueous solution than
nickel oxide powder (CP-NiO) obtained from conventional thermal decomposition of nickel
nitrate.>*’

Mesoporous NiO nanomaterials have been prepared for useful lithium ion storage from wet
chemical technique. It has been demonstrated that {110} facet is most reactive which lead to
efficient ultrafast lithium storage,248 which mimics the high power delivery of supercapacitors
just like anatase {001} exposed TiO, nanosheets.

2. 3. 6. Magnesium Oxides

As illustrated in Fig. 21, {100} facet of MgO is unambiguously the most stable due to its low
surface energy. Whereas, in {111} faceted MgO nanocrystals, polar monolayer of oxygen
anions and magnesium cations are present alternatively and thus a strong electrostatic field is
produced perpendicular to the {111} facet. So fabrication of MgO nanocrystals with highly

reactive {111} facets is highly desirable for different applications. Numerous studies have

focused on elucidating the relationship between surface structure and surface reaction.

A MgO (001) B MgO(110) C MgOo(111)
niﬂ“ilﬁiﬂi'fzifi;ﬂﬁ‘nﬂi'ﬂ\ﬁ '
- @
@il iy
[001)] e
[110) (i [110] toor [100] (010 ° Mg” @ O°

Fig. 21. Surface atomic configurations of the {001}, {110}, and {111} crystal facets for
MgO. Reprinted with permission from ref. 204. Copyright 2014 from Royal Society of

Chemistry.
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When Mg(OCHs;), was utilized as a precursor in presence of 4-nitro- or 4-methoxybenzyl
alcohol, MgO nanosheets bound by {111} facets were produced preferentially under
hydrothermal condition. During the formation of MgO nanosheets, 4-nitro- or 4-
methoxybenzyl alcohol played an important role due to their strong interaction with the
hydroxyl group of the inorganic intermediate Mg(OH)(OCHs) which facilitates the
spontaneous substitution on the interface during mixing and supercritical treatment. The
catalytic activity towards Claisen-Schmidt condensation of benzaldehyde and acetophenone
was found to be superior for {111} faceted MgO nanosheets than other MgO samples
exposing {100} facets.** In 2007, Richards et al. further used the {111} faceted MgO
nanosheets as an active catalyst for decomposition of methanol at low temperature due to the
higher concentration of oxygen anions on the surface of MgO {111} nanosheets.”"

Again MgO particles bound by {111}, and {100} facets were much more selective during the
oxidative coupling of methane to hydrocarbons than cubic MgO.>'**?
2. 3.7. Zinc Oxides

253-255

ZnO has a stable hexagonal wurzite structure in which each O ion is tetrahedrally

coordinated with four Zn? jons along the crystallographic c-axis and vice versa.”>¢ Recently

Diebold et al.” reported that the surface morphology of wurzite ZnO is bound by five low
miller index planes: the non polar prism {1010} and {1120} facets as well as the polar
{0001}, {0001}, and {1121} facets by using high resolution scanning tunnelling microscopy
(STM). During the formation of ZnO nanobelts, nanowires, and nanorods, {1010} and
{2110} facets are appeared as the major facets as the nanostructures grow along <0001>

298,259 {1010} facet of ZnO becomes most stable because of its low surface energy

direction.
value (2.3 J/m?®) and this value is smaller than ZnO{2110} (2.5 J/m®) and those of polar

Zn0{0001}-Zn and ZnO{1010}-O (4.0 J/m?).***2*
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Facet dependent gas sensing property of ZnO nanoparticle has been discussed by different
groups. By using simple dip-coating method, Xie et al/ synthesized {10-10} faceted ZnO
nanorods aligned along the ceramic tube.”** Then the tube with ZnO thin film was dipped into
the growth solution containing zinc acetate and ethylenediamine for formation of further
nanorod arrays with {0001} and {10-10} facets (Fig. 22). On the basis of the gas sensing
performance, it is observed that the {0001} faceted ZnO nanorod arrays demonstrated
excellent catalytic activity towards benzene and ethanol sensing than the unprocessed dip-
coated ZnO, which should be explained in the light of exposed facets rather than size effect.
So the experimental results suggested that {0001} facet of ZnO is more reactive for gas-

sensing rather than {10-10} facets.

dip coating solution processing
R

Fig. 22. (a) Schematic representation of the fabrication of solution-processed gas sensor.
(b) SEM and (c) TEM images of thin film on the Al,O; tube before the solution process.
(d, e) High and low-magnification SEM images of ZnO nanorods array on the ALLO;
tube after solution process, respectively. Reprinted with permission from ref. 264.

Copyright 2012 from American Chemical Society.
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In a same token pronounce gas sensing ability towards NHj, N(C,Hs)s, and ethanol vapour

has also been tested for {0001} facet of ZnO.**

Whereas Yu et al. proved that {1010} facet of ZnO had excellent sensitivity, selectivity, and

stability towards n-butanol than {1120}, and {0001} facets.”*® In this work, {1070} faceted
ZnO nanoflakes were synthesized via one-step hydrothermal method. For comparative study,
ZnO nanoparticles with {1120}, and {0001} facets were also employed for sensing

capability. The sensing efficiency of different facets towards n-butanol was demonstrated to
follow the order of {1010} > {1120} > {0001} because {1010} facet of ZnO had higher

adsorption capability and lower diffusion coefficient value. Diffusivity, adsorption, and
reaction ability of different gas molecules on different surfaces were elucidate from
molecular dynamic (MD) simulations and these findings were closely related to the
experimental results. Again this material also showed improved sensitivity towards ethanol,
methanol, acetone, and formaldehyde under same experimental condition.

Facet selective CO adsorption has been forwarded on Pd/ZnO surfaces from methanol

decomposition studies. Highly active sites Pd/ZnO{0001} have been identified from

temperature-programmed experiment leaving aside Pd/ZnO{1010}.%%

Facet-selective epitaxial growth of heterogeneous nanostructures of semiconductor (ZnO) has
been achieved successfully using faceted noble metal (Ag) nanoparticles.*®® Incoming ZnO
nanoparticles were overgrown on {111} facets rather than {100} facets of Ag and produced
rod like ZnO nanostructures (Fig. 23). To achieve success lattice and symmetry matching is
considered to be the most important factor. Again allowance of direct interfacing between the
metal and semiconductor is a corollary factor for over growth which ultimately evolves metal

semiconductor hetero-junction.
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Ag {100y <@
% o Ag {111}
o

Fig. 23. 3-D Geometrical models and SEM images show the selective growth of different
numbers of ZnO nanorods on the {111} facets of Ag truncated nanocubes. Reprinted

with permission from ref. 268. Copyright 2009 from American Chemical Society.

2. 3. 8. Tungsten Trioxides

In the temperature range of —180 to 900 °C, WOs; exhibits five different phases: tetragonal (a-
WOs;, > 740 °C), orthorhombic (B-WOs3, 330—740 °C), monoclinic I (y-WO;, 17-330 °C),
triclinic (8-WO3, —43—17 °C), and monoclinic II (e-WOs, < —43 °C).**?’° The generally
mentioned WOj; refers to y-WOj3 because it is the most stable one at room temperature. Being
a p-type semiconductor, y-WO; has attracted noteworthy interest due to its photosensitivity,
good electron transport properties, and stability against photo corrosion.””!

By adjusting the amount of tartaric acid under hydrothermal condition, Wang et al. prepared
three types of WO; nanoparticles with different percentage of {001}, {100}, and {010}
facets.””> Very low amount of tartaric acid was preferentially adsorbed on the top and bottom

facets which causes inhibition of growth rate along these facets. As a result a well defined
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sheet like structures with thickness of about 30-35 nm were obtained. When the amount of
tartaric acid is increased then it adsorbed on the side facets of the WOj3; nanocrystals, resulting
in the inhibition of growth along the side facets. So the formation WOj; nanocrystal with
higher thickness (155-175 nm) value was really favoured with high amount of tartaric acid.
From the SAED patter it is observed that the WO; nanocrystal has three different facets: top
and bottom surfaces were bound by {001} facets, and the side surfaces were bound by {010}
and {100} facets. Interestingly, the percentages of the different exposed facets in three types
WOs nanocrystals were different. It should be noted that the percentages of {010} and {100}
facets were increased and the percentages of {001} facet was decreased from less thicker
sample (1) to high thicker sample (3). Fig. 24 displays that more number of W atoms are
present on the {010} facets compared to {100} and {001} facets indicating the presence of
more number of dangling bonds in {010} facets. So it should be concluded that the gas
sensing ability became more pronounced with increase of {010} facets. Experimental results
also proved that WO; nanoparticles with exposed more percentage of {010} facets exhibited

better gas sensing ability towards 1-butylamine.

Fig. 24. Surface atomic configuration of different facets for triclinic WO;: (a) {001}
facet, (b) {100} facet, (c) {010} facet. Reprinted with permission from ref. 272.

Copyright 2012 from Royal Society of Chemistry.
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In 2014, Jin et al. also investigated the gas sensing ability of WO; nanoparticles with different
exposed facets.””? On the basis of the gas sensing result, it was found that {002} facets of
WOj; nanoparticles showed better acetone sensitivity and selectivity than the {100} facets due
to the asymmetric distribution of unsaturated coordinated O atoms in the O-terminated {002}
facets. These findings were also supported by the PL spectra which depicted that {002}
faceted WOj; nanoparticles had numerous oxygen vacancies and defects.

Miyauchi invented a new karstification method for preparation of octahedral WOs;
nanoparticles with {111} facets from irregular shaped of commercial WOs nanoparticles.*”*
During the growth process, commercial WO; nanoparticles were etched by ammonia from
gradual urea decomposition to produce (NH4), WO, and this etching process is similar to the
Karst process. In the second step, as-prepared (NH4), WO, was further reacted with HCI and
ultimately produced octahedral WOj; particles in nanoregime. For the formation of {111}
faceted octahedral WOs; nanoparticles, the effect of ethanol in the reaction mixture was
undoubtedly significant. Here the presence ethanol in the reaction mixture reduced the
polarity of the solvent which inhibited the homogeneous nucleation growth and formed
octahedral-shaped particles. The as-synthesized octahedral WO; nanoparticles bound by
{111} facets showed enhanced catalytic activity for removal of dissolved Ag' ions in
photoprocessing wastewater as well as visible light driven photocatalytic reducibility of
methylene blue dye.

Li et al. adopted hydrothermal method for fabrication of hexagonal single crystal WOs;

nanorods with dominant {001} and {110} facets by using (NH4),WO, as the tungsten

precursor in acidic medium.””> During the formation of hexagonal WO; nanorods, it is
observed that the crystal growth orientation was sturdily dependent on the tungsten source.
NH," ion of the precursor salt strongly adsorbed on to the {001} facets, resulted in the

inhibition of crystal growth along [001] axis. So NH4" ion played a crucial role for initiating
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the crystal growth along either [110] axis (Fig. 25). Theoretical model of single crystal WO3
suggested that, more coordinatively unsaturated W atoms were exposed on the surface of the
{001} facets compared with {100} facets. As a result of high surface area and presence of
more reactive {001} facets, hexagonal WO; nanorods showed high adsorption capacities for

organic dyes including rhodamine B and methylene blue.

Existence
of NH,*
AF;?;CE 17 Crystal growth 41
o 4
? [o01]
§ ' €001)

(010)
L (100)

Fig. 25. Schematic representation of the growth orientation of the hexagonal single
crystal WO; nanorods. Reprinted with permission from ref. 275. Copyright 2011 from

Royal Society of Chemistry.

In a combined hydrothermal and finger rubbing method, Kang et al. described synthesis of
{020} faceted WO3.H,O nanoplates using L-ascorbic acid as the capping agent on the surface
of fluorine doped tin oxide (FTO) coated glass substrate.”’® After calcination, orthorhombic
WOs3-H,0 nanoplate has been transformed to monoclinic y-WOs with exposed {002} facet
without destroying the plate-like structure. Then this {002} facet dominant film has been
applied for water splitting reaction. According to previous report, the surface energy order of

different facets for monoclinic WO; follows the sequence of {002} (1.56 J m?) > {020}(1.54
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J m?) > {200}(1.43 J m™) that means the most reactive surface of y-WOj5 is {002} facet.
Because of this feature, {002} faceted y-WO3 served as a better catalyst for water splitting
reaction compared with the WOjs thin film prepared by spin-coating with same thickness.
Quasi-cubic-like WO; nanocrystals with equal percentage of {002}, {020}, and {200} facets,
prepared by controlling acid hydrolysis of tungsten boride, served as a superior catalyst for
solar energy conversion compared with the rectangular sheet-like WO3 nanocrystals with
predominant {002} facets.””’

2. 3. 9. Silver Oxides

Ag,O has the same cuprite crystal structure like Cu,O. The etching property of Ag,O
nanoparticle is also facet dependent. Silver nitrate easily reacts with NaOH and produces
Ag>0. On the other hand AgNO; and even freshly precipitated AgCl dissolves in ammonia
forming Ag(NH3)2+1 complex. Considering the above precipitation and complexation
reaction, Huang et al. controlled the etching of differently shaped Ag,O nanacrystals (Ag,O
nanocubes, rhombicuboctahedra, octahedra, and extended hexapods).*® It has been verified
that {100} faceted cubic and rhombicuboctahedral Ag,O are very much susceptible to
etching due to less effective adsorption of hydroxide ions on the {100} facets with terminal
oxygen atoms. On the other hand {111} facet of Ag,O, because of the significant terminal Ag
atoms at the corner make the nanocrystal stable because of strong interaction with NaOH.
Morphologically different Ag@Ag,O have been synthesised by kinetically controlled
reaction to show the facet selective photocatalytic degradation of methyl orange (MO).*”®
Experimentally as well as DFT calculation conclude that highest surface energy bearing
{100} facet is the most potent for the photocatalysis of MO. Suitable redox potential driven
observation has been explained by the weighted average effective mass of holes and electrons

for the reaction.
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2. 3. 10. Indium Oxides

Only very recently, researchers have introduced highly conducting and electrochemically
stable faceted In,O3 nanoparticles for different catalytic applications. For its highly prevalent
body-center-cube (bee) structure with compatible band gap energy, In,O; has proved to be a
stable photocatalyst. For the bce InyOs, it is observed that the order of surface energy (y) for
low index facets is as follows: y {111} <y {001} <y {110}. Wu and co-workers investigated
the morphological evolution of {001} faceted cubic In,Os; nanoparticles by employing a
modified chemical vapour deposition method based on the carbothermal reduction
reaction.””” Faceted cubic In,Os are anticipated to show pronounced photoeletrocatalytic
activity and excellent chemical and structural stability in oxygen evolution reaction than
those with a smaller percentage of the exposed {001} facets. The enhanced catalytic activity
of cubic In,03 is mainly due to the unique structure and electronic band structure of {001}
facets.

Facet dependent enhanced gas sensing property of octodecahedral In,O; has also been
described by Chen et al® Octodecahedral In,O; with two different predominant facets
{110} and {100} have been successfully synthesized by annealing the 18-facet In(OH);
precursor. XPS result suggests that In,O; nanoparticle with {110} and {100} facets provides
more oxygen vacancy, responsible for pronounced gas sensing property, than {100} faceted
cubic In,0; or irregular one.

2. 4. Composite Nanomaterials

Octahedral, cubic, and spherical CuO-MnO, nanocomposites have been synthesized by redox
transformation reaction between Cu,O (octahedral, cubic, and spherical) and KMnOy4 under
modified hydrothermal condition (Fig. 26). Interestingly faceted CuO-MnO; nanocomposites
are obtained with the retention of parental size and shape of Cu,O precursor compound.

However morphologically different CuO-MnO; nanocomposites are found to be ruptured into
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tiny spherical nanocomposites with the increase of reaction time. All these composite
nanomaterials were employed as catalysts for the examination of facet-dependent catalytic
activity toward nitroarene reduction in presence of NaBHy4. {111} faceted octahedral CuO-
MnO, nanocomposites showed higher catalytic efficiency than from cubic and spherical
nanocomposites.”®' So the catalytic efficiency for the reduction reaction follows the order of

{111} > {100}.

KMnO,
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KMnO, YT
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/ Glucose 2-
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Fig. 26. Schematic illustration of formation of morphologically different CuO—MnQO,
nanocomposites. Reprinted with permission from ref. 281. Copyright 2014 from

American Chemical Society.

Facet selective growth of SnO, nanorods on the surface of a-Fe,Os has been reported by Yan
et al. By using {11-20} and {10-10} faceted a-Fe,O3 with different morphologies (nanorings,
nanocolumns, nanotubes and nanoplatelets) as template, they have synthesized a-Fe,O3-SnO,
composite nanomaterials under hydrothermal condition using Sn(OH)> as the precursor.**>
The preferential growth of SnO, nanorods on the {11-20} and {10-10} surface of a-Fe,Os
nanotube and nanocolumn along [101] and [101]/[001] directions, respectively have been
studied thoroughly by using TEM and HRTEM analysis (Fig. 27). The growth of SnO,

nanorods on the surface of a-Fe,O3 nanoring is similar to that of a-Fe,O3 nanocolumn (Fig.

Page 50 of 88



Page 51 of 88

Nanoscale

27A). HRTEM image in Fig. 27B indicates that SnO, nanorods grow along [001] direction of
a-Fe,Os3 nanoplatelets. The experimental finding of oxygen atomic position on both side of
{11-20} ¢-Fe203/ {101} sno2 and {10-10}4re203/{001 }sn02 interfaces suggests slight deviation of

oxygen atoms from their original position.
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Fig. 27. (A) TEM images of (a) a-Fe,Oz(nanotube)-Sn0O;, (b) a-Fe;O3;(nanoring)-Sn0O,,
(¢) a-Fe;O3(nanocolumn)-SnO; composites and (d) SEM images of a-Fe,Os(platelet)—
SnO; composites. (B) HRTEM images of (a) a-Fe;Oz(nanotube)-SnO,, (b) a-
Fe;03;(nanoring)-SnQ0,, (¢) a-Fe;O3;(nanocolumn)-Sn0O; and (d) a-Fe,Os(platelet)-SnO,
composites. Reprinted with permission from ref. 282. Copyright 2012 from Royal

Society of Chemistry.

3. High Index Faceted Nanomaterials

Recently high index facets (HIFs) have brought new insights for the improvement of facet
selective catalytic reactions. High-index facet is generally represented by {hkl} Miller indices
in which at least one index greater than unity. Due to presence of high density of low-
coordinated atoms, steps, edges and kinks within the structures, metal and metal oxide
nanocrystals with high index facet possess more active catalytic sites. According to

thermodynamic consideration, such types of facets are absent from the crystals in most of the
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cases due to their higher chemical reactivity. So for enhanced catalytic activity, design and
fabrication high index faceted metal or metal oxide nanoparticles is now a challenging task.
Recent studies shown that high index faceted nanocrystals have been synthesized either by
selective overgrowth technique or by site-specific dissolution of nanoparticles. Over the past
several years, different synthetic protocols have been developed for synthesis of metallic (Au,
Ag, Pt, Pd) and bimetallic nanoparticles with high index facets in order to improve their
catalytic or electrocatalytic reactivity. In comparison, preparation of high index faceted oxide

nanoparticles and their enhanced catalytic activities is not well explored.
3. 1. Metal and Bimetallic Nanoparticles

Pt concave nanocube enclosed by high index facet including {510}, {720}, and {830} was
prepared by using a simple route based on reduction in aqueous solution by using two syringe
pumps.283 Formation of Pt pyrophosphate complex in the reaction mixture and controlled
reaction rate by using a syringe pump play crucial role for selective over growth of seeds
from corners and edges. At the same time by introducing an additional capping agent KBr in
the reaction system, Pt concave nanocube has been obtained by selective capping of {100}
facets of seeds. So by using controlled overgrowth technique onto the selected corners or
edges and capping of particular facets, it is possible to obtain high index faceted metal
nanoparticles. However, these Pt concave nanocubes show a superior electrocatalytic activity
towards ORR reaction compared with those of Pt cubes, cuboctahedra, and commercial Pt/C

catalysts that are bounded by low-index planes such as {100} and {111}.

Keeping this idea in mind, in 2011 Xia et al. have demonstrated pronounced catalytic
efficiency of high-index {730} faceted Pd concave nanocubes towards electro-oxidation of
formic acid and in the Suzuki coupling reaction leaving aside regular cubes enclosed by low

index {100} facets.®’
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In a simple synthetic strategy, Pt concave nanocubes (CNC) have been synthesized by
reduction of HoPtClg in presence of PVP and glycine.”®* Experimental findings suggest that
here glycine behaves as size and shape controller by manipulating the reduction kinetics. It is
observed that the selective binding of glycine on this high index {hk0O} facets of Pt
nanocrystals during growth plays a vital role for formation of such type of Pt CNCs. On the
other hand PVP has no promising role for formation of Pt CNCs, but absence of PVP causes
aggregated products. So by introducing the stabilizing agent PVP in the reaction mixture,
dispersed Pt CNCs with {hkO} can be obtained. When this Pt CNC was used as catalyst for
electro-oxidation of methanol and formic acid then it is found that Pt CNC serves as a best
suited catalyst than commercial Pt black and Pt/C.

Anticipating pronounced plasmonic properties of high-index faceted Au nanocrystal, Han et
al. reported, for the first time, the synthesis of high-index {321} faceted hexoctahedral Au
nanocrystal.”® By judicious employment of reductant concentration, capping agent and
temperature of the reaction they obtained high-index faceted hexoctahedral Au nanocrystal
for higher SERS activities leaving aside low index faceted Au nanocrystals.

Using SERS as an experimental tool, Wang ef al. reported intrinsic facet dependent catalytic
efficiency of morphologically different Au nanoparticles enclosed by different types of high-
index facets towards hydrogenation reaction of 4-nitrothiophenol at room temperature.”
They also compared the performance of high-index faceted Au nanocrystals with that of low
index faceted Au in the catalysis. There, the order of the catalytic activity is explained by the
distribution of coordinatively unsaturated surface atoms on various crystal facets.

In 2015, Wang et al. also used surface enhanced Raman scattering as a time-resolved in situ
spectroscopic tool to study the facet dependent interfacial molecular transformations on Au
nanocatalysts. Using cationic surfactant and suitable reductant in presence of Cu' ions, they

produced high and low index faceted morphologically different Au nanocrystals.”®” In this
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work the importance of faceted Au nanocrystals over conventional cylindrical Au nanorods
has been described for pronounced optical extinction spectral features, plasmonic tenability
and superior catalytic activity towards reduction of 4-nitrophenol.

Considering high surface energy of Rh in comparison to other noble metals, Sun et al. could
synthesize high-index {830} faceted tetrahexhedral (THH) Rh nanocrystals by employing the
electrochemical means. They eventually proved superior electrocatalytic activity of THH Rh
nanocrystal over commercial Rh catalysts towards ethanol and CO oxidation.**®

Huang et al. described the relationship between the coordination number of surface Rh atoms
and thermal and shape stability of high index faceted Rh nanocrystals by employing
molecular dynamic simulation.”® There from bonding states analysis, it has been concluded
that thermal and shape stability of {210} faceted Rh NC is higher than the {310} and {830}
faceted ones. This is further explained considering the constitutions of {830} faceted
structure which is really composed of {210} and dominant {310} subfacets.

The influence of GO for synthesis of PtPd alloy concave nanocubes with high index facet has
been explored by Chen ez al. for the first time.”®® In absence of GO, reaction mixtures were
able to prepare only cubic PtPd alloy. In this present study GO played not only as a catalyst
support but also a structure-directing agents for formation of such type of high index faceted
alloy. Fig. 28 represents the growth mechanism for formation C-PtPd-RGO. Here small Pd
nanocluster should form first on the RGO sheets due to their strong interaction. Then Pt
component grew gradually on Pd nanocluster via galvanic replacement reaction, followed by
co-reduction of Pt and Pd precursors. Finally the as-synthesized C-PtPd-RGO showed
enhanced electrocatalytic activity and high durability toward methanol oxidation due to the
presence of high-index {730} facets and the strong interaction between catalysts and

graphene support.
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PtPd alloy concave
RGO nanocubes

Fig. 28. Schematic representation of the formation of RGO-supported PtPd alloy
concave nanocubes. Reprinted with permission from ref. 290. Copyright 2014 from

Royal Society of Chemistry.

Yan et al. synthesized Pt-Cu and Pt-Pd-Cu concave nanocubes enclosed by {hk0} HIFs
through progressive galvanic replacement reaction in a one pot hydrothermal process.291
Whereas by solvothermal method Li et al. prepared high index faceted Pt-Cu concave
hexapods.”* Despite these two synthetic approaches, Yang et al. further reported a new but
simple oil-phase method for synthesis of concave nanocube like Pt-Cu alloy bound by
HIFs.*” In all the three cases catalysts exhibited enhanced electrocatalytic activity for
methanol oxidation reaction due to presence of HIFs.

Another drastic enhancement in catalytic activity towards hydrogenation of styrene arises due

to existence of {hk0} HIFs in concave Pt;Co nanocubes.””* Such type of unstable structure

can be prepared by maintaining an appropriate ratio of oleylamine and oleic acid (Fig. 29).
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The superiority of the catalytic activity of Pt3Co concave nanocube with HIFs can be ascribed

due to the presence of more open structure and more active atomic sites.

Pt;Co concave na nocubes

{100} Terraces

Fig. 29. (a) TEM image, (b) 3-D geometrical model, (¢) HRTEM image and (d) Fourier
transform pattern of Pt;Co concave nanocubes. (e) Stepped surface highlighted from
the HRTEM image. (g) Schematic representation of Pt;Co nanocatalyst-involved
styrene-hydrogenation reaction. Reprinted with permission from ref. 294. Copyright

2014 from Wiley-VCH Verlag GmbH & Co.

Leung et al. reported the fabrication of FeNi concave nanocube with HIFs through one pot,
surfactant free electrochemical method by manipulating the growth kinetics of Fe and Ni.*”
In the second steps they developed a new avenue for the synthesis of monodispersed concave
nanocage like Fe-Ni with HIFs via a material independent electroleaching process. During
electroleaching process it is observed that material dissolution started at the center of the
concave face and to the edges continued until the complete cage formation takes place. Due
to higher strain and chemical potential, the concave faces are more pronounced for the
etching process rather than the edges of the cube. Remarkably, the high index facet exposed

concave nanocage and concave nanocube like Fe-Ni showed 100 fold and 10 fold

enhancement in the catalytic activity towards electrodetection of 4-aminophnol relative to

Page 56 of 88



Page 57 of 88

Nanoscale

cuboctahedrons with convex surfaces. The superiority of the former as catalyst has been
explained in terms of high index planes in the cavities of the nanocage and higher active
surface area.

3. 2. Metal Oxide Nanoparticles

3. 2. 1. Cuprous Oxides

The applications of Cu,O nanocrystals enclosed by HIFs have mainly been focused in the
field of photocatalysis and CO oxidation. It was found that high index faceted Cu,O
nanocrystals could improve their catalytic efficiency towards these reactions compared with
other low index faceted Cu,O nanocrystals.

Wang and co-workers reported the catalytic activity of polyhedral 50-facet Cu,O nanoparticle
enclosed by high-index {311} facets by maintaining the concentration of OH™ and the volume
ratios of polar solvents to water in the mixed solvent for CO oxidation.”*® In another work,
concave octahedral Cu,O microcrystal mainly enclosed by {332} high index facets have been
synthesized in presence of an anionic surfactant SDS (sodium dodecyl sulfate) for superior
performance in CO oxidation.”’

Guo et al. recently reported a facile one step synthetic method for fabrication of multifaceted
Cu,0 that can be considered as an active photocatalyst for reforming glucose under visible
light.*® It was observed that preferential accumulation of photogenerated electrons on high
index {104} facets and holes on {100} facets of a Cu,O polyhedron were responsible for
efficient charge separation and as a result Cu;O with more HIFs showed enhanced
photocatalytic activity for reforming of glucose.

Yang et al. demonstrated that polyhedral 50-facet Cu,O nanoparticle enclosed by 24 high-
index {211} facets, via a facile seed-mediated solution phase route, showed a much higher
photocatalytic activity toward methyl orange degradation than that of the products with low

. 298
index facets.
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Similar photocatalytic improvement towards methyl orange degradation was also achieved in
other high index faceted Cu,O nanocrystals such as {522} facet enclosed polyhedron Cu,O
and {211}, {522} or {311} faceted perfect polyhedral Cu,0.2*19%1%4

3. 2. 2. Ferric Oxides

Lu et al. demonstrated the synthesis of two kinds of brand new high-index faceted polyhedral
iron oxide: tetrakaidecahedra and oblique parallelepipeds with the assistance of the viscous
macromolecule sodium carboxymethyl cellulose (CMC) and the addition of different amount
of N,Hy solution.*® In this work CMC played a key role as stabilizing agent by dividing the
solution into numerous channels in the reaction system because it have many carboxymethyl
side groups which prohibits them from getting close to each other. Whereas in basis medium
(by addition of NyHy) Fe O3 grew faster, so by varying amount of N,H4 one can controlled
the growth of Fe,O; nanoparticle with different exposed surfaces.*®’ From magnetic
measurements it is observed that two types Fe,O3; nanoparticle with different HIFs showed
different magnetic behaviour. The tetrakaidecahedral a-Fe,O; bound by {012}, {102}, and
{001} facets, might be spin-canted ferromagnetically controlled at room temperature and it
disappeared at temperatures lower than T,, (Morin transition temperature) while the other i.e.,
the oblique parallelepiped a-Fe,O; form bound by {012}, {01-4}, and {-210} facets showed
spin-canted and defect ferromagnetism at room temperature.

Similar type of magnetic behaviour was also achieved in other two high index faceted o-
Fe,0;. Here quasi-cubic a-Fe,O3 bound by {012}, {10-2}, and {1-12} facets and hexagonal
bipyramid a-Fe;O; polyhedrons with {012} facets have been successfully synthesized only
by applying metal ions Zn" and Cu'?, respectively as structure-directing agents.’”
Additionally, in 2013 Gao et al. reported Ni** ion induced synthesis of high index faceted a-

Fe,0; and their facet-controlled magnetic proper‘[ies.3 03
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Hou et al. reported the fabrication of different phase of iron oxides with varied shapes and
ultimately the effect of HIFs for photocatalytic degradation of RhB dye.*** Appropriate ratio
of oleylamine and acetylacetone played a key role for formation of different phase of iron
oxide (a-Fe,O5 and Fe;0,4) with varied shapes. Here oleyammine provides a strong reductive
environment for the reduction of Fe™ to Fe*? and on the other hand acetylacetone affects Fe™
by giving an oxidative atmosphere. Whereas truncated nanocube and oblique nanocube like
a-Fe,O; were formed in presence and in absence oleic acid. This experimental finding
suggested that oleic acid played an important role in tuning the crystal shape as the
carboxylic groups of oleic acid have a strong chelating ability and the non polar tail group
behaves as a stabilizing function of this ligand. Truncated nanocube like a-Fe,O3 with {102}
and {104} facets showed higher photocatalytic activity for degradation of RhB than oblique
nanocube like a-Fe,O3; with {102} facets due to presence of more active high index facets.
Presently, Yu and co-workers compared the photocatalytic activity of {012} faceted a-Fe,Os
nanocubes and {001} faceted a-Fe,O5; nanoplates for degradation of methyl orange (MO) and
rhodamine B (RhB) under visible light in presence of H,0,.*” From DFT calculation it
should be noted that the adsorption energy of MO on {012} and {001} facets of a-Fe,Os is
higher than that of RhB and the adsorption energy for MO and RhB on {012} facet is higher
than {001} facet. Experimental results also suggested that {012} faceted a-Fe,O; served as a
better photocatalyst than {001} faceted a-Fe,O3;. That means a particular facet on nanoscale
has definite selectivity in heterogeneous photocatalysis.

Again the improved photocatalytic activity of truncated nanooctahedral a-Fe,Os with high
index {102} facets has been discussed by Gao et al.**

Zheng and coworkers have followed the routine but systematic change in the concentration of
the precursor compound, solvent parameter and reaction time for the synthesis of different

faceted Fe,O5 nanopar‘[icles.m7 Supersaturation condition has been proved to evolve high
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energy {113} faceted Fe,O3 nanocrystals whereas {012} or {001} faceted Fe,O3 nanocrystals
were produced from lower supersaturated condition from hydrothermal synthesis. However,
comparatively low energy facet {012} supports better catalytic performance for CO
oxidation. For gas sensing {113} facet becomes the best suited one. But least efficiency for
both CO oxidation and gas sensing ability was observed for {001} facet.

Tailoring the high index facets of a-Fe,Os could also play a crucial role for gas sensing. One
impressive related result is that for a given acetone concentration high index {104} faceted a-
Fe,0; shows higher sensor response than from the commercial o-Fe,03 powder.*® Such type
of {104} faceted a-Fe,O; have been synthesized by simple hydrothermal method through an
aggregation, phase transformation and recrystallization mechanism. Zhao et al. demonstrated
that formamide in the reaction mixture plays a pivotal role for synthesis of such type of
unstable structure with high reactive facets. Here formamide molecules selectively adsorbed
on highly reactive {104} planes, resulting in the preservation of {104} planes. So formamide
serves as a facet directing agents.

Wang et al. demonstrated polyhedral a-Fe,O; based on oriented attachment growth process in
presence of CMC (carboxy methyl cellulose) and PVP, which gave excellent gas sensing
selectivity to ethanol vapour due to the exposure of high index facets.>”

Wu et al. studied the influence of double ligand PO43 “and formamide for formation of HIFs
{112} exposed hexagonal o-Fe,O3 nanorods.*'’ It is found that PO,> adsorbs very strongly on
the facets parallel to the c-axis restraining the growth along radial direction, while formamide
selectively adsorbs on the {112} facets and leads to restrained the growth of a-Fe,O; along
{112} direction. Due to presence of high surface energy facets hexagonal a-Fe,O3 nanorods
show enhanced electrochemical sensing capability toward H,O, ranging from 40 uM to 4.66

mM.
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Similar improvement was also achieved in other high indexed octadecahedral a-Fe,O3; bound
by twelve dominant {112} facets and six {104} facets toward H,0, sensing.*"'
In a recent study, Li ef al. investigated the catalytic properties of concave nanocube like a-

Fe,03 with high index {1344} and {1238} facets for low temperature CO oxidation.”'* 100

% CO conversion was achieved at 160°C when HIF exposed a-Fe,O; was used as catalyst.
But for a-Fe,O3 nanorods CO conversion was only 10.8% though it has higher surface area
(39.3 m* g') than form o-Fe,03 nanocube (13.7 m* g"). So here the exposed crystal planes
play very important role rather than the surface area for determining the catalytic efficiencies
of the catalyst. Again this enhanced efficiency could be attributed to the higher reactivity of
the HIFs.

Enhanced electrochemical performance in terms of cyclability, specific capacity, and high
rate were also achieved by using high index {104} faceted rhombohedral o-Fe,Os; as
catalyst.’”> Deng et al. successfully prepared rhombohedral a-Fe,O; by using FeCls as the
precursor in presence of 1-propanol under hydrothermal condition without any additives.
During the growth process, hydrolysis of FeCl; under hydrothermal condition produced H"
and CI ions which are responsible for further etching of the rhombohedral structures. It is
noted that etching process preferentially occurred on the edges of rhombohedral structure
compared to smooth surface with low surface energy and ultimately produced high index
{104} faceted a-Fe,O;. The materials exhibited high specific capacity of 550 mAh/g after
120 cycles at a rate of 200 mA/g because of the high surface energy of HIFs.

3. 2. 3. Cobalt Oxides

Li et al. have demonstrated the synthesis of differently shaped Co3O4 nanocrystals exposing
different crystal planes via hydrothermal process of cobalt hydroxide precursor and
subsequent direct thermal decomposition.”'* The catalytic property of {112} facet dominant

Co304 nanosheet for methane combustion is superior to that of Co3O4 nanobelts and cubes.
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This experimental result suggests that high index {112} facet is much more reactive than low
index {011} and {001} facets. Fig. 30 depicts the surface atoms arrangement of fcc Co3;O4
nanocrystals with different facets. It is observed that the area of adjacent four brown sphere is
highest in case of {112} planes to that of {001} and {011} facets which suggests that {112}
facet is more open. So {112} faceted Co3O, nanosheet shows superior catalytic activity for

methane combustion than the other two faceted Co3O4nanoparticles.
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Fig. 30. Representation of surface atoms arrangement of fcc Co304 nanocrystals with

different crystal facets. Reprinted with permission from ref. 314. Copyright 2008 from

American Chemical Society.

3. 2. 4. Titanium Dioxides

Anatase bipyramidal TiO, nanocrystals bound by HIFs were prepared by a simple
solvothermal method using titanium butoxide as the Ti source in a mixed solvent containing
acetic acid and N,N-dimethylformamide.”"> Interestingly, this rare bipyramidal TiO,
nanocrystals with two asymmetric pyramids have two types HIFs: short part is bound by

{201} facets whereas the long part is bound by {401} facets (Fig. 31). During the anisotropic
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crystal growth process, the long end of the bipyramidal TiO; has a tendency to self assemble
on the higher energy {401} facets to minimize the free energy and ultimately form dandelion-
like hierarchical structure. In addition, the {201} surfaces were exposed to the outside of the
sphere as they can probably be stabilized by acetate ion present in the system. The
experimental results further demonstrated that anatase bipyramidal TiO, nanocrystal was
used as anode material for lithium-ion batteries and showed very low initial irreversible
capacity loss and superior cyclic capacity retention upon extended cycling probably due to

presence of HIFs.

{1b1)

{002) NN
{-101)

d1o1=0 .35-nm

Fig. 31. (A, B) TEM images of bipyramidal TiO; nanocrystals (inset in B: corresponding
SEAD pattern). (C and D) HRTEM images of bipyramidal TiO; nanocrystals taken
from the dotted circles I and II in (B), respectively. (E) 3D Geometrical model of TiO,
needles. Reprinted with permission from ref. 315. Copyright 2011 from Royal Society of

Chemistry.
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The use of titanium disilicide (TiSi,) as a Ti source and hydrofluoric acid as crystallographic
controlling agent are favourable for the synthesis of Si doped TiO, single crystals
(Tio.30Si0.1102) bound by {201} HIFs under hydrothermal condition.*'® This catalyst exhibited
superior visible light induced photocatalytic activity for hydrogen evolution due to in situ
incorporation of Si element to extended the light adsorption in visible region and presence of
highly reactive {201} HIFs.

3. 2. 5. Tin Dioxides

The use of SnCl4.5H,0 as the precursor in an appropriate acidic environment adjusted with
HCI in presence of PVP was favourable for the synthesis of octahedral SnO, nanoparticles
with high index {221} facets under hydrothermal condition.’'” The as-synthesized octahedral
SnO, nanoparticles served as a better catalyst for ethanol sensing due to presence of high
energy {221} facets. In this study, additional HCI prevented the hydrolysis of Sn* ions to a
certain extent and slow down the growth of SnO,. In addition, PVP played a crucial role in
dispersing the SnO; particles and prevented their aggregation with each other. From literature
it is observed that the relative surface energy of {221} facets of SnO, (2.28 Jm™) is higher
than common low-index facets such as {110} (1.401 Jm?), {101} (1.554 Jm™), and {100}
(1.648 Jm™).>'® From BET surface area measurements, it is observed that {221} faceted
octahedral SnO, has lower surface area value (11.02 m’g") than from elongated octahedral
(18.70 m’g™) and lance-shaped (41.49 m’g") SnO, nanoparticles. So experimental finding
suggested that gas sensing property of faceted SnO, nanoparticles is closely related to their
exposed facets but not due to their surface area.

3. 2. 6. Indium Oxides

In a roundabout way, high index {211} faceted trapezohedron-shaped (TS) In,O3 has been

synthesized by Han er al. in ionic liquid.*" This has again exhibited higher gas sensing
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activity and high thermal stability due to the presence of high-density atom steps, ledges, and
dangling bond.

3. 3. Polyoxometalates (POMs)

We recently reported precursor salt assisted synthesis of high index {hkl} faceted concave
hexagonal plate like polyoxometalates.> There comes totally new information from surface
etching of a well defined crystal plane for obtaining high index faceted nanocrystals.
Selective etchants remove specific facets producing high index faceted crystal structures. It is
found that upon addition of ammonium heptamolybdate (AHM) [etching agent] the reactivity
of {001} crystal plane of hexagonal plate like ammonium copper molybdate (ACM) is much
higher than {010} plane and as a result of which hexagonal plate like ACM becomes
corrugated to concave hexagon with high index facet (Fig. 32). It has been shown that high
index facet {422} exposed concave hexagonal ACM exhibited substantially enhanced
photocatalytic activity towards congo red degradation than the other microstructures enclosed

by low index facets.

AHM

MHT

Fig. 32. Schematic illustration of preparation of high-index faceted concave hexagonal
plate-like ACM from hexagonal plate-like ACM. Reprinted with permission from ref.

320. Copyright 2015 from Royal Society of Chemistry.
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4. Conclusions

Herein, we have discussed the recent progress of synthetic strategy based on oxidative
etching, surface capping, and kinetic/thermodynamic control for the fabrication of faceted
metal, bimetallic, metal oxide, and composite nanomaterials. We have strived to explain the
key factors that control the growth rate of different facets and ultimately determine the final
shape of a nanocrystal. Such types of faceted nanocrystals provide a great opportunity to
design new catalyst with substantially higher catalytic reactivity. Here, we have mainly
emphasized on the enhanced catalytic activity of faceted oxide nanomaterials to overcome the
cost effect of precious Pt-group of metals. Finally, this article explored the importance of
thermodynamically unfavourable high index facets over the other low index facets in
improving the catalytic reactivity of metal and metal oxides. This is mainly due to the
presence of low-coordinated atoms, steps, and kinks in the high index faceted nanocrystals.
Only recently a paradigm shift in photocatalysis has been explored taking hetero-junction into
consideration. In future faceted hetero-junction might enlighten the world of photocatalysis to
a great extent.
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