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PREFACE

The thesis consists of five parts of which the first Part gives a brief overview of the
nanocarbons and related materials. Part 2 deals with the results of investigations of a new form
of nanocarbons, single-walled nanohorns (SWNHSs). In this part, Section 2.1 describes the
synthesis of SWNHSs by submerged arc discharge of graphite rods in liquid nitrogen medium.
Along with this, covalent and non-covalent surface functionalization of SWNHSs to make them
soluble in organic and aqueous medium is also presented. Section 2.2 presents a method to dope
SWNHSs with nitrogen. The submerged arc discharge technique to prepare SWNHSs has been
extended by carrying out arc discharge in liquid argon. Various other nanocarbons such as
graphene and MWNTSs are obtained by the submerged arc discharge of graphite rods in DMF and
water media respectively. Mechanical properties of SWNHs incorporated in poly(vinyl alcohol)-
matrix (PVA) are presented in Section 2.3. Even a small addition of SWNHSs leads to a
significant enhancement in the hardness and elastic modulus of the polymer. When binary
combination of SWNHSs with few-layer graphene reinforced in PVA, the mechanical properties
of the resulting composites show synergy, improving the stiffness and hardness.

Covalently-linked nanocomposites based on graphene form the subject matter of Part 3.
Section 3.1 describes the synthesis of nanocomposites of graphene with single-walled carbon
nanotubes using Sonogashira and EDC coupling reactions. Assemblies generated by Sonogashira
coupling exhibit high surface area and good CO, uptake efficiency. Graphene composites
containing covalently bonded metal oxides are discussed in Section 3.2. On calcining this
graphene-metal oxide composites in air thin metal-oxide films of TiO, and/or SiO, are obtained.

Part 4 presents covalently cross-linked MoS; nanocomposites with Section 4.1 providing
a brief overview of the Molybdenum disulfide. Section 4.2 describes the synthesis of hybrid
nanocomposites of MoS, with ZIF-8 starting with layers of 1T-MoS;, generated by Li
intercalation of bulk MoS,. MoS,-ZiF-8 composites show enhanced CO, storage capacity
compared to the parent ZIF-8. Use of MoS,-RGO composite as an electrocatalyst for oxygen
reduction reaction is presented in Section 4.3. Section 4.4 presents covalently cross-linked

porous assemblies of MoS;, and of MoS,-RGO synthesized by the Sonogashira coupling
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strategy. These 3D frameworks show high CO, and H, uptake due to the presence of pores

generated by cross-linking the individual layers.

C3Ng4, MoS; and nitrogenated RGO (NRGO) are some of the important catalytic materials
investigated for the HER after Pt. But the observed catalytic activities in these materials are
somewhat marginal due to the rapid recombination of the photogenerated electron-hole pair.
Coupling of C3N4; with MoS, improves the catalytic activity owing to effective charge
separation. Section 4.5 reports the HER activity of covalently cross-linked C3Ns-MoS; and
C3sN4,-NRGO composites obtained by the carbodimide method, the hydrogen yield being
impressive in the case of the former.

In Part 5, borocarbonitride-based nanocomposites are examined, with Section 5.1
describing the use of the borocarbonitride-iron pthalocyanine composite as a non-precious
catalyst for the oxygen reduction reaction. Selective and simultaneous detection of dopamine and
uric acid by using BCN and MoS,-RGO composite modified electrodes is presented in Section
5.2.
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1: Overview of Nanocarbons and Related Materials

A Brief Overview of Nanocarbons and Related Materials

1.1: Introduction

Carbon is one of the most important essential elements for life. It has the ability to
form extended chains of interconnecting C-C bonds which is known as catenation.
Catenation makes carbon special with the highest number of carbon compounds reported in
the literature compared to any other element. Carbon has the capability of forming complex
networks. Furthermore, carbon forms allotropes such as diamond, graphite nanotube and
fullerene which exhibit different physical and chemical properties. Nanocarbon term is used
in recent years to specify the large array of carbon materials possessing a nanoscale feature
and functional properties that greatly depend on the nanoscale dimensions.® The term
‘nanoscale’ usually refers to those structures with the length scale applicable to
nanotechnology. Generally, materials with one of the dimensions in the range of 1-100 nm fit
into this category. One-dimensional (1D) carbon nanotubes (CNTs) and two dimensional
(2D) graphene belong to this category. Other types of carbon materials, such as fullerenes,™”!
-diamonds,™*Y -onions,* -horns,™*! and —fibers!*! also occur as nanostructures. Schematic

diagrams of some of nanocarbons are shown in Figure 1.

Graphene Nano cone Nano diamond

Figure 1 OD, 1D, 2D and 3D allotropes of carbon. (From ref. [7]).
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1: Overview of Nanocarbons and Related Materials

Nanocarbons possess high electrical, thermal conductivity and large specific surface
area along with the good mechanical strength that conventional material cannot match which
makes their field of application large. Moreover, these characteristic properties can be
achieved over broad range of conditions along with the diversity in their structure. Due to
this reasons, nanocarbons are extensively studied in applications going from photonics and
optoelectronics to biotech and nanomedicine.l* ® ** 181 Recently, nanocarbons have gained
increased focus as a catalyst in a variety of energy related applications such as Li-ion
batteries, metal-air batteries, fuel cells, supercapacitors, water-splitting reactions and so

on.[17. 18]

1.2: Fullerenes

The 0D form of carbon, fullerenes, contains a closed cage of carbon molecules with
three-coordinate carbon atoms tiling spherical or nearly spherical surfaces. In 1970, Osawa
envisioned soccer-ball shaped Cg, molecule based on theoretical calculation.*! In 1985,
Smalley, Curl and Kroto observed a peak due to sixty carbon clusters in the mass spectrum of
laser evaporated graphite with the next most abundant peak from seventy carbon cluster.®”!
They proposed closed cage truncated-icosahedral structure to explain the unusual stability of
Ceo Which leads to its high relative abundance in the vapour phase mass spectrum. For this
novel discovery, they shared Nobel Prize in 1996. Cg has 20 six-membered and 12 five-
membered rings with the latter providing the curvature necessary for forming a closed-cage

molecule.

Figure 2. Cgo Molecular Structure
Fullerenes are stable molecules. Theoretical calculations suggest that a single Cgo
molecule has a extremely high bulk modulus of 668 GPa. When compressed to 75 % of its
size, it becomes harder than steel and diamond.""! Fullerenes are the only carbon forms that
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1: Overview of Nanocarbons and Related Materials

can be chemically hydrogenated and dehydrogenated reversibly due to their unique
molecular structure.”? The properties of Cg to accept electrons from photoexcited
conjugated polymers like oligophenylenevinylene (OPV) has attracted fair attention in view
of its potential application in photovoltaic devices.!”®! Cgo and other fullerenes are generally

made by arc evaporation of graphite rods in inert atmosphere.*!
1.3: Carbon nanotubes (CNTS)

In 1991, lijima observed the carbon nanotubles deposited on the negative (cathode)
electrode during direct current arcing of graphite electrodes while preparing fullerenes.
Carbon nanotubes (CNTSs) can be envisaged as rolled hexagonal carbon networks that are
capped by pentagonal carbon rings which can be either single-walled (SWNTSs) or multi-
walled (MWNTS). CNTs have typical lengths of micron and are closed at either end due to
the presence of five membered rings. The nanometre magnitude of the CNTs along with the
characteristic electronic structure of a graphene, make these 1D form extremely unusual.?®!
After lijima’s paper, growth mechanisms of CNTs has been studied and used in variety of
application because of their high surface area, electronic conductivity and good mechanical
strength. CNTSs are extremely strong materials with the tensile strength ranges from 11 to 63
GPa, while Young’s modulus is also very high, in the range of 270 to 950 GPa.?®! High
thermal conductivity of CNTs (6000-3000 W/mK) arises because of the large phonon mean
free path.

Synthesis

MWNTs have been traditionally prepared by the arc-evaporation of graphite.’” A
schematic diagram of the arc-discharge chamber is shown in Figure 3a. In this method, an
electric arc is struck between two graphite electrodes, with a current of 60-100 A across a
potential of 20-30 V in a helium atmosphere (approximately 500 torr). Carbon evaporates
from the anode and gets deposited at the cathode, thereby yielding a cathodic stub. The
cathodic stub contains a high yield of MWNTs. CNTs can be prepared in large quantities
using plasma arc-jets, by optimizing the quenching process in an arc between a graphite
anode and a cooled copper electrode.® SWNTs were first synthesized by metal-catalyzed
DC-arcing of graphite electrodes.” The graphite anode is normally filled with metal
powders such as Fe, Co or Ni and pure is used as the cathode. Large quantities of SWNTSs as

seen in Figure 4a can be obtained by using a mixture of 1 at.% of Y and 4.2 at.% of Nj.*%
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1: Overview of Nanocarbons and Related Materials

(b)
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Figure 3. Schematic diagram of (a) arc discharge chamber, (b) high-temperature laser
ablation and (c) organometallic pyrolysis experimental set-ups.

SWNTs have also been synthesized by the condensation of a laser-vaporized carbon-nickel-
cobalt mixture at 1200 °C.EY A sketch of the laser-ablation set-up is shown in Figure 3b.

The decomposition of hydrocarbons over small metal catalyst has been the focus area
of research in the synthesis of CNTs due to their scalability and ease of synthesis 2.
MWNTSs have been obtained by the decomposition of acetylene under inert conditions over
Fe or Co/graphite®¥ and Fe/Si0,.*! The presence of transition metal catalyst is essential
for the formation of nanotubes and the diameter of the nanotube is determined by the size of
the metal particles.*) Aligned MWNT bundles have been obtained by chemical vapor
deposition over transition metal catalyst embedded in the pores of mesoporous silica or in the
channels of alumina membranes.!* Plasma-enhanced chemical vapor deposition on nickel-
coated glass using acetylene and ammonia has been employed by Ren et al.”® to obtain
aligned MWNT bundles.
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1: Overview of Nanocarbons and Related Materials

Figure 4. Electron microscope images of (a, b) SWNTSs prepared by arc discharge
process, (¢) MWNTSs, (d) aligned MWNT bundles (Inset: Y-junction nanotube).
Pyrolysis of organometallic compounds such as ferrocene, cobaltocene, nickel or iron

pthalocyanine in a two stage furnace provides a straight forward procedure to prepare
CNTs.B The organometallic compound acts as a source of carbon as well as metal catalyst
nanoparticles. In a typical synthesis, a metalocene is slowly sublimed from furnace 1 to
furnace 2 placed at a higher temperature in an inert atmosphere (Figure 3c). Additionally
hydrocarbons such as acetylene, methane, etc can also be used as secondary carbon sources.
The parameters that can be varied in these pyrolysis reactions are sublimation rate of the
organometallic precursors, flow rate of the carrier gas and the pyrolysis temperature. This
method has yielded MWNTSs,®® aligned MWNT bundles,®®! and aligned metal filled
MWNTSs,B% Y-junction MWNTSs,®¥ as well as SWNTs under various experimental

conditions.
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1: Overview of Nanocarbons and Related Materials

Structure

A SWNT can be visualized by cutting Cgp across the middle and adding a graphene
cylinder of same diameter. If the Cgp is bisected normal to a three-fold axis, a zigzag tube is
formed and if it is bisected normal to a five-fold axis, an arm-chair tube is formed. However,
a variety of chiral nanotubes can be obtained with the screw axis along the axis of the tube
(armchair and zigzag nanotubes are achiral).

Cy=na,+ ma, = In, m)

(@)

Figure 5. (a) 2D graphene sheet showing chiral vector Cy, and chiral angle 6 and (b)
Schematic models of armchair, zigzag, chiral nanotubes (From ref. [27]).

Nanotubes can be defined by chiral vector Cy and chiral angle 0 using the equation,

Ch=na; + ma, (1)
Where a; and a, represent unit vectors in graphene 2D lattice and n, m are integers (Figure
5a).

The vector Cy, connects two crystallographically equivalent sites on a 2D graphene
sheet while the chiral angle is the angle it makes with respect to zigzag direction. A tube is
formed by rolling up the graphene sheet that two points connected by the chiral vector
coincide. The nanotube can be specified by the pair of integers (n, m), which have a wide
range of values. For the armchair nanotubes, n = m # 0 while n # 0, m = 0 for the zigzag
nanotubes. For a nanotube defined by the index (n, m), the diameter, d, and chiral angle, 9,
are given by the equations 2 and 3, where a = 1.42 A° and 0<6<30°.

d=a.-(m?’+m.n+n’"/x (2)

0 = arctan (-(3)" *>-m)/2n+m) (3)
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1: Overview of Nanocarbons and Related Materials

It should be noted that nanotubes having chiral numbers n = m (arm-chair) are
metallic and quasi-metallic if n—m is divisible by 3, while all the other nanotubes are
generally semiconducting. In conventional synthetic processes for SWNTs, metallic
nanotubes constitute 33%, the remaining being semiconducting nanotubes.

1.4: Graphene

The 2D form of carbon, called graphene (or ‘2D graphite’), is the mother of all
graphitic forms in which carbon atoms are tightly packed in a honeycomb lattice. These 2D
sheets can either be wrapped up into 0D fullerenes, rolled into 1D nanotube or stacked into

3D graphite (Figure 6).

0D Buckyball 1D Nanotube 3 D Graphite

Figure 6. Mother of all graphitic forms. (From ref. [38]).

Graphene is the 2D counterpart of 3D graphite, displays good crystal quality and
ballistic conduction. But some of the earlier reports indicated that, in the typical harmonic
approximation, thermal fluctuations demolish the long-range order which leads to the melting
of 2D lattice at any finite temperature and hence perfectly 2D crystal cannot exist.2%4?
However, a thorough investigation of the 2D crystal problem beyond the harmonic
approximation has lead to the conclusion that the interaction between the bending and
stretching of long-wavelength phonons could in principle steady atomically thin membranes
through their deformation in the third dimension.****! Theoretical investigations in 1940s®!
pointed out that the graphitic layers in their isolated form can display extraordinary
characteristics. Latter, first experimental study on graphene by Novoselov et.al**”! showed it

exhibits pronounced ambipolar electric field with a very high concentration of electrons and
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holes, upto 10**/cm? and mobilities of ~10,000 cm?®/V at room temperature. Furthermore,
other properties such has high elasticity,*®! unusual magnetic properties,** %% extremely high
surface area, gas adsorption® (H,, CO, and CH,) and charge-transfer interactions with
electron-donor (-acceptor) molecules makes it more exciting for numerous applications.> !
In general the term ‘graphene’ refers to a single-layer of sp? bonded carbon atoms while bi-
and few-layer (3-4 layers) graphene also equally investigated due to dramatic changes in
properties with the increase in number of layers.
1.4.1: Synthesis of single and few-layer graphenes

In graphite, overlapping of partially filled Pz or & orbitals perpendicular to the plane
of 2D sheets causes stacking of layers (involve van der Waals forces). Attempts have been
made to obtain monolayer graphene through exfoliation of bulk graphite due to the weak
bonding and greater lattice spacing in the perpendicular direction as compared with small
lattice spacing and stronger bonding in the hexagonal lattice plane. Graphene layers of
variable thickness can be generated by micro mechanical exfoliation or peeling off layers
from highly ordered pyrolytic graphite (HOPG). Manipulation and peeling of graphene layers
from HOPG is carried by AFM and STM tips %% while precise control over folding and
unfolding of sheets could be achieved by modulating distance or bias between the tip and
sample.’” Zhang et al.®® showed that by using graphitic islands attached to tip of micro-
machined Si cantilever 10-100 nm thick graphene sheets can be obtained to scan over Si/SiO,
surface. Novoselov et al.l*) obtained atomically thin graphene sheets from pressed patterned
HOPG square meshes on a photo resist spun over a glass substrate by repeated peeling using
scotch tape and were released in acetone. By dipping Si/SiO, wafer in acetone, monolayers
of graphene can be captured. Even though mechanical exfoliation gives graphene layers of
good quality (least defects), this method is not applicable for bulk scale preparations.
Chemical exfoliation, on the other hand, has an added advantage of large scale productivity.
Exfoliation

During exfoliation, inter-layer spacing between stacked layers can be increased by
intercalating guest molecule or by oxidizing the layers surface which are then sonicated or
heated to get single-layer graphene (SGO). Classic example of chemical exfoliation involves
the oxidation of graphite to graphite oxide (GO) by strong oxidizing agents like KMnO, and
NaNOj3 in H,SO4/H3PO4 media which results in increased inter-layer spacing from 0.34 nm

Page 10



1: Overview of Nanocarbons and Related Materials

to 0.95 nm.[?®! The obtained product is ultrasonicated in DMF:water (9:1) mixture to get
SGO. The SGO obtained by chemical exfoliation has a high density of carboxyl, aldehydic
and hydroxyl functional groups on the surface. Chemical reduction with hydrazine hydrate is
carried in order to achieve graphene-like properties.®” The well dispersed graphene layers
obtained from chemical oxidation followed by reduction are generally known as reduced
graphene oxide (RGO).

Sudden heating of graphite oxide (GO) to 1050 °C causes evolution of CO, from

functional groups which breaks GO sheets into individual layers and are known as exfoliated
graphene (EG).[” ® Guoging et al. used microwave source for thermal shock treatment to
carry out exfoliation of acid intercalated graphite oxide.’®® HOPG exfoliation is also been
carried out using a pulsed laser source (neodymium-doped yttrium aluminium garnet) which
yields few-layer graphene (2-3 layers)."”
Viculis et al.™ obtained K, Cs and NaK, intercalated graphite by treating acid
intercalated/exfoliated graphite with that of alkali metals in a sealed Pyrex tube. Alkali metal
intercalated graphite on vigorous reaction with ethanol gives exfoliated graphene. Schematic
diagram illustrating intercalation and exfoliation of graphite is shown in Figure 7a.

', _ |

il

EG/HG-CS

Figure 7. (A) Schematic diagram showing the intercalation of Potassium between layers
followed by violent reaction with alcohol to produce exfoliated (~30 layers) thin slabs of
graphite (From ref. [71]); (B) Schematic illustration of the exfoliation of few-layer graphene
with Coronene tetracarboxylate (CS) to yield monolayer graphene—CS composites. (From
ref. [73]).
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K intercalated graphite is also been prepared by using ternary potassium salt to obtain
K(THF)«C24 which readily get exfoliated in N-methyl-2-pyrolidine solvent resulting in
single-layer graphene with negative charges on surface, and these layers can be easily
deposited onto any substrate.’? Ghosh et al.l”® showed that the treatment of exfoliated
graphene (EG) with potassium salt of coronenetetracarboxylic acid (CS) followed by
sonication results in simultaneous exfoliation and non-covalent functionalization of graphene
(Figure 7b). These EG-CS complexes give stable dispersions even at higher concentrations in
ionic liquids. The process of exfoliation-reintercalation-expansion of bulk graphite leads to
the highly conducting graphene layers suspended in organic solvents.
Chemical vapor deposition

Chemical Vapor deposition (CVD) is the most promising, easily accessible and
inexpensive route available for the deposition of high quality graphene on transition metal
substrates. This technique based on the carbon-saturation of transition metals at relatively
higher temperatures (1000-1500 °C) upon exposure to hydrocarbon gas. On cooling the
substrate, thin carbon film get precipitated due to decreased solubility of carbon at low
temperature. Different transition metal substrate such as Ni,!" Pd,"® Ru,l"® Ir,l"} and Cu,["®
have been used as substrates with various hydrocarbons like methane, ethylene, acetylene
and benzene. Decomposition of various hydrocarbons on different transition metal substrates
gave the conclusion that growth of graphene depends on the reaction conditions as well as on
the hydrocarbon source. Methane (60-70 sccm) or ethylene (4-8 sccm) vapor diluted with
hydrogen (500 sccm), and decomposed on a nickel foil at 1000 °C for 5-10 min results in
single-layer graphene (SLG). Similarly, on a cobolt foil, acetylene (4-8 sccm) and methane
(65 sccm) mixture diluted with hydrogen (500 sccm), decomposed at 800 and 1000 °C,
respectively also yields SLG. In case of benzene, vapors diluted with hydrogen and argon
was decomposed on a nickel foil at 1000 °C for 5 min to get SLG. In Figure 8 we show the
AFM images and Raman spectra of graphene sheets prepared using methane-based CVD on
nickel films deposited over complete Si/SiO, wafers. The relative high intensity and narrow
line width of 2D (~ 2760 cm™) bands, confirms that the obtained samples mainly contain
mono (or) bi-layer graphene. Moreover, graphene obtained by CVD is easily transferred to

any other arbitrary substrate by etching of the underlying transition metal substrate.
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Figure 8. (a) Schematic of full-wafer scale deposition of graphene layers on polycrystalline
nickel by CVD. (b) E-beam evaporated nickel film (100 nm) on a 4” Si/SiO, wafer. (c) AFM
image of Ni film before (top) and after (bottom) thermal annealing. (d) AFM image of
Graphene layers deposited on polycrystalline Ni. Raman spectra on the right were taken on
locations marked as A and B. (e) G’ band Lorentzian fits of the Raman spectra showed in (d)
from monolayer (A) and bilayer (B) graphene. (From ref. [79]).
Arc discharge

Synthesis of graphene from arc evaporation of graphite rods in the presence of
hydrogen gas is relatively new method which yields few-layer graphene (2-3 layers) with the
flake size of ~100-200 nm."®% 8 Existence of H, gas during arcing terminates the carbon
dangling bonds, thereby avoiding the formation of closed structures. Graphene can be
deposited on the inner walls of arcing chamber by employing the conditions of high current
(above 100 A), large voltage (> 50V) and huge pressure of hydrogen (above 200 torr). By
regulating gas pressure and currents during arc discharge, graphene with varying number of
layers can be obtained. This method is also adequately employed to dope graphene with
boron and/or nitrogen. Arc evaporation of graphite rod in a mixture of H,+diborane and
Ho+pyridine (ammonia) yield boron (B-HG) and nitrogen (N-HG) doped graphene,
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respectively.[® Li et al.® obtained multi-layered N-doped graphene by employing He and
NH3 atmosphere during arc discharge.
1.4.2: Doping of graphene

Molecular or atomic doping causes drastic changes in the electronic and
electrochemical properties of graphene by means of opening up of intrinsic band gap.!®% &
Therefore, doping of graphene to various extents is one of major area in graphene research
and several synthetic strategies have been developed. Currently, atomic doping strategies can
be sum up into two basic approaches. Firstly, methods such has chemical vapor deposition
(CVD), ball milling, and bottom-up synthesis result in simultaneous synthesis and in-situ
doping of graphene. Other kinds of approaches are post treatment methods such as thermal
annealing of graphene oxide (GO) with heteroatom (N or B) containing precursors, wet
chemical synthesis, plasma and arc discharge methods. CVD method has been widely used to
get pure and high quality boron, nitrogen, phosphorous, sulfur doped graphene, even though
it is expensive. Among these, boron and nitrogen doped samples are more interesting due to
their similar size and valence electrons as that of carbon. During CVD, solid, liquid, or
gaseous precursors containing desired foreign atoms were introduced into the growth furnace
together with the carbon sources results in direct incorporation of heteroatoms into the
graphene lattice.®! Using boric acid and polystyrene as the B and C sources respectively, B-
doped graphene with a doping amount of 4.3 at.% was grown on a copper (Cu) foil under the
protection of H,/Ar atmosphere at 1000 °C.[®! The carrier gas (Ar) transports the sublimated
solid-phase feedstock towards the growth substrate. B-doped graphene can also be obtained
by using boron powder as boron source and ethanol as carbon precursor, respectively.® N-
doped graphene samples, where pyridinic N (as compared to the co-existing pyridinic and
pyrrolic N) as the dominant species were prepared by using pyridine as the only precursor,®”
while acetonitrile sole source gives pyridinic and pyrrolic N-doped graphene.®® The N-
doped samples synthesized at 800 °C gives few-layer graphene with high nitrogen doped
content (8.9 at%),'®! among which graphitic N is the dominant species, whereas at 1000 °C
yields pyridinic and a small fraction of pyrrolic N as dominating content.*%? Ajayan et al.®!
reported the co-doping of graphene using methane and ammonia borane (NHs—BH;3) as the

carbon, and B (N) sources, respectively. In this method nickel foam was used as growth
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template and the doping level can be tuned by adjusting the reaction parameters as well as by
varying the amount of B (N) source.

In post treatment methods thermal annealing of GO with various heteroatom
precursors has been realized as the most efficient approach because of the abundant oxygen
functionalities and defects on GO which can act as reactive sites for doping. In addition,
annealing of GO with appropriate precursors at high temperature results in regaining of its
SP? carbon network along with the doping. For instance, annealing of RGO at 600 °C in NH;
and Ar atmosphere or in BClz and Ar atmosphere at 800 °C gives N-doped (3.06 at.%) or B-
doped (0.88 at%) graphene.®?
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Figure 9. N-doping configuration depends on the precursor and temperature. (From ref.
[92]).
Usually boron occurs in the form of BC3 or BC,0 (due to high oxygen content of RGO) in
the doped samples, whereas higher temperatures lead to the formation of more B—-C bond
rather than B—O bonding. In general, N-doped samples can also be obtained with high-purity
ammonia gas (NHs) which not only acts as nitrogen source but also more effective as
reducing agent. Temperature appears to be a key factor in deciding N bonding configuration

and doping efficiency with the 500-600 °C range is optimal for the overall stability of all the
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N species (amino, pyrrolic, pyridinic, and possibly graphitic N) as reported in the
literature.[%% %4

Lower temperature of 300-500 °C yields N bonding configurations including amino, amide,
and pyrrolic N, whereas high temperature of 800 °C gives pyridinic and pyrrolic N as the
dominant species.®>®® Temperatures higher than 800 °C gives graphitic N as dominant
species due to burning of some pyridinic and pyrrolic N by oxygen released from GO which
leads to reduced N content.®® In doping graphene not only does the reaction conditions but
also the heteroatom precursor are important, since the nature of heteroatom doped will vary
for each precursor. Besides B and N, doping of halogens such as Cl, Br and F have also been

reported to modify structure and properties of single and few-layered graphene.
1.4.3: Properties of graphene

Surface area and gas adsorption

Theoretical calculations predicted that the surface area of single-layer graphene can
approach as high as 2600 m?/g,1! whereas that for few-layer graphene is 270-1550 m?/g.l*®"
Patchkovskii et al.™® by computational studies predicted that the H, adsorption capacities of
graphene can approach the values that set by the US Department of Energy (DOE) (6.5 wt%
and 62 kg of H, per m®). Ghosh et al.l*%! compared H, uptake of different few-layer graphene
samples namely diamond graphene (DG), exfoliated graphene (EG) and hydrogenated
graphene (HG) with surface area. DG, EG and HG showed an uptake of 1.2, 1.7 and 1.0
wt%, respectively at 77 K and 1 atm and adsorption is found to be directly proportional to
the surface area of sample under study (Figure 10a). Maximum adsorption of 3 wt% was
achieved at 298 K and 100 atm for EG. Kumar et al.l’®! showed that CO, adsorption on
graphene also depends on the surface area and they compared CO, uptake of different
graphene samples with the activated charcoal. Four graphene samples, EG, HG, RGO, and
SGO, were examined. Among the samples studied SGO has the lowest surface area of 5
m?/g, EG shows high surface area of 640 m%g, whereas activated charcoal (AC) showed
1250 m%/g. CO, uptake values range between the 5-45 wt% at 195 k and 0.1 MPa for the
graphene samples, with EG exhibiting the highest uptake. Graphene samples showed lesser
CO; uptake compared to AC because of huge number of surface functional groups in the
latter. AC showed an uptake of 64 wt% at 195 K and 1 atm, whereas uptake of CO, by EG at
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298 K and 50 bar was 51 wt%. Similarly, uptake of methane (CH,4) on graphene samples and

activated charcoal was recorded at 273 and 298 K and at a constant pressure of 5MPa.
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Figure 10. (a) Linear relationship between the BET surface area and weight percentage of
hydrogen uptake at 77 K and 1 atm for various graphene samples and (b) Plot of weight
percentage of CO, (at 195K and 1 atm) and methane (at 298K and 5MPa) uptake versus

surface area for different graphene samples. (From ref. [102]).

The CH,4 adsorption of the different graphene samples varies between 0 and 3 wt % at 273 K
while activated charcoal shows an uptake of 6 and 7 wt% at 298 K and 273 K, respectively.
Figure 10b shows the CO, and methane uptake of graphene samples as well as activated
charcoal with their surface areas.
Molecular Charge-Transfer

Carbon nanostructures display marked changes in their electronic structure and
properties on interaction with electron-donor and —acceptor molecules.'® For example,
charge-transfer (CT) interaction of Cg with electron donating molecules like organic amines
both in the ground and excited states is well documented.™! Stiffening or softening of the
G-band frequencies of single layer graphene films on interaction with various aromatic
molecules has been studied by Dong et al.l'® The G-band of few-layer graphene
progressively softens (i.e. shift to lower frequency) with the increasing concentration of

electron donors molecules such as aniline and tetrathiafulvalene (TTF), while nitrobenzene
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and tetracyanoethylene (TCNE), electron-acceptors, stiffen (i.e. shift to higher frequency) the
G band (Figures 11a, b).5* 104 1%] Fyrthermore, both electron-donor and —acceptor molecules
with increase in concentration broadens the G-band along with decrease in intensity of the
2D-band. The ratio of intensities of the 2D and G bands, ‘I(2D)/I(G)’ is another sensitive
probe which was used to examine the extent of doping of graphene by electron-donor and -
acceptor molecules.

Detailed investigations of charge-transfer (CT) doping effect of Br, and I, vapors on
single to multi-layer graphene (1-4 layers) pointed out that CT effect is more prominent in
single and —bi layer graphene as compared to that of multi-layers (3-4 layers).?®" These
complexes showed stiffening of the Raman G-band with the appearance of new bands in the
electronic spectra indicating the molecular CT between the halogen molecules and
nanocarbons. The extent of CT interactions in these complexes varies in the order of
ICI>Br,>IBr>l, which is consistent with the estimated range of electron affinities.'%®! A
quantitative approximation of the degree of CT in these doped samples is obtained from X-

ray photo electron spectroscopy (XPS).
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Figure 11. (a) Shifts of the Raman G-band of graphene caused by interaction with varying
concentrations of TTF and TCNE, (b)Variation in the Raman G-band position of graphene on
interaction with varying concentrations of electron-donor (TTF) and electron-acceptor
(TCNE) molecules. (From ref.104).
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Electrical resistivity of graphene films also found to be altered systematically with and
without CT interactions. For instance, the electrical resistance is higher in presence of aniline
(electron-donor), whereas lowest in the presence of nitrobenzene (electron-acceptor).
Additionally, surface area of the graphene sample also influence the magnitude of CT
interaction with electron-donor/acceptor molecules.*

Density functional theory (DFT) calculations showed that CT induced changes in
graphene giving rise to mid-gap molecular levels with the tuning of band gap region near the
Dirac point and elucidated how they different from the effects of electrochemical doping.[**!
It has also been shown that the extent of doping depends on the coverage of organic
molecules and predicted that CT interaction of graphene with donor and acceptor molecules

result in n- and p-type graphene, respectively.

1.5: Raman Spectroscopy of Nanocarbons

Raman spectroscopy is an important non-destructive tool in the study and
characterization of graphitic materials,[*'>**? being extensively used in last four decades to
characterize nanocarbons such as fullerenes, CNTs, nanohorns, -onions, graphitic fibers, -
ribbons, and graphene.
The G-band: The stretching of C-C bond in graphitic materials gives rise to the so called G-
band at ~1582 cm™ which is common for all sp? carbon systems. For sp? carbons, Raman
spectroscopy gives information regarding crystallite size, clustering of the sp® phase,
presence of SP?-SP* hybridization and chemical impurities. Raman spectroscopy is also used
as successful tool for obtaining nanotube -diameter, -chirality, optical energy gap and
metallic vs. semiconducting behaviour. The Raman G-band feature is similar for all sp
carbon systems but yet has properties capable of differentiating one carbon nanostructure
from the other. The G-band is highly sensitive to strain effects in sp® carbons and can be used
to probe any modifications to the flat geometric structure of graphene, due to strain induced
by external forces, by one graphene layer on the other in few-layer graphene. G-band of
SWNTs gives multiple peaks due to curvature effect,**® whereas 2D graphene sheet
generates single peak. This curvature dependence generates diameter dependence, hence
making G-band as a probe for measuring the nanotube diameter. The Kohn anomaly is
observed in both metallic and semiconducting systems. The real electron-hole pair creation
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can occur by a phonon excitation process which strongly influences the G-band frequency

and the spectral width of graphene and metallic SWNTSs.
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Figure 12. Raman spectra from different sp? nanostructures. From top to bottom: monolayer
graphene, highly oriented pyrolytic graphite (HOPG), single-wall carbon nanotubes (SWNT)
bundle sample (notice the presence of the RBMs at low frequencies), damaged graphene
(notice the appearance of disorder-induced peaks), single wall carbon nanohorns (SWNHSs),
and hydrogenated amorphous carbon (Some Raman peaks are labelled in a few of the
spectra).

These effects are more prominent in metallic SWNTSs compared to graphene due to quantum
confinement effect, and this process sensitively depends on nanotube diameter and chiral
angle.'™ But these effects in graphene is strongly depends on the number of layers.
Semiconducting SWNTSs also show phonon energy renormalization because of electron-
phonon coupling, but it is weaker than those in metallic SWNTSs and for graphene.

Disorder-induced D band: The existence of disorder in SP? hybridized graphitic material
leads to rich and intriguing phenomena in their resonance Raman spectra, thus making it
more sensitive technique to characterize disorder in SP? carbon system. Raman spectroscopy
has been widely used to identify disorder in SP? carbon nanostructures like nanodiamond,

nanoonions, amorphous carbon, nanofibers, nanotubes and nanohorns. [1% 116]
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Dispersive G’ Band; Double Resonance Process: All sp? carbon nanostructures shows a
dominant Raman feature which appears in the range of 2500-2800 cm™, as shown in Figure
12. Together with the G-band (1582 cm™), this feature is a Raman signature of graphitic sp?
materials and termed as the G™-band to underline the fact that it is a Raman-allowed mode for
SP? carbons. G -band is a second-order two-phonon process, and interestingly shows strong
frequency dependence on the excitation laser energy (Ejaser)-

The Radial Breathing Mode (RBM): The RBM mode is significant in two ways: (1) for the
determination of the nanotube diameter (d;) through the dependence of radial breathing mode
frequency (wrsm) ON d; (2) for relating the wrgm and the resonant optical transition energies
E;; for a given tube.

Experimental data on the wggm taken by many authors have been fit using the relation wrgm
= Ald; + B. For the water-assisted super growth samples, values of A=227 nm.cm™ and
B=0.3 cm™ are obtained. This result is in remarkably good agreement with elasticity theory
parameterized by the graphite elastic properties, thus directly connecting 1D nanotubes and

their 2D counterpart graphene from which nanotubes are conceptually obtained.

1.1.6: Mechanical Properties of Nanocarbons

Among the several unique features of nanocarbons, especially noteworthy are high
aspect ratio, huge surface area along with in plane strong C-C (38) bonds. These features are
tender spots for exciting areas of research as well as for technological advancements. Thus, a
vital use of nanocarbons is in reinforcing polymer matrices considering the beneficial effects
of the ultra-high stiffness and hardness shown by them. Lee et al'™ measured the elastic
properties and intrinsic breaking strength of free-standing monolayer graphene membranes
by nanoindentation and found that it possess a excellent mechanical properties such as an
elastic modulus of ~1 TPa, a strength of ~130 GPa and a breaking strength of 42 Nm™.
Recent studies have shown that the addition of small amount (up to =1 wt%) of certain
nanocarbons such as CNTs improve the mechanical properties noticeably, some cases by as
much as 100%.1%% 121 Ramanthan et al. ** reported that even as low as ~1 wt% graphene
coupled to the poly(methyl methacrylate) (PMMA) matrix leads to huge enhancement in
elastic modulus (80%) and tensile strength (20%). Although the exact mechanism

accountable for this striking improvement is not exclusively understood, it is normally
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considered that the large interface area accessible between the nanomaterials and polymer
matrices play a major role. Additionally, nanoscale roughness results in increased mechanical
interlocking with the polymer matrix which makes transfer of load easy between the matrix
and filler. Prasad et al.l*??l have reported that the inclusion of binary mixtures of nanocarbons

causes extraordinary synergy in the mechanical properties of polyvinyl alcohol matrix

(PVA).
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Figure 13. Percentage synergy in mechanical properties of different binary mixtures of
nanodiamond, single walled nanotubes (SWNTs) and few-layer graphene.*?? [reproduced
from ref. 122]

The synergistic effect is dramatic in the nanodiamomd (ND) plus few-layer graphene (FG)
composites, with ~4- and 1.5-fold increase in elastic modulus and hardness, respectively, in
PVA-0.4FG-0.2ND composite. Variation in the percent crystallinity (%) of the polymer
matrix composites with 2 nanocarbons is ~2%, suggesting that increase in crystallinity is not

the cause of the observed synergy.

1.7: Nanocarbon-Inorganic Nanoparticle Composites

Nanostructured metal oxide/chalcogenides have emerged as promising functional
materials in applications such as energy storage and conversion technologies, including fuel
cells, supercapacitors and lithium ion batteries. Using the inorganic nanoparticles in
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combination with high surface area nanostructured carbon supports, such as carbon
nanotubes or graphene, would be exceedingly beneficial. These nanocarbons underlying the
inorganic nanoparticles offer an electrically conducting support, control the particle size, and
enhance the catalytic activity of nanoparticles through strong electrochemical coupling.!*?*]
Furthermore, structural, surface and electronic properties of nanocarbons can be modified

through doping with various heteroatoms such as sulfur or nitrogen.
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Figure 14. Oxygen reduction polarization curves recorded with the CoO/NCNT,
CoO/nitrogen doped reduced GO (N-rmGO) hybrids, Co304/NCNT and Co3z04/NrmGO
hybrids. (Reproduced from ref. 126).

Co304 nanocrystals grown on mildly oxidized graphene oxide (GO) showed superior oxygen
reduction reaction (ORR) activity than bare Co3O4 nanoparticle, free GO, and their physical
mixture.’*! Co;04/RGO hybrid display high ORR performance in alkaline solutions as
compared to commercial Pt/C catalyst (20 wt % Pt on Vulcan carbon black) while also
exhibits good electrochemical stability. On the other hand, a Co; xS/RGO nanocomposite has
also been reported which afford high ORR catalytic activity among all cobalt chalcogenide
based ORR catalysts in acidic media.l**® Degree of oxidation of graphene surface has direct
effect on performance of these hybrids since defect sites and functional groups on graphene
can reduce its electronic-conductivity. In view of this, Co3O4/NCNT (MWNTS) hybrids have
been developed where outermost wall of MWNTSs are functionalized to afford chemical

reactivity while inner graphitic walls stay intact to offer well conducting network.
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Co304/NCNT composite shows improved ORR performance as compared to Co304/ nitrogen
doped reduced GO (NrmGQ) and their linear sweep voltammogram (LSV) curves are shown

in Figure 14.

1.8: Boron Nitride

Boron nitride (BN) is the lightest among all group I11-V compounds and draws
resemblance with the graphite and diamond in terms of number of electrons between the
neighbouring atoms. Hexagonal boron nitride (h-BN) crystallizes in graphite-like structure
whereas cubic-BN (c-BN) is similar to diamond with sp* hybridized three dimensional
networks of B and N. An h-BN layer is similar to graphene, in which C-C pair is completely
replaced by isoelectronic B-N pair. The strong ionic character of the B—N bond because of
the significant difference in electronegativity of nitrogen and boron atoms leads to a large
band gap opening in h-BN while graphene is gapless conductor. According to Bader analysis
there is a transfer of 2.19 electrons from boron to nitrogen in BN network.!*I Hence, single
layer of h-BN is insulating with a theoretical band gap of 4.5 eV, unlike graphene, where two
bands cross each other at Fermi energy to show semi-metallic property.l*?®! Layers of h-BN
consists of hexagonal BN networks with lattice constants (a = 2.504 A, ¢ = 6.661 A) similar
to those of graphite (a = 2.458 A, ¢ = 6.696 A). These h-BN layers are stacked on top of each
other with an interlayer spacing of 3.331 A in AA’AA’.... sequence, such that B atoms in
each layer are bonded to N atoms in the neighbouring layer by electrostatic interaction. Even
though BN show negligible electrical conductivity, the lattice thermal conductivity (K)
values of single-layer BN approaches as high as 600 Wm K™ at room temperature, one of
the highest among non-carbon-based materials. However, observed K. values for h-BN
smaller than single-layer graphene (K. = 1500-2500 Wm *K™) due to stronger phonon-
phonon scattering in the former.[*?!

Fascinating electronic and mechanical properties of carbon nanotubes (CNTs) and
their applications in various fields attracted research attention in other analogous nanotubes.
Boron nitride nanotubes (BNNTSs) were first predicted theoretically in 199411% 331 so0n after
Chopra et al.*? synthesized BNNTSs in 1995. Unlike CNTs, BNNTSs electronic properties
and hence the band gap does not depends on their radii and helicities. Young’s modulus of

BNNTs (Y = 1.1-1.3 TPa) is comparable to that of CNTs (Y = 1.3-1.8 TPa) make them one
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of the stiffest insulating nanofibres.**! Furthermore, high stability of BN for thermal
oxidation compared to carbon nanostructures makes them useful as coating material for

devices operates at relatively high temperature.

(b)

arm-chair (8,8) helical (8,5)

Figure 15. (a) Structural basis of BN,** (b) Plane BN sheet with possible wrapping
fashions and the corresponding (n,m) indices, also including ball and stick structural models
of three types of single-walled BNNTs made of a wrapped BN layer: zig-zag (15,0), arm-
chair (8,8), and a helical (8,5) tube.**! [reproduced from ref. 134 and 135].

Li et al.™®! have reported that the monolayer BN showed high stability towards thermal
oxidation and remained unchanged till 700 °C after which it started getting oxidized.
However, monolayer graphene sheet started reacting with O, at 250 °C only.

W. H. Balmain obtained BN for the first time by the reaction of molten boric acid
with potassium cyanide.**” Various methods have been reported for the synthesis of 2D BN
nanostructures which are similar to the familiar techniques employed for the synthesis of
graphene layers with little modifications. Mono and few-layer BN sheets were obtained by
mechanical exfoliation, chemical exfoliation and chemical vapor deposition techniques,
whereas solid state approaches are used for bulk scale preparations. Flower shaped BN
nanoflakes were obtained by the solid phase reaction of NaBF4, NH,Cl and NaNj3 reagents

where powders are mixed, pressed into pellets and then heated in autoclave at 300 °C.
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Reaction of boric acid with urea in nitrogen atmosphere at 900 °C is another interesting
approach to obtain few-layer BN, where increasing urea concentration decreases layers

thickness. %8

1.9: Borocarbonitrides

Compositions formed between boron and carbon as well as carbon and nitrogen has
been well studied and it is only recently that materials containing boron, carbon and nitrogen
have received attention. Substitutional doping of graphene with nitrogen and/or boron causes
metal-to-semiconductor transition due to modification in band structure.* On the other
hand, lateral grouping of graphene and hexagonal boron nitride (insulator) allow tuning of
the electronic characteristics as needed for a particular application. Solid solution of h-BN
and graphene having domains of BN in a matrix of graphene are predicted to show exciting
changes in electronic properties, with the properties depend on the size of BN domain as well

as the type of interface with graphene (zigzag or arm chair) matrix.*"

Articficial
3D Material
Graphene -
0e8e®,
ﬁ, e3¢ o8
£
h-BN Atticficial {343
2D Material
e Graphene/h-BN
Chemical Vapor Deposition P B-C-N 2D crystals
Growing Epitaxial Layers domains

Figure 16. Schematics of possible approaches for artificial B-N-C layers. Exfoliation,
chemical vapor deposition, and epitaxial growth are three common methods to synthesize
carbon- and BN-based atomic layered structures such as graphene and h-BN. The B-N-C
layers could be constructed vertically for G/h-BN stacks/superlattice, or in-plane for G/h-BN
domains and finally B—-C—N 2D crystals with a controllable stoichiometry. [reproduced from

ref. 141 with permission]
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Borocarbonitride nanosheets, containing hexagonal ByCyN, networks, can be
prepared by the reaction of carbon (high surface-area activated charcoal), boric acid and
urea.[142] These materials have high surface areas. In a typical synthesis, different ratios of
the three starting materials were mixed in water and kept at 80 °C in order to obtain slurry.
The slurry is then heated at 900-1000 °C in a nitrogen atmosphere followed by a heat
treatment in an ammonia atmosphere at around 900 °C. The reactions involved in the

synthesis were represented in the following chemical equations:
2H;B0; —= 5 B,03+ 3H,0

CO(NH,), — 2 4 NH3+HNCO

B,Os+ 2NH;+2C——2 2BCN + 3H,0

B,Os+ 2NHs+4C —— 2 2BC,N + 3H,

The composition of the products can be varied by changing the molar ratio of the reactants as
well as the temperature of the reaction. High temperature gas phase synthesis of BCN using
BBr3 with a mixture of ethylene and ammonia is also reported which yields spherical
shaped particles with an average diameter of 100 nm.[142]

Generally, boroncarbonitride (BCN) nanosheets contain graphene and BN domains,
possibly along with BCN rings, and if the ratio of carbon to boron is 1:1 then the composition
would be BCN. Presence of covalent BN domains in the carbon matrix distinguishes BxCyN,
from B and N-doped graphene. These nanosheets contain only hexagonal networks of B-C,
B-N, C-N, and C—C bonds but no B-B or N-N bonds. Figure 16 presents the various ways
in which graphene and BN components can be grouped to obtain borocarbonitrides with
different properties. Gao et al. reported the artificially stacked layers of graphene and BN
obtained by liquid phase exfoliation which display considerably different electrical,
mechanical and optical properties than that of starting parent layers.[**!

Like CNTs which are considered as rolled forms of graphene, nanotubes of
borocarbonitrides are also examined for their structural and electronic properties. Various
methods have been reported for the preparation of both single-walled and multi-walled
BxCyNz, among them the most studied being CVD method. Pyrolysis of single precursor
molecule containing boron, carbon and nitrogen atom (or) combination of two/three

precursors with nanoparticles of transition metal catalyst yields BCN nanotubes. For
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example, pyrolysis of CH3CN.BCl; precursor at 950-1000 °C using cobalt nanopowder as
catalyst gives BxCyN, nanotubes of composition BC,N.M4 Kim et al. demonstrated that the
different structure variants of multiwalled borocarbonitride nanotubes can be synthesized in
the CVD conditions just by changing C/B ratio.**) When C:B is 1:1, BN nanotubes with
outer layer of C were obtained while at lower value of C:B ratio (1:2), a mixture of carbon

and BN nanotubes was obtained. At higher concentration of carbon (2:1), the entire product

was carbon doped BN nanotubes.
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2.1: Arc-discharge Synthesis, Characterization and

Functionalization of Single-Walled Nanohorns

Summary*

This chapter reports the synthesis of single-walled carbon nanohorns (SWNHs) by sub-
merged arc discharge of graphite rods in liquid nitrogen medium, and their characterization
using electron microscope, IR, Raman spectroscopy and by other means. Water-dispersible
SWNHs has been produced by extensive acid treatment with nitric and sulfuric acid mixture.
Furthermore, carboxyl functionalized SWNHs obtained by acidification are utilized for the
covalent attachment of dodecylamine which results in enhanced dispersibility of SWNHSs in
organic solvents like carbon tetrachloride and tetrahydrofuran. Non-covalent modification is
achieved with tetrapotassium salt of coronene tetracarboxylic acid through n-n interaction
which yields stable dispersions in water. Wrapping of SWNHs with polyoxyethylene-40-
nonylphenyl ether (IGPAL), sodium dodecyl sulfate (SDS) and cetyl-trimethyl-ammonium
bromide (CTAB) surfactants results in aqueous dispersions stable over a period of 2 months.

Papers based on this work have appeared in J. Clust. Sci. (2014), Chem. Eur. J. (2015).
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2.1.1: Introduction

Single-walled nanohorns (SWNHSs) contain sheath aggregates of graphene with lengths in the
50-100 nm range. These nanocarbons are similar to nanotubes, but closed at one end with a
conical cap open at the other end.™ Since the synthesis of SWNHSs, they have attracted
scientific interest owing to their high surface area and porosity with reasonable gas storage
capacity as well as possible biological applications like drug delivery.> ¥ Large scale
synthesis of SWNHs by laser ablation is first reported by ljima et al.l! Since SWNHs
preparation involves only pure graphite rods, toxic responses from metal impurities can be
excluded when they used as drug-delivery vehicles unlike other nanocarbons such as
SWNTs. In addition, the huge pore volume intrinsic to internal nanospaces and rough
external surface makes SWNHs promising candidates for H, and CH, storage, supercapacitor
electrode and as catalyst support materials.™ ® Unfortunately, pristine SWNHSs are insoluble
in water and in most of the solvents due to lack of surface functional groups.l” In order to
make SWNHSs readily dispersible in different solvents, it is essential to chemically or
physically attach some groups or molecules to the surface without varying their properties

significantly.

Figure 1. TEM images of the supported catalyst: (a) 20 wt % Pt on pristine SWNHs, (b) 20
wt % Pt on functionalized-SWNHs, (c) 60 wt % Pt on SWNHSs, and (d) 60 wt % Pt on
functionalized-SWNH:s.
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Surface functional groups apart from providing surface wettability would be helpful in
making uniform composite with other components. For example, Pt nanocatalysts decorated
on functionalized SWNHs surfaces show uniform distribution of metal particles and much
improved performance in direct methanol fuel cells.!”! Pthalocyanin functionalized SWNHSs
can be used in dual-modality photothermal therapy and photodynamic therapy.®

Although there is not much advancement on functionalization of SWNHs,
explorations for single-walled nanotubes (SWNTSs) have been reported whose structure is
considered as similar to SWNHs. SWNTSs are few micrometers long and exist as ropes which
are entangled together making complex network structure, and are highly resistant to wetting.
These factors, together with the lack of surface functional groups make them much hard to
soluble in organic solvents.”) It is possible to disperse SWNTs by refluxing with
HNO3/H,SO,4 mixture, whereby the end caps of the tubes are oxidized mainly as carboxylic
acids.l'” These functionalized tubes are dispersible in amide group containing solvents such
has N,N-dimethylformamide under the influence of ultrasonication. Covalent
functionalization creates defect sites on nanotubes* along with the oxidation of the surface
due to impurity states introduced at the Fermi level of nanotubes.' These defect sites
helpful in shortening of nanotubes under similar oxidizing circumstances.* ! The
shortened tubes showed much better dispersibility in organic solvents compared to full-
length SWNTSs. Covalent functionalization considerably ruptures conjugation and makes
tubes less conducting. On the other hand, functionalization of SWNTs by non-covalent
modification strategies such as wrapping with surfactant or polymer results in enhanced
surface wettability without much altering their electronic structure. It is possible to transfer
nanotubes to aqueous phase in presence of surface active benzylalkonium chloride, where
tubes are part of the hydrophobic interior of the formed micelles. >

We have carried out several experiments to carry out both covalent and non-covalent

functionalizations of SWNHs are detailed below.

2.1.2: Scope of the present investigations

Synthesis of SWNHs:
Carbon nanohorns are the relatively new form of nanocarbons which may also become

important from the application point of view.!*® Widely used methods for preparation of

[19]

carbon nanostructures includes laser ablation*®, arc discharge®® and chemical vapor
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deposition®!) techniques. Large scale synthesis of SWNHs by laser ablation is first reported
by ljima et al. ™ Ishigami et al. showed an arc discharge generated between two carbon
electrodes in liquid nitrogen gives multi-walled carbon nanotubes (MWNTSs) with high yield
which does not require any vacuum system.?? Furthermore, vacuum system can also give
amorphous carbon in addition to the desired material. Here we report the relatively simple
and economically alternative method of arc discharge of graphite rods in liquid nitrogen for
SWNHSs preparation which does not require any expensive laser sources and vacuum
equipments.

Functionalization of nanohorns:

Since pristine SWNHes are insoluble in agueous or organic solvents, it is essential to prepare
stable dispersions of SWNHSs in various solvents for further modification which broadens
their potential areas of applications. Appropriate functionalities apart from providing surface
wettability would be helpful in covalent or non-covalent attachment of various other moieties
to nanohorn. For example; porphyrin moieties covalently attached to SWNHSs are explored in
photo-electrochemical solar cell.”®! Carbon nanohorn/nanotube composite is used as
electrode material for high-power supercapacitor.®” Surface modification of SWNTs
achieved by covalent or non-covalent modifications and their advantageous properties are
well documented.® We felt that it would be worthwhile to functionalize SWNHSs which is
helpful in obtaining stable dispersions of SWNHs in various solvents and these
functionalities may further assist the formation uniform mixtures of SWNHSs with many other
organic, inorganic and polymeric materials.

We have carried out surface functionalization of SWNHSs by employing both covalent
and non-covalent approaches. These samples were characterized by making use of Infrared
(IR) spectroscopy, Raman spectroscopy and electron microscopy (SEM). Covalent
modification is achieved through the following two independent routes (a) acidification and
(b) amidation. Acidification makes SWNHs dispersible in aqueous media, whereas amidation
gives stable dispersions in organic solvents like THF and CCl,s. On the other hand, non-
covalent functionalization has been carried out through (a) m-m interaction with aromatic
molecules and (b) supramolecular approaches using surfactants. Supramolecular approaches

give aqueous dispersions which are stable for several days.

Page 42



2.1: Synthesis and Functionalization of SWNHs

2.1.3: Experimental section

SWNHs Synthesis:

The submerged arc method was used for the preparation of SWNHs. Briefly DC-arc
discharge was generated between two graphite electrodes submerged in liquid nitrogen in a
stainless steel dewar. The arc discharge was initiated inside the liquid nitrogen by touching a
99.99% purity graphite anode (6 mm in diameter) with a graphite cathode (12 mm tip
diameter) of similar purity. The applied DC-arc voltage and currents were 35 V and 65 A,
respectively. The gap between the electrodes kept constant at around 1 mm by continuously
translating the anode during the experiment in order to maintain a stable discharge. The arc
discharge in liquid nitrogen was turbulent. After arcing, remaining liquid nitrogen was
transferred from dewar to a glass beaker, and allowed it to evaporate. The product settled at
the bottom of dewar was also collected. In Scheme 1, we show the schematic of the
experimental set-up used for carrying out arc discharge of graphite electrodes in liquid

nitrogen media.

/ QVapor outlet

N A
~ _— ﬁTo pump
=

ovablerod

Cathode—=——— - - z Graphiteanode

> Lig. N,

DC power supply

Scheme 1. Schematic diagram of the submerged arc discharge apparatus.

Functionalization
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To prepare acid functionalized SWNHs, 50 mg of SWNHs were dispersed in water
(15 ml) along with conc. nitric (2 ml) and sulphuric acids (2 ml). This mixture was heated in
a microwave oven in a teflon-lined stain less steel autoclave for 10 min. The product was
refluxed overnight and repeatedly washed with water and ethanol to remove traces of the
acids.

To obtain amide functionalized SWNHs, acid functionalized nanohorns (10 mg) are
refluxed at 70 °C with excess thionyl chloride and the unreacted solvent was removed under
vacuum. The product is treated with dodecylamine (DDA) (5 ml) under microwave
irradiation for 10 min in the presence of tri-ethyl amine as a base and refluxed overnight.

We have used the tetrapotassium salt of coronene carboxylic acid (CS) for non-
covalent functionalization of SWNHs. SWNH-CS mixture was obtained by mixing aqueous
dispersions of SWNHSs and CS under sonication and then the product was refluxed for 24 h,
followed by further sonication at 70 °C for 2h.®® The composite so obtained was
centrifuged to remove insoluble SWNHs which were not fully exfoliated and the remaining
aqueous dispersion obtained is black and it stable for several months.

We have also wrapped SWNHs with various surfactants to enhance their agqueous
dispersibility. Typical procedure involves the sonication of SWNHSs (5 mg) in agueous media
with different concentrations of surfactants like polyoxyethylene-40-nonylphenyl ether
(IGPAL), sodium dodecyl sulfate (SDS) and cetyl-trimethyl-ammonium bromide (CTAB).

2.1.4: Results and Discussion

In Figures 2a, b, we show the FESEM images of the typical soot product obtained by
the arc discharge of graphite electrodes in liquid nitrogen media. The product contains
approximately uniform spherical aggregates and the diameter of individual aggregate is
estimated to be 50-100 nm from direct observation of FESEM images. HRTEM images
(Figure 2d) showed cone shaped tips are protruding from the spherical aggregates so that it
resembled a dahlia flower. The environment formed during submerged arc discharge
appeared to be assisting the formation of SWNHSs. Particularly; the high density of nitrogen
causes the drastic quenching of generated carbon species and low diffusion rate, thereby
allowing the formation of graphene sheets. Kawai et al. from simulation studies showed that
aggregates containing nanohorns could be generated from the graphene layers. "}
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Figure 2. (a, b) FESEM, (c) TEM and (d) HRTEM images of SWNHs obtained by

submerged arc discharge in liquid Ny,

Raman spectroscopy has emerged an important tool for the characterization of carbon
nanostructures.”® The Raman spectrum of pristine SWNHSs excited at 633 nm is shown in
Figure 3a which shows peaks from the defect induced D-band (SP® carbon), SP? bonded
carbon G-band and the 2D-bands at 1343, 1,580 and 2,700 cm*, respectively, similar to
graphene. ?® The FT-IR spectrum of SWNHs shows prominent peaks in the region between
1,600-1,200 cm ™ as can be seen in Figure 3b. The peaks at 1,510 and 1,210 cm™* are
assigned to the stretching modes of the sp? bonded carbon network (C=C) and C—-O bonds,
respectively. The UV-Vis spectrum of SWNHs displays a maximum at 270 nm

corresponding to the m—n* transition as shown in Figure 3c.
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Figure 3. (a) Raman spectrum, (b) IR spectrum, (c) UV-Vis absorption spectrum and (d) N,
adsorption—desorption curves (at 77 K and 1 atm) of SWNHs samples obtained by
submerged arc discharge in liquid Ny,

Surface area and porosity of SWNHs are calculated from N, adsorption-desorption
measurements at 77 K and 1atm. SWNHSs displays type IV adsorption behaviour with
contribution from both micro and meso pores. Furthermore, Brunauer—-Emmett-Teller (BET)
surface area of SWNHs prepared by us is 320 m?/g, which is comparable with the samples

obtained from laser ablation methods.?*!

Although as prepared SWNHs have residual hydroxyl groups on their surface, they
are not helpful in making stable dispersions. After treating SWNHSs with a mixture of nitric
and sulphuric acids, we obtain a water soluble SWNHs, along with some water insoluble
portion which settles down (Figure 4a). The aqueous dispersion obtained after acid

functionalization is stable for several hours. The infrared spectrum obtained for the soluble
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part after drying shows a prominent band at 1720 cm™ due to carboxylic groups as shown in
Figure 4b.

(@) Aqueous dispersions |(b)

Intensity (a. u.)
/

-COCH

Pristine Functionalized 860 ' 16|00 ' 24'00 ' 32'00 ' 4000
Wavenumber (cm™)

Figure 4. (a) Aqueous dispersions of pristine and acid-functionalized SWNHs and (b) IR
spectrum of acid functionalized SWNHSs

In order to enhance dispersibility of SWNHSs in non-polar solvents we covalently attached
long chain hydrocarbons to the acid functionalized nanohorns (SWNH-COOH). Typical
synthesis involves treating of SWNH-COOH with DDA (dodecyl amine), where the
carboxylic functional groups of nanohorns forms amide bond with the DDA (see
experimental procedure). The formation of amide bond between SWNH-COOH and DDA is
confirmed by infrared (IR) spectroscopy (Figure 5a). The IR spectrum of SWNH-COOH
shows a band at 1,720 cm'corresponds to the C=0 stretching of the carboxyl group. On the
other hand, SWNH-DDA composite show characteristic amide | and 1l bands at 1665 and
1625 cm™, respectively due to conversion of carboxylic groups of SWNHs in to amide. After
amide functionalization, stable dispersions of SWNHs are obtained in non-polar solvents just
as in the case of SWNTs. In Figure 5b we show the photographs of the dispersions of
SWNH-DDA composite in THF and CCl,4 solvents.
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(a) (b) Dispersions
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Figure 5. (a) IR Spectra of acid (red), amide functionalized SWNHs (black) and (b)
Dispersions of amide functionalized SWNHs in carbon tetrachloride (CCl4) and tetra hydro
furan (THF).

We have used tetrapotassium salt of coronene tetracarboxylic acid (CS) for non-
covalent functionalization of SWNHs because of its m conjugated network. The large planar
aromatic surface of CS permits strong interaction with SWNHs through n—=n stacking.[26]
Even though coronene is electron rich; its imide and carboxylate derivatives are electron
deficient. Derivatives of coronene are fluorescent in solution as well as in solid state. Typical
synthesis of SWNHSs-CS composite involves the treatment of aqueous dispersion of SWNHSs
with CS under refluxing conditions (see experimental section). The resultant SWNHs-CS
dispersions obtained are black and they are stable up to several months (Inset of Figure 6a).
The presence of SWNHs in the aqueous phase is confirmed by Raman spectroscopy. In order
to investigate the charge-transfer (CT) interaction of SWNHSs-CS composite we have carried
out UV-Vis absorption and fluorescence studies. UV—Vis absorption spectra of aqueous CS
show characteristic absorption bands at 330 and 360 nm, respectively (Figure 6a). We did not
see any change in intensity of absorption peaks of CS with the addition of SWNHs, indicates

the absence of ground state CT interaction between two entities.

Page 48



2.1: Synthesis and Functionalization of SWNHs

1.4x10°
LO_(Ei) 1.2x10°-
0.8 ]
3 5, 1.0x10
5 0.6 2 80x10°-
5 o

2 0.4- £ 6.0x10
< — CS 5
0.2 —— CS:SWNHs (1:1) 4.0x10" 1
' —— CS:SWNHs (2:1) 2 OX10°-
0.0 o]

(b)

— cCs
—— CS:SWNHs (2:1)
—— CS:SWNHs (1:1)

300 350 400 450 500
wavelength (nm)

400 450 500 550 600
Wavelength (nm)

Figure 6. (a, b) UV-Vis absorption (Inset: aqueous dispersions) and Photoluminescence
spectra of coronene salt functionalized SWNHSs. (tetrapotassium salt of coronene
tetracarboxylic acid (CS, black), CS:SWNHs (2:1, red) and CS:SWNHs (1:1, blue).

Unlike absorption spectra, we observed remarkable changes in the fluorescence spectra of CS

upon addition of SWNHSs. The fluorescence intensity of CS signal decreases drastically with

increase in amount of SWNHs as shown in Figure

6b. The quenching of fluorescence

intensity of CS signal confirms the excited state CT between CS and SWNHs in the formed

composite.

Figure 7. (a) Aqueous dispersions of SWNHs treated with surfactants and (b) FESEM
images of SWNHs treated with SDS and IGEPAL.
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Wrapping of nanocarbons with various surfactants such has SDS, CTAB and
IGEPAL is another most common approach for non-covalent functionalization, where
electronic structure of nanocarbons remains unaltered. We have treated SWNHSs with various
surfactants and examined their dispersibility in aqueous solvents. In case of CTAB and
IGEPAL best dispersions were obtained at 3 mM, whereas with SDS we obtained stable
dispersions at slightly higher concentration of 6 mM (Figure 7a). SWNH dispersions
obtained with surfactants are stable for several months. In case of IGEPAL based dispersions
we obtained isolated aggregates of SWNHs (Figure 7c).

2.1.5: Conclusions

We have successfully prepared SWNHSs by submerged arc discharge of graphite rods
in a liquid nitrogen medium. This method is relatively simple and economically alternative to
the laser ablation method which requires high vacuum systems and expensive laser sources.
The obtained SWNHSs are characterized by using electron microscopy, Infrared, Raman
spectroscopy and by other means. We have been able to functionalize and solubilize SWNHSs
by employing both covalent and non-covalent modifications. Acidification makes SWNHSs
dispersible in aqueous media, whereas solubilization in non-polar solvents such as THF and
CCly4 has been accomplished by attaching long chain amide, dodecylamine, through amide
bond. On the other hand, solubilization in water has been attained by means of n-n
interaction between graphene and coronene derivative as well as with surfactants such as
IGEPAL, SDS and CTAB. The fluorescence intensity of coronene derivative decreases
drastically with SWNHSs, indicating the excited state charge-transfer between two

components.
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2.2: Nitrogen Doped Single-walled Nanohorns and Other
Nanocarbons Generated by Arc-discharge in Liquid
Argon and Other Media.

Summary*

Synthesis of SWNHs by arc discharge between graphite electrodes submerged in liquid
nitrogen medium yields nanohorns with some amount of nitrogen (1.5 at %) incorporated in
them. If one has to obtain pure nanohorns by submerged arc discharge, it would be necessary
to do so in a completely inert liquid medium. For this purpose, we have carried out arc
discharge between graphite electrodes in liquid argon and compared them with that of
samples obtained in liquid nitrogen. Nitrogen-doped SWNHs (N-SWNHSs, 4.5 at %) are
prepared in liquid argon medium by arc evaporation of the graphite electrodes suitably
stuffed with nitrogen rich precursor (melamine). N-SWNHs show reduced electrical
resistance compared to pristine SWNHSs as indicated by 1-V measurements. The N doping
causes stiffening of the Raman G-band and intensifications of the defect related D-band.
Having prepared pure SWNHs by arc discharge in liquid argon, we have explored
nanocarbon structures generated by arc discharge in different liquid media such as water,
N,N-dimethylformamide (DMF) and N-methyl-2-pyrrolidone (NMP). Depending on the
liqguid medium, we obtained different forms of nanocarbons which include MWNTSs and
graphene nanosheets.

A paper based on this work has appeared in Mater. Res. Express (2014).
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2.2.1: Introduction

Tuning physiochemical properties of materials by chemical modifications becomes
essential in numerous applications.! One way of realizing this control is by elemental
doping, a technique successfully adapted in semiconductor silicon technology.? ¥ For
instance, nitrogen atoms doped in silicon lock dislocations to enhance mechanical strength.
Effects of subustitutional doping of silicon with phosphorous or other various elements with
different oxidation state have been well documented in the literature. Heteroatom doping
brings dramatic changes in the electronic properties of carbon based materials as well.
Particularly, subustitution of carbon atoms of nanocarbons with boron or nitrogen renders
them in to p- or n-type, respectively. In addition, subustitutional doping also causes changes
in the Raman spectra and other properties of nanocarbons.

In the literature, different routes have been reported for doping of carbon nanotubes
(CNTSs) with heteroatoms such has nitrogen. In as early as 1997, carbon atoms of multi-
walled nanotubes (MWNTSs) were substituted with nitrogen by the pyrolysis of aza aromatics
(pyridine, triazine).) MWNTs showed 5, 3.5 and 3 at.% nitrogen content at pyrolysis
temperatures of 973, 1123 and 1273 K, respectively when pyridine was used for pyrolysis.
Pyrolysis of mixture of a pyrirdine and Fe(CO)s in flowing Ar+H, yields good amount of
nitrogen doped MWNTSs.[ Iron particles formed by the decomposition of Fe(CO)s acts as
nucleation centers for the growth of CNTs. Nitrogen doped MWNTSs were also synthesized
by pyrolizing pyridine over Co catalyst at 1000 °C while pyrolysis of organic precursors in
presence of pyridine yields bundles of aligned N-MWNTs. B! High nitrogen doping content
of 3 at.% has been achieved with iron catalyst rather than Co catalysts.’®! Pyrolysis of
ferrocene and melamine mixture at 900-1000 °C yields bundles of aligned CNy nanotubes
and the nitrogen doping amount of 2-10 at.% is achieved by this strategy.!”? Using scanning
tunneling spectroscopy (STS) experiments the electronic density of states of aligned CNjy
tubes was obtained, they show strong features in the band close to Fermi level (0.18 eV).
Tight-binding and ab initio calculations suggested that donor states close to Fermi level are
arises from the pyridine-like nitrogen.

Nitrogen doped single walled nanotubes SWNTs (N-SWNTSs) with nitrogen content
up to 1 at.% have been prepared by the arc evaporation of graphite electrodes (anode) stuffed

with nitrogen rich precursors along with the metal catalysts.® In this procedure, melamine or
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boron nitride is used as nitrogen sources. Chemical vapor deposition (CVD) of xylene and
acetonitrile over transition metal coated substrates is also reported for the preparation of N-
SWNTs.®! On the other hand, CVD of methane and ammonia over bi metallic catalyst

Moo 1Feq.sMga30 yields nitrogen doped double walled nanotubes (N-DWNTs). 1]

2.2.2: Scope of the present investigations

Heteroatom doping in carbon nanotubes causes alterations in the electronic structure by
tuning the position of Fermi level which is of great value in nanocarbon based devices.
Nanotubes can be chemically doped by two means; (1) adsorption of organic or gas molecule
to the nanocarbon surface (2) subustitutional doping where carbon atom is replaced with
heteroatoms such as nitrogen and boron.

Like SWNTs, SWNHSs are expected to display changes in electronic properties on
subustitutional doping of carbon atoms with nitrogen due to similarity in their structures. In
view of this, we considered it is worthwhile to investigate the effect of nitrogen doping on
nanohorns. To prepare nitrogen doped SWNHs (N-SWNHSs), graphite electrodes suitably
stuffed with nitrogen rich precursor (melamine) are arc evaporated in liquid argon medium.
Use of inert medium (liquid argon) is crucial in the synthesis, since SWNHSs generated in
liquid nitrogen medium themselves contain some amount of incorporated nitrogen. Then, we
have compared N doping amounts of N-SWNHs obtained in liquid argon with pure SWNHs

as well as with samples obtained in liquid nitrogen using X-ray photoelectron spectroscopy.

2.2.3: Experimental section

We synthesized pure and N-doped single-walled nanohorns (N-SWNHSs) by arc
discharge between graphite electrodes submerged in a liquid argon medium. For the
synthesis of pure (un-doped) SWNHs, two graphite rods (99.999% purity) of 5 mm in
diameter were set at the cathode and at a movable anode and then submerged in liquid argon.
DC arc discharge (plasma) was generated between the graphite electrodes by touching each
other. During arc discharge, current and voltage between the electrodes were maintained at
80 A and 38 V, respectively, A 10 cm long anode graphite rod was consumed in a period of
15 min. After arc discharge, the obtained product was collected and used for further

characterization and analysis.
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Nitrogen-doped SWNHs were also prepared under similar conditions by suitably
modifying the graphite rod with a nitrogen source. A cylindrical hole with 3 mm diameter
was made at the center of a 5 mm diameter graphite rod. Melamine (20 wt.%) containing
graphite powder was stuffed into the graphite rod and preheated at 250 °C for 2 h in an inert
atmosphere before arc discharge. Arc discharge is started between the pure and melamine-
containing graphite rod submerged in liquid argon media by touching each other. In addition,
we also carried out submerged arc discharge in water, ethanol, N,N-Dimethylformamide, and
N-Methyl-2-pyrrolidinone solvents.

2.2.4: Results and Discussion

In Figures 1a and b we show the FESEM and HRTEM images of the arc soot obtained during
submerged arc discharge of graphite rods in liquid argon. FESEM image infers that the
product consists of spherical shaped particles with diameters in the range 80-100 nm.
HRTEM image indicates that the particles are aggregates of horn-shaped nanostructures with
closed tips. White arrows in HRTEM image shows the individual nanohorns protruding from

spherical (dahlia-like) aggregates.

Figure 1. (a) FESEM and (b) HRTEM images of SWNHSs obtained by submerged arc
discharge in liquid argon.
In Figure 2b, we show the N1s core-level spectra of SWNHSs obtained by arc discharge in
liquid nitrogen and argon medium. SWNHSs obtained in liquid nitrogen shows strong N1s



https://www.googleadservices.com/pagead/aclk?sa=L&ai=DChcSEwjwi7uwvObRAhUNf70KHZmkC_0YABAA&ohost=www.google.co.in&cid=CAASIuRoRpoSPVmqj4Kz_abAQIC0JfSPn1jToF-WCjzB8bOpvXQ&sig=AOD64_0tjCZnl1YTSGAtJnfIeFrP2Zwp6w&q=&ved=0ahUKEwiLz7awvObRAhWLOo8KHUk_BUEQ0QwIFw&adurl=
https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&cad=rja&uact=8&ved=0ahUKEwiHmPLKvObRAhWGp48KHbFrBgEQFggqMAI&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsigma%2Fm6762&usg=AFQjCNGrJY3G7DiJM97MOUhkBVw5o3r5eQ&bvm=bv.145822982,d.c2I

2.2: Nitrogen Doped Single-Walled Nanohorns

signal due to the incorporated nitrogen in the nanohorn structure while arc discharge. On the
other hand, absence of N1s signal in case of SWNHs produced in liquid argon medium

implies that the nanohorns produced are free of N impurities.

(a) Cls (b) N1s
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Figure 2. (a) C1s XPS core-level spectra of SWNHSs obtained in liquid argon; (b) N1s XPS
core-level spectra of SWNHs obtained in liquid argon and nitrogen, respectively and (c) C1s
and (d) N1s XPS core-level spectra of N-doped SWNHSs obtained in liquid argon medium.

The C1s and N1s core-level spectra of N-SWNHSs prepared in liquid argon medium were
shown in Figures 2c and d, respectively. The C1s signal is deconvoluted to three features
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with a main peak at 285. 4 eV corresponds to the C—C bonds originating from the sp?® like
graphite structure. The small peaks at 285.4 and 288 eV are arises due to the C= N and C-N
bonds, respectively. Similarly, N1s signal deconvoluted into three features with a peak at
398.4 eV corresponds to pyridinic nitrogen. The peak at 399.2 eV corresponds to pyrrolic
nitrogen and the peak at 401.1 eV to graphitic nitrogen. These results are similar to that of
reported for the substitutional doping of carbon with nitrogen in SWNTSs or graphene.!*> !
The nitrogen content in N-SWNHs as estimated from N1s spectrum is 4.5.at % while
nanohorns generated in liquid nitrogen gives 1.5.at%.

We have investigated the Raman spectra of pure and N-SWNHSs obtained by arc
discharge in liquid argon along with that of nanohorns obtained from liquid nitrogen and they
are shown in Figure 3a. Raman spectra of theses samples show an intense defect-induced D
band (1337 cm™) and the SP? hybridized carbon G band (1583 cm™). It is noted that G-band

stiffens in case of N-SWNHs as can be seen in Figure 3a.

80
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40
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SWNHSs (Liquid nitroge

Current (mA)
[} [}
22

i 1583 cm’” — N-SWNHSs
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-604
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Figure 3. (a) Raman spectra of SWNHs obtained in liquid argon (black), liquid nitrogen
(red) and N-SWNHs (blue). (b) 1-V characteristics of pure and N-doped SWNHs obtained in
liquid argon.

This is similar to the results obtained with nitrogen doped graphene.™! Moreover, magnitude
of G-band shift with liquid nitrogen sample is less in comparison to N-SWNHSs, probably due
to the more doped nitrogen content in the latter case. Figure 3b shows the I-V characteristics
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of pure and N-SWNHSs obtained by arc discharge in liquid argon. N-SWNHSs showed slightly
decreased electrical resistance compared to pure SWNHs (25 Q). on the other hand, SWNHs
obtained in liquid nitrogen did not show any changes in electrical resistance in comparison to
N-SWNHs, except the slight non-linear behavior in case of N-SWNHSs.

We have carried out submerged arc discharge between graphite electrodes in several
liquid media and obtained different nanocarbon structures which include graphene and
MWCNTs.

(b) G-band

2D-band

D-band

o0 1000 1500 2000 2500 3000
Wave number (cm'l)

Figure 4. (a, b) TEM image and Raman spectra of few-layer graphene sheets obtained in
DMF and (c, d) TEM and AFM images of few-layer graphene sheets obtained in NMP.
In each case, the applied current between the electrodes during arc discharge was optimized
to get the best quality morphology. We obtained few-layer graphene sheets by arc discharge
of graphite rods in both DMF and NMP solvents. TEM images of the graphene sheets

obtained in DMF are shown in Figures 4a and ¢ which shows the presence of well spread
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graphene sheets. Figure 4b shows the Raman spectra of graphene sheets obtained by arc
discharge in NMP. We see a weak band due to the defect induced D-band at 1343 cm™?, an
intense G-band at 1574 cm™* along with the 2D band at 2690 cm ™. The high intensity of the
2D band clearly indicates that the graphene sheets obtained are few-layer in nature. The
thickness of graphene sheets as obtained by AFM measurements implies sheets are 4-5 layers
thick. The formation of graphene sheets in DMF and NMP is due the formation reactive
hydrogen species which terminate dangling carbon bonds, and do not allow nanosheets to
form closed structures.!*

Submerged arc discharge in a water medium yields a black fluffy product floating on
the surface. TEM images show that the product contains multi-walled carbon nanotubes
(MWNTS) as can be seen from Figure 5. The average outer diameter of the MWNTSs is ~10
nm and the inner diameter is ~5 nm as obtained from HRTEM images. Arc discharge in
water releases CO and H, gases and creates a quasi-inert gas atmosphere around the
discharge zone. This process generates free carbon vapor to undergo nucleation and tubular
growth results in the formation of MWCNTs.[*!

Figure 5. (a, b) TEM and HRTEM images of multi-walled carbon nanotubes obtained in

water.
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2.2.5: Conclusions

Here, we report the synthesis of pure and nitrogen-doped SWNHs obtained by
submerged arc discharge of graphite rods in a liquid argon medium. The absence of an XPS
N 1s signal, which is present in nanohorns obtained in liquid nitrogen, indicate that the
nanohorns are free from nitrogen impurities. Stiffening of Raman G-band and decrease in
electrical resistance is observed in case of N-SWNHs compared to pure SWNHs. Arc
discharge in other liquid media such as water, ethanol, dimethylformamide (DMF), n-methyl
pyrrolidone (NMP), yield different nanocarbon structures including multi-walled carbon

nanotubes (MWNTSs), and few-layer graphene.
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2.3: Carbon-Nanohorn-Reinforced Polymer Matrix

Composites: Synergetic Benefits in Mechanical Properties

Summary*
Mechanical properties of single-walled carbon nanohorns (SWNH) and SWNH plus few-
layer graphene (EG)-reinforced poly(vinyl alcohol) (PVA) matrix composites have been
measured using the nanoindentation technique. The elastic modulus (E) and hardness (H) of
PVA were found to improve by ~315% and ~135%, respectively, upon the addition of just
0.4 wt.% SWNH. These properties were found to be comparable to those obtained upon the
addition of 0.2 wt.% single-walled nanotubes (SWNT) to PVA. Furthermore, upon binary
addition of 0.2 wt.% EG and 0.4 wt % SWNH to PVA, benefits in the form of ~400% and
~330% synergy in E and H, respectively, were observed, along with an increased resistance
to viscoelastic deformation. The reasons for these improvements are discussed in terms of the
dimensionality of nanocarbon, the effectiveness of nanocarbon and polymer matrix
interaction, and the influence of nanocarbon on the degree of crystallinity of the polymer.
The results from SWNH reinforcement in this study demonstrate the scope for a novel and, in
contrast to SWNT composites, a commercially feasible opportunity for strengthening

polymer matrices.
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A paper based on this work has appeared in ACS Appl. Mater. Interfaces, (2015).
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2.3.3: Experimental section

Synthesis and characterization:

SWNHs were prepared by DC-arc discharge of graphite rods in liquid nitrogen and were then
functionalized by treating with a mixture of sulfuric acid and nitric acid at 80 °C for 2 h. The
functionalized SWNHs were dispersed in distilled water by sonication. SWNH-PVA
composites were then prepared as follows: First, a PVA solution was prepared by adding
PVA to water at 60 °C while continuously stirring. The dispersed SWNHSs, with weight
fractions of 0.2, 0.4 and 0.6, were added to this and sonicated for further 900 s. The obtained
dispersion was dried in a Petri dish at 40-50 °C under vacuum over a period of 4-5 days and
subsequently desiccated in CaCl, for seven days to ensure complete removal of moisture
from the composite. Pure PVA without nanocarbon addition and binary PVA composites
with 0.4 wt.% SWNH and 0.2, 0.4 and 0.6 wt.% EG were prepared following the above

steps.

Graphene (EG) with 3—4 layers were obtained by thermal exfoliation of graphite
oxide; the latter prepared by the modified Hummer’s method.B®Y SWNTs with 98% purity
were acquired from Comocat (Sigma Aldrich). Both of them were functionalized by acid
treatment using the following procedure: EG (50 mg) and SWNTs (50 mg) were separately
taken in a solution of conc. nitric acid (2 ml), sulphuric acid (2 ml) and distilled water (16
ml), and were heated in a microwave oven for 5-8 min under hydrothermal conditions to
obtain a dispersed mixture. This mixture was then heated in an oven for 12 hrs at 100 °C and
later filtered through a sintered glass funnel by repeatedly washing with distilled water to
ensure complete removal of acid. The obtained fuctionalized nanocarbons showed good
dispersion in water compared to their pristine form. EG- and SWNT-PVA composites were

obtained using the same procedure mentioned for SWNH-PVA.

Infrared (IR) spectroscopy was performed on the functionalized SWNHSs to confirm the
introduction of hydroxyl (—OH) and carboxyl (—CO,H) groups. Differential scanning
calorimetry (DSC) was performed on all of the composite samples (10 mg each) in a Mettler-
Toledo system using a scan rate of 0.08 K/s in the temperature range of 40-250 °C. SWNHs
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were characterized by scanning and transmission electron microscopes following our

previous study.'
Nanoindentation:

All nanoindentation tests were carried out using a Tribolndenter (Hysitron Inc., Minneapolis,
MN, USA) system. A minimum of 25 indentations each was performed on PVA and PVA-
nanocomposite films using a peak load, Ppax, of 500 uN and a loading rate of 0.5 mN/s.
Penetration depths (< 4 pm) corresponding to this load, despite being large, are significantly
smaller than 5% of the film thickness (0.5 mm or more), thus ensuring negligible effect of the
substrate on measured properties.®? To reduce/eliminate artifacts in E and H estimation due
to the viscoelastic behavior of PVA, the following procedure was utilized: A spheroconical
tip (1 um radius) was used to reduce large creep displacements produced by commonly used
sharp tips;®* 3! the unload curves from these preliminary indentations and E and H obtained
from them are shown in Figure 1la. A prolonged hold-period of 250 s was found necessary to
allow time for viscoelastic relaxation, and subsequently to avoid the effect of creep on unload
curve, which otherwise results in an overestimation of E (Figure 1b). A relatively high
unload rate of 2 mN/s was used to minimize viscoelastic recovery and to obtain a convergent
solution to the power-law fit. These load function parameters were also used for the
composites as they showed a similar or a more dampened viscoelastic response. E was
extracted from the unloading curve by fitting it to a power-law relation given by Oliver &
Pharr. ®¥ H was taken as the instantaneous value, obtained as Pmax divided by the contact
area at the end of loading. To ensure precise estimations, the tip area function was calibrated
in a high depth range (0.5-4.5 um) prior to testing. For this, optically clear polycarbonate
(PC) with a modulus of 2.44 GPa was used.
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PC was preferred to the conventionally used fused quartz as the latter does not facilitate large

displacements required here, and has also been found unsuitable as a calibration standard for

polymers for various reasons. *°!
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Figure 1: (a) Load-displacement, P-h, curves obtained from nanoindentation on PVA at

varying hold times. Inset shows the rate dependent viscoelastic recovery of unload curves.

An unload rate of 2 mN/s was chosen to minimize the effect of viscoelastic displacements on

the Oliver-Pharr modulus estimation and to obtain a convergent solution (b). Shows the

effect of hold-time creep on modulus, E, and hardness, H, estimates. A hold of at least 250s

is found to be necessary to prevent the overestimations in E due to creep.
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2.3.4: Results

In Figures 2a and b we present the scanning and transmission electron micrographs of
SWNHs, which indicate nanohorns are aggregated and have spherical morphology. Some of
these aggregates show outward protrusions of individual SWNHs as shown in HRTEM
images. We have functionalized nanohorns by covalent modification (see experimental

section) in order to enhance their dispersibility in polymer matrix.

Figure 2. (a) FESEM and (b) HRTEM images of SWNHs.

Figure 3a shows the IR spectra of pristine SWNHs and acid-functionalized SWNHs. The new
peak at 1720 cm™ in functionalized sample confirm the successful introduction of carboxyl
(~CO;H) groups on SWNHSs by acidification. Similarly, we also functionalized other
nanocarbons such as graphene and SWNTs and their respective IR spectra are shown in
Figure 3a. Degree of crystallinity (y) of polymer matrix can have significant impact on the
mechanical property of SWNH-PVA composites therefore we calculated change in y of
polymer upon addition of different weight ratios of nanohorn by differential scanning
colorimetric method (DSC). Figure 3b shows the DSC curves obtained for SWNH-PVA
composites. Note that the increase in area of the peak upon nanohorn addition indicates that

enhanced crystalline content of the reinforced PVA.
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of carboxyl groups. (d) DSC scans of PVA-SWNH composites showing endothermic peaks
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The mechanical properties, elastic modulus, E, and hardness, H, of PVA and its
composites with SWNHs, SWNTs and EG are presented in Table 1 and are plotted as
functions of the filler concentration in Figure 4. From these, an enhancement in E and H is
seen upon addition of SWNHs to PVA, with a maximum occurring at 0.4 wt.%; this amounts
to an increase of ~315% and ~135% in E and H respectively over that of the unreinforced

polymer. A decrease in E and H is seen with further increase in the concentration of SWNHs.

Table 1. Summary of mechanical properties and degree of crystallinity of single
nanocarbon PVA composite

Viscosity parameters

) ) Degree of
Nanofiller Elastic modulus, E Hardness, H  from Maxwell-Voigt fit
crystallinity, x
(wt.%) (GPa) (MPa)
n1 (GPas) 2 (GPas) (%)

0 0.27 £0.01 25.6+£1.23 241 4.5 38.1
0.2EG 0.36 £0.02 29.1+2.07 278 4.6 41.8
04 EG 0.76 £ 0.03 475+1.14 172 7.4 41.9
0.6 EG 0.69 £0.03 449 +3.80 301 53 42.4

0.2 SWNH 0.80+0.03 48.6 +0.99 165 6.7 42.0
0.4 SWNH 1.12+0.03 59.8+1.84 160 9.0 44.4
0.6 SWNH 0.98 £0.02 473+1.72 171 6.1 44.8
0.2 SWNT 1.21 +£0.07 56.5+2.80 586 12.3 46.3
0.4 SWNT 1.80 £ 0.04 88.8 £2.40 356 28.6 46.3
0.6 SWNT 2.94 +0.08 101.0 £ 4.50 760 48.9 48.0
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In comparison, upon addition of SWNTSs, a maximum increment of ~990% in E and ~295%
in H is observed at 0.6 wt.%, while with addition of EG, a maximum improvement of ~180%
in E and ~85% in H is seen at 0.4 wt.%. The observed increment in E for the case of SWNT
is consistent with that (~1080%) reported by Eswar et al.?? As a general observation, for a
certain filler composition, SWNHSs provide better strengthening compared to EG, and lower
compared to SWNTs. However, note that E and H for 0.4SWNH-PVA and 0.2SWNT-PVA

are similar.

Since 0.4 wt.% addition is most effective with SWNHSs, this composition was
considered as the base for examining its synergistic effect with EG. The results for these
binary nanofiller composites are presented in Figure 5 and Table 2. Upon an addition of just
0.2 wt.% of EG to 0.4 wt% SWNH, a jump in E and H values, corresponding to an
increment of more than 4 and 2.5 times respectively, is observed. With further additions, a

slight decrease is noticed.

(a‘)S 0 . . . , , . . 180 (b) Il Elastic modulus, E
l 0.4 SWNH + EG 250 - BRI Hardness, H b
4.5 .
gt-s\ 40, -\i\ -160
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0.2 EG + 0.4EG + BEG +
EG (wt. %) 0.4 SWNH 0.4 SWNH 0.4 SWNH

Figure 5. (a) Variation of elastic modulus, E, and hardness, H, for binary nanocomposites,
with 0.2, 0.4 and 0.6 wt.% EG in PVA added in combination with 0.4 wt.% SWNH. (b) %
Synergy in elastic modulus, E, and hardness, H, upon binary addition of SWNH and EG,
estimated (Equation 1) with respect to the total mechanical property improvement upon

individual nanocarbon additions. Average values of E and H were used for this calculation.
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Table 2. Summary of mechanical properties and degree of crystallinity of binary

nanocarbon PVA composite

G Viscosity
Elastic % Synergy parameters from  Degree of
(Wt.%) Hardness, . -
modulus, E Maxwell-Voigt fit crystallinity,

+0.4 H (MPa)

(GPa) Elastic N1 (GPa 1 (%)
NH Hardness n2 (GPas)

modulus S)

0 1.12+0.03 59.8+1.84 0 0 160 9.0 44.4
0.2 465+0.04 160.5+0.89 395 326 4555 152 45.3
04 461+0.031544+232 244 175 1990 149 45.2
0.6 3.79+0.10 138.6+5.30 198 159 906 97 45.7

However, the properties remain significantly higher than those of SWNH-PVA composites.
The synergistic effect resulting thus is evaluated using the following expression and are
presented in Figure 5b.

— (4P + 4P
swNH +EG — (APswny EG) x 100 (1)
APswnh + APgg

% Synergy = £

Here, Pswn n+kc 1S the average mechanical property, E or H, of the binary composite and AP
is the change in average mechanical property upon the addition of a single nanofiller, either
SWNH or EG, to PVA. The results show a maximum synergy of ~400% in E and ~330% in
H.

The degree of crystallinity, x, for PVA and its composites, was calculated from DSC scans as
the ratio of the heat required to melt 1 g of dry sample (area of the peak between 230-240
°C) to that of the standard enthalpy of pure crystalline PVA (AH = 138.6 J/g). The values
obtained for single and binary nanocarbon composites are tabulated in Table 1 and Table 2,

respectively. The effectiveness of single nanocarbons in increasing y is seen to take the order:

Page 71



2.3: Mechanical properties of PVA-SWNHs composites

SWNT > SWNH > EG. The correspondence between the enhancement in E and the increase
in , are shown in Figure 6. A parabolic relation is seen to hold for the single nanocarbon
composite, while the binary nanocarbon composite deviates from this trend. While the
increase in y for 0.4SWNH-0.2EG-PVA is just ~2% over that of 0.4SWNH-PVA, the

increment of E and H for the same is ~315% and ~170% respectively.
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Figure 6. Shows the increase in elastic modulus, E, with respect to increase in the degree of
crystallinity, y, for single and binary PVA composite. EG-, SWNH- and SWNT-PVA
composites show dependence between the change in ¢ and change in E. The binary

composite is seen to deviate from this trend.

Next, to evaluate the effect of nanocarbon type and content on the polymer’s viscous
properties, a representative hold-time curve obtained from nanoindentation on PVA and its
composites were empirically fit to a four-element Maxwell-Voigt model. The model,
modified for the case of a conical indenter with semi-cone angle, o, is given by Fischer-
Crippst®? as:

h? = ZP,cota [Ei + Ei(l - e_th/’IZ) +=t|. @
1 2 n1

Here, E; and E, are the spring constants representing the instantaneous and relaxation

modulus respectively, and n; and n, are the viscosity terms representing the time-dependent
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behavior. Since E has been obtained accurately from the Oliver-Pharr method, E; and E;
obtained from the fit are of little importance and hence not considered for discussion in this
study. a was found to be 35° from the area function calibration on PC. The empirical fit to a

few of the hold-time curves are shown in Figure 7a.
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Figure 7. (a) Hold-time responses of some of the PVVA nanocomposites are shown. The
experimental creep curves are empirically fit to a four-element Maxwell-Voigt model
(Goodness of fit, R* > 0.85 for all). (b) The viscosity terms, 11 and 1, obtained from the fit in
(a) are plotted against their filler composition. Note the high resistance to creep or hold-time
deformation of the SWNH-EG-PVA composites.
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It has to be noted that the fit does not fully reflect the experimental conditions as the model
assumes a step load to Pmax and moreover does not account for any plastic displacement.
Variations of n; and ), presented in Figure 7b, show minor changes upon EG and SWNH
addition to PVA, while, a noticeable increase is observed for the case of SWNT. Prior
studies, investigating the effect of nanocarbons on the time-dependent deformation of
polymers, have shown either a substantial or a minor reduction in creep response upon
addition of graphene,’®*” 3 and a significant reduction upon addition of SWNTs,?% both of
which agree well with the present results. For the binary filler addition, EG plus SWNH, a

substantial increment is seen, signifying a very high resistance to creep.
2.3.5: Discussion

The substantial improvement in mechanical properties obtained through nanocarbon
additions to polymer matrix is due to the fact that the functionalized nanocarbons containing
—CO;H and —OH groups (Figure 3a) act to bridge the weak van der Waals interaction
between the polymer chains by forming stronger hydrogen bonds. In addition, the
nanocarbons nucleate crystalline phases in the polymer as indicated by y obtained from the
DSC curves. In this context, the following factors hold the key in strengthening the polymer:
the availability of a large surface area for interaction and the uniformity of nanocarbon
dispersion.

For SWNH addition, experimental results (Figure 6) indicate that the enhancement in
E and H are due, in part, to the formation of crystalline phases in PVA. Among the
nanocarbons studied here, SWNTs are seen to induce the largest change in y. This is
attributed to its one-dimensionality and small size which allows good interaction of the
polymer chains and the nanotubes, inducing nucleation of crystalline phases in the
polymer.*® 22 For SWNHSs, however, the fact that they occur as three-dimensional
aggregates (as seen in Figures 2a and b) with aggregate diameters of 50—100 nm,? and not
as individual, one-dimensional SWNHSs, results in a relatively low interaction area in
comparison to SWNTSs. Note here that individual SWNHs belong to the family of SWNTSs
and have tube length and diameter of 10-70 nm and 2—10 nm respectively.[*! While the
measured BET surface areas are ~340 m?/g for SWNTs and ~320 m?/g for SWNHs, the
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surface area available for interaction with polymer chains, will differ significantly from the
measured values, which include the pore area present in the nanocarbons. For SWNTSs, the
dispersion from bundles during chemical functionalization and the use of water soluble PVA
for composite preparation enhances the interaction area. On the other hand, SWNH
aggregates are not dispersed into individual nanohorns. Chemical functionalization and the
use of water soluble polymer only aids to separate one SWNH aggregate from another. Still,
the reasonable change in y (18%) induced by SWNH aggregates is probably due to the
benefit of the interaction area provided by its spherical geometry, and also due to the outward
protrusions of SWNH’s conical ends (see ‘dahlia-shaped’ aggregate in the inset in Figure
2b), which act in a one-dimensional manner akin to SWNTSs. The reason for EG effecting a
small change in y is due to the limited locations at the edges of graphene sheet where
functional groups can be induced " and also the multi-layered nature (3—4 layers), which
reduce the availability of the effective interfacial area.[*? Altogether, the effect of
dimensionality on x and on the mechanical properties is seen to increase as: EG (2D),
SWNHs (1 and 3D), and SWNTSs (1D).

The experimental results presented in this work show that combined addition of
SWNHs and EG results in synergistic improvements (Figure 5b) in E and H of the
composites. It appears that the synergy, which is quite substantial, is mediated by a
mechanism other than crystalline-phase nucleation (Figure 6). Also, the binary addition is
observed to significantly suppress the hold-time creep (Figure 7a). Quantitatively, this is
reflected by the large increment in the viscosity parameters, 11 and mz, which signifies a
transition from the fluid-like response of PVA (n; = 241 GPa s, 1, = 4.5 GPa s) and the
single nanofiller composites to a more solid-like response of the binary composite (n; = 4555
GPa s, n, = 152 GPa s). With no significant increase in y, the enhanced resistance to
viscoelastic creep is likely due to the hindered mobility of the molecular chains during
deformation, which is possibly a result of strong interaction of the fillers with the amorphous
regions in the polymer. Interestingly, in a previous study,? the synergistic benefit obtained
with the binary combinations of SWNT, EG and ND were found to be independent of the
crystallinity of the polymer and was attributed to an improved interaction between the
nanocarbons and the polymer chains. With regards to practical applicability, the observation

of an increase in the resistance to time-dependent deformation of PVA with SWNH and EG
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addition (Figure 7) provides possibility for design of polymer composites for applications
where dimensional stability is of importance.

The reduction or constancy in the mechanical properties (except for SWNT-PVA) of
the composites at high filler concentration (Figure 4) is due to the problem of agglomeration.
Among SWNHSs, there is likely to be local clustering of SWNH aggregates. This is confirmed
by the increase in scatter in H values and P-h responses, which is inferred to the increased
inhomogeneity within the composite film. Also, the concurrent decrease in 1 and n, reflects
the higher mobility of polymer chains, which signifies weakening of filler-matrix interaction
as a consequence of agglomeration. Such agglomeration could not be detected by optical
microscopy or through Raman spectra. The latter, collected at different locations of the
composite, showed peaks corresponding to both PVA and nanocarbon, signifying a generally
good distribution of the nanocarbon. The local concentration of the nanocarbon however
could not be assessed due to the high intensity of the obtained nanocarbon signal. With PVA
being of limited use in engineering and structural applications, of concern is whether the
results obtained in this study using PVA as the matrix material could translate to a similar
performance in other polymers of practical importance. As the mechanical property
enhancement here is believed to be governed by the amount of crystalline phase and the
nucleation of the same upon SWNH addition, this strengthening mechanism would seem
applicable to other polymers that are semi-crystalline in nature. In an earlier study, Cadek et
al.*¥ reasoned the greater increment in the mechanical properties of PVA—over an
amorphous polymer—to the additional crystalline component formed upon carbon nanotube
addition to the semi-crystalline PVA matrix. Thus the strengthening behavior of nanocarbon
reinforced polymers is likely to depend on the amorphous/crystalline nature of the polymer,
the nature of SWNHs’ functionalization, and the ease of SWNH dispersion within the
polymer, with the latter two factors influencing the interaction potential.

While excellent improvements in E and H are observed upon SWNH addition and
SWNH plus EG binary addition, SWNHs occur in the form of spherically aggregated
entities. As with SWNTSs, in which well dispersed individual nanotubes provide a larger
surface area for interaction as compared to the cylindrically bundled nanotubes, individual
SWNHs separated from spherical aggregates can be expected to substantially improve the

surface area available for interaction due to its one-dimensionality. The study by Zhang et
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al."® which describes a process for such a separation of SWNH aggregates into individual
entities, offers interesting possibility for further study of SWNH reinforced polymer matrix

composites.

2.3.6: Conclusions

The potential offered by SWNHSs to strengthen a semi-crystalline polymer (PVA) has been
explored. Upon SWNH addition, substantial improvements in the elastic modulus and
hardness are observed, the cause of which is the increase in the degree of crystallinity of the
polymer. The properties obtained with SWNHSs are better than those offered by the graphene
(EG), and at a certain composition comparable to those obtained with SWNTs. The
combined addition of SWNH and EG to PVA, results in extraordinary synergy in the
mechanical properties and a high resistance to viscoelastic creep. Both of these are attributed
(at low filler concentration) to a high degree of interaction between the filler and the matrix,
but are found to be independent of the degree of crystallinity. The results of this study, in
view of the commercial difficulty in producing SWNT composites, offer a new scope as
SWNH composites can be produced economically. Further studies to determine properties
such as ductility and toughness and to understand the mechanism of synergistic

improvements in mechanical properties would be beneficial.
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3.1: Nanocomposites Generated by Covalent Cross-
Linking of Graphene and Single-Walled Carbon

Nanotubes

Summary*

Composites of graphene and single-walled carbon nanotubes (SWNT) have been generated
by covalent cross-linking through two different coupling strategies, namely Sonogashira and
EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) coupling reactions. The obtained
assemblies have been characterized by various microscopic and spectroscopic techniques.
The assemblies obtained by Sonogashira coupling exhibit high surface area, the value
increasing with the graphene content. The highest surface area obtained is 1260 m*g " in the
composition with highest graphene content (graphene:SWNT 4:1). These composites show a
uniform slit-shaped porous network with pores of approximately 1-2 nm. CO, uptake of this
assemblies is in the range 11-15 wt % at 273 K (1 atm) and 9-11 wt % at 298 K (1 atm),
whereas the H, uptake is in the 1-1.3 wt % range at 77 K (1 atm). The composites generated
by Sonogashira coupling show superhydrophobicity with high contact angles in the range
from 159-163°. The EDC-coupled composites show less surface area than the composites

from Sonogashira coupling.

A paper based on this work has been published in Chem. Asian J. (2015).
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3.1.3: Experimental section

Reagents and precursors: Chemicals used in synthesis were of high purity and obtained
from commercial sources. Solvents were pre dried before synthesis. 4,4'-diethynylbiphenyl
(DEBP) was synthesized using previously reported procedure.!*®!

Synthesis of graphite oxide (GO): Graphite oxide was prepared using a modified Hummers
method. In an ice bath 1 g graphite powder was mixed properly with 50 ml conc. H,SO,4 and
1 g NaNOgunder constant stirring. In the uniform mixture 6.5 g KMnO4 was added slowly.
The reactants were transferred to an oil bath maintained at 40 °C, allowed for 30 min
followed by slow addition of 50 ml water and temperature raised to 70 °C. After 15 min 10
ml H,0; (30 %) in 100 ml warm water (~ 70 °C) was added to the reaction mixture. Obtained
brown dispersion was centrifuged, washed with copious amount of water followed by
dialysis and freeze dried.

Reduction of graphite Oxide (RGO): 500 mg graphite oxide was dispersed in 500 ml H,O
by sonication, pH raised to ~ 10 by adding aqueous Na,CO3 solution and stirred at 95 °C for
12 h. 5 g NaBH, dissolved in 50 ml water was added to the reaction mixture with pH
maintained at ~ 10 and the resultant solution stirred for 4 h at 80 °C. Obtained product was
filtered (0.45 um, PTFE) washed with copious amount of water and dried in vacuum oven at
90 °C.

lodobenzene functionalization (RGO-1Bz): Thediazonium salt of 4-iodoaniline was
prepared in situ. 4-lodoaniline (9 mmol) was dissolved in 150 ml water by adding minimum
amount of conc. HCI. In an ice bath NaNO, (15 mmol) and 8 ml 20% HCI (6.4 M) was added
to the solution and allowed to stir for 45 min. Color of the solution changed from transparent
to yellow due to the formation of diazonium salt. RGO (250 mg) dispersed in 250 ml 1 wt%
sodium dodecylbenzenesulfonate (NaDDBS) surfactant was added to diazonium salt solution
and allowed at 0 °C for 2 h, followed by stirring at room temperature for next 4 h. Obtained
product was filtered and washed with copious amount of water to remove the surfactant
properly and dried in vacuum at 60 °C.

lodobenzene functionalization of SWNTs (SWNT-1Bz): Purified COMoCAT SWNTSs (150
mg) was functionalized with 7.5 mmol 4- iodoaniline using the same procedure as for RGO.
Synthesis of Graphene@SWNTSs assemblies using Sonogashira coupling: In a schlenk
flask iodobenzene functionalized SWNTSs and graphene (20 mg) was mixed in four different
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ratios (SWNT:graphene = 2:1, 1:1, 1:2 and 1:4), purged with nitrogen and sealed with
septum. N,N-Dimethylformamide (DMF) (4ml) and triethylamine (4 ml) was added and
sonicated for 3 h. In the uniform dispersion Pd(PPhs), (10 mg) and Cul (5 mg) was added
under constant stirring and temperature raised to 80 °C. In a separate vial 1,4-
diethynylbenzene (65 mg) dissolved in 1.5 ml DMF was added dropwise to the reaction
mixture, subsequently temperature raised to 140 °C and allowed for 24 h. Nitrogen
atmosphere was maintained during the reaction. Precipitates were collected by filtration (0.45
um, nylon) and washed properly with DMF and hexane. Further purification was carried out
using Soxhlet extractor with methanol for 48 h. Yield: between 71 — 76%. The product is
designated as.

Carboxylate functionalization of SWNTSs: In a Teflon microwave reactor 50 mg SWNTs, 2
ml conc. HNO3, 2 ml conc. H,SO,4 and 16 ml H,O was added, irradiated with microwave for
10 min (450 W) followed by heating at 100 °C for 12 h under hydrothermal condition.
Obtained product was filtered (0.45 um, PTFE), washed with copious amount of water and
dried at 60 °C under vacuum.

Amine functionalized graphene: Graphite oxide (120 mg) was dispersed in 20 ml water by
sonication. In the uniform dispersion 70 ml ammonia solution (30 %) was added followed by
sonication and stirring to make a uniform dispersion. Uniform dispersion was transferred to
Teflon lined autoclave and heated in 200 °C oven for 16 h. Obtained product was filtered
(0.45 um, PTFE), washed with water and dried at 60 °C under vacuum.

Synthesis of Graphene@SWNTSs assemblies using EDC coupling: In a Schlenck flask
carboxylated SWNTSs (25 mg) and aminatedgraphene (25 mg) was mixed, purged with N,
sealed using septum and 5 ml DMF was added. Uniform dispersion was obtained by
sonication. In the uniform dispersion N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimidehydrochloride (EDC.HCI) 20 mg, 1-Hydroxybenzotriazole (HOBt) 20 mg
and N,N-Diisopropylethylamine (DIPEA) 300 ul was added under constant stirring and
allowed for 48 h. Nitrogen atmosphere was maintained during the reaction. Obtained product
was filtered using 0.45 pm PTFE membrane, washed with copious amount of DMF and
water. The solid product was further washed with methanol in a Soxhlet extractor for 48 h
and dried at 60 °C under vacuum.
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Characterization and instrumentation: Solid state **C magic angle spinning (MAS) NMR
spectra was collected on a Bruker 400 MHz spectrometer. Morphological studies were
carried out using Nova Nano SEM 600, FEI Company. Transmission Electron Microscope
(TEM) images were recorded using the FEI Tecnai with an accelerating voltage of 200 kV.
Thermogravimetric analysis (TGA) was carried out using Mettler Toledo TGA 850
instrument in nitrogen atmosphere with a heating rate of 3 °C/ min. XPS spectra were
recorded in an Omicron Nanotechnology Spectrometer with Mg Ka as the X-ray source.
Adsorption measurement:The adsorption isotherm N, (77 K), CO, (195 K, 273 K and 298
K) and H, (77 K) were obtained using QUANTACHROME QUADRASORB-SI analyzer.
The samples were heated at 433 K under vacuum for about 12 h. The adsorbate was charged
into the sample tube and change in pressure was monitored. The degree of adsorption was
determined by monitoring the decrease in pressure at the equilibrium state. All the operations
were computer controlled and automatic.

Contact angle measurement: The samples were dispersed in 1:1 Water: ethanol mixture
and resultant ink was coated on the glass substrate. The obtained film was used for the
contact angle measurement using a goniometer. A total volume of 4 pl deionized water was
placed on the sample by micropipette, images were recorded using a digital camera attached

to goniometer.

3.1.4: Results and discussion

Sonogashira coupling has been widely employed in synthetic organic chemistry.™
Recently this strategy has been used to grow conjugated microporous polymers (CMPs) on
the surface of different dimensional nanocarbons with interesting morphological and
functional properties. The CMPs and nanocarbon composites (graphene, SWNT and carbon
spheres) have promising optical and electrochemical properties.”” Scheme 1 shows the steps
involved in the synthesis of covalently cross-linked graphene@SWNT assemblies using
Sonogashira coupling, designated as G-SWNT (1).[*** 21! This strategy involves iodobenzene
(IBz) functionalization of reduced graphene oxide (RGO-1Bz) as well as SWNT (SWNT-
IBz) using in-situ prepared diazonium salt of 4-iodoaniline. The RGO-1Bz and SWNT-IBz
was mixed in four different ratios (graphene:SWNT=1:2, 1:1, 2:1 and 4:1) and dispersed in

N,N-dimethylformamide (DMF). The resultant dispersion was cross-linked with 4,4'-
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diethynylbiphenyl (DEBP) linker in the presence of Pd® and Cu® catalysts (see experimental

section).

. Pd(0), Cul,
Sonogas_hlra Et,N, 140 °C
Coupling
DMF
Il
1l
Linker (DEBP) graphene@SWNTs

(1) composites

©

Scheme 1. Schematic representation of the synthesis of graphene@SWNTSs (1), using
Sonogashira coupling. (a, b) Reaction of reduced graphene oxide (RGO) and SWNT with 4-
iodobenzenediazonium chloride. (c, d) lodobenzene-functionalized RGO and SWNT (RGO-

IBz, SWNT-IBz). (e) Graphene@SWNT (1) assemblies
The mechanism involves the oxidative addition of Pd® to the C—I bond of iodobenzene to
form Pd" intermediate, followed by elimination of iodine (1) during transmetallation with
copper acetylide. The Subsequent step involves reductive elimination of iodine followed by
C—C bond formation.”? Pd® catalyzed coupling strategies may have promising uses in
nanocarbon chemistry for the design of functional materials.?*]

Scheme 2 shows the synthesis of graphene@SWNT assemblies by the EDC coupling
reaction through amide bond formation.[24] The synthesis of these composites designated as
G-SWNT (2), involves the amine and carboxyl functionalization of graphene and SWNT
respectively, followed by the activation of carboxylate groups using EDC. The subsequent
step involves the cross-coupling of amine groups on graphene with activated carboxylate
groups on SWNT. The advantage of EDC based activation over SOCI; is that, no HCI is

liberated; obtained urea by-product is water soluble. And this reaction is carried out at room
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temperature (see experimental section). Graphene and SWNT assemblies obtained by
Sonogashira and EDC coupling are named as G-SWNT (1) and G-SWNT (2) respectively.

Ammonia
Solution
200°C/12h

DMF, EDC.HCI,
HOBt, DIPEA

48h,25°C
0

1) HNO;/ H,SO,,
microwave

(e) graphene@SWNT
2) 100°C/12h

(2) composite

/N

i’ " = EDC.HCI
N
\\N
4 = HOBt
\

ﬁ oH

N,
Y \r = DIPEA

Scheme 2. Schematic representation of the synthesis of graphene@SWNT (2) using EDC
coupling. a) Hydrothermal amination of graphene oxide (GO). b) Carboxylate
functionalization of SWNT. c) Aminated graphene (RGO-NH,). d) Carboxylated SWNT
(SWNT-COOH). e) graphene@SWNT (2) assembly.

Figure 1a displays the infrared (IR) spectra of G-SWNT (1) assemblies prepared by
Sonogashira coupling. The IR bands at 1500 and 1604 cm ™ are due to C=C stretching modes
of benzene, whereas the bands at 3030 and 3064 cm™* corresponds to the aromatic C—H
stretching. The 2200 cm * band results from C=C stretching of the linker, indicates the cross-
linking of graphene and SWNT.?® Figure 1b displays the Raman spectra of G-SWNTSs (1),
SWNT and RGO, collected using 632.84 nm He-Ne lasers. The D-band is observed at 1300
cm ! for SWNT and 1330 cm™ in graphene. The G-band for both SWNT and graphene
occurs at around 1590 cm . The radial breathing modes (RBM) in SWNT are in the 100-400
cm* region.®¥ Raman spectra of G-SWNTSs (1) show combined characteristics of SWNT
and graphene. The D-band region of assemblies shows shoulder at 1330 cm™ due to
contribution from graphene, whereas the G-band region merges with that of SWNT. The G-

band broadens with the increase in graphene content.
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Figure 1. (a) ATR-FTIR spectra of graphene@SWNTSs (1) [graphene:SWNT 1 (1:2), 2 (1:1),
3(2:1), and 4 (4:1)]; (b) Raman spectra of [graphene:SWNT 1 (4:1), 2 (2:1), 3 (1:1), 4 (1:2),

5 (SWNT), and 6 (RGO)].

Sonogashira cross-linking (Scheme 1) involves the formation of C—C bond and
breaking of C-I bond.”? Monitoring the intensity of | 3d (iodine) signal in X-ray
photoelectron spectroscopy (XPS) is an effective method to follow the extent of cross-
linking. Figures 2a, b and c display the I 3d signals of RGO-IBz, SWNT-IBz and G-SWNTSs
(1). RGO-1Bz and SWNT-IBz show strong | 3d signal due to iodobenzene functional groups.
The G-SWNTSs (1), composite does not exhibit a significant signal of 1 3d, confirming that

cross coupling of SWNT and graphene has occurred through C—C bond formation.
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Figure 2. High resolution | 3d X-ray photoelectron spectrum (XPS) of (a, b) lodobenzene
functionalized RGO, SWNTSs and (c) graphene@SWNT (1) (present spectrum for
Graphene:SWNT: 1:1)

Figure 3. TEM image of a) Reduced graphene oxide (RGO); b) SWNT

64(
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We would expect interesting morphological features on cross-linking 1D SWNT with

2D graphene through organic linkers, resulting in the formation of 3D-monoliths.

Figure 4. a) SEM image of SWNT. b—e) SEM images of graphene@SWNTs (1) with
increasing graphene content [arrows indicate the cross-linked graphene sheet;
graphene:SWNT b (1:2), ¢ (1:1), d (2:1), e (4:1)]. f) HRTEM image of graphene@SWNT
(1); inset shows 1-2 nm slit pores arising from covalent cross-linking (inset scale bar 2 nm).
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Figures 3a, b display the transmission electron microscope images (TEM) of graphene and
SWNTs used for cross-linking. Agglomerated few-layer graphene sheets with lateral
dimensions of 3-5 um are observed in electron microscopy. SWNTs have ~10 nm thick,
micron length bundles. Figure 4 shows the SEM image of G-SWNT (1) with varying
graphene content. It is evident from FESEM images that the SWNT are sandwiched between
the graphene sheets. And also we observed high content of cross-linked SWNT at the surface
of G-SWNTSs (1), in case of less graphene containing assemblies (Figures 4b, c¢). Figure 4f
shows the high resolution transmission electron microscope (HRTEM) image of G-SWNTSs
(1). The inset in Figure 4f shows the formation of uniform slit shaped porous network with
dimensions of 1-2 nm. The length of linker cross-linking SWNT and graphene is ~2 nm.
Prompted by the micro and nanoscale surface roughness observed in SEM imaging of
G-SWNTSs (1), we carried out surface wettability experiments using water contact angle

measurements. Figure 5 shows the typical optical images of water droplets on G-SWNTSs (1),

Figure 5. Optical images of a 4 uL water droplet on a) 1:1 graphene@SWNT (1); b)
diethynylbiphenyl (DEBP) linker; c) RGO; and d) SWNT.
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DEBP linker, RGO and SWNT respectively. The assemblies show contact angle in the range
from 159 to 163°, whereas DEBP, reduced graphene oxide (RGO) and SWNT exhibit contact
angles of 110°, 122° and 68° respectively. The superhydrophobic nature of assemblies is

attributed to micro and nanoscale surface roughness. The surface contact area available to

water droplet is reduced due to trapped air, as proposed by the Cassie model.?® Additionally,

the hydrophobic DEBP linker prevents penetration of water into the pore surface.
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Figure 6. a) Nitrogen adsorption profiles at 77 K. b) Variation in surface area with increase

in graphene content. ¢) Synergy (%) in surface area exhibited by assemblies in comparison to
the pristine SWNT and graphene. d) Pore size distribution of graphene@SWNTSs (1)
[graphene:SWNT 1 (1:2), 2 (1:1), 3 (2:1), 4 (4:1).
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The presence of a uniform porous network, high thermal stability, along with
superhydrophobic nature, prompted us to investigate the potential of G-SWNTs (1) for gas
storage and separation. The porosity of G-SWNTs (1) was investigated by nitrogen
adsorption at 77 K (Figure 6). The adsorption profile has combined features of type-I in low
and type-I1 in high pressure regions according to the IUPAC classification (Figure 6a).l?”
The type-I feature is due to adsorption in micropores (1-2 nm), whereas the type-Il is from
macropores, as evident from TEM and SEM images. The Brunauer-Emmet-Teller (BET)
surface areas of different G-SWNTs (1), with varying graphene content are given in Table 1.
The surface areas are in the range from ~750-1260 m*g *. The BET surface area of SWNT
is 415 m*g %, whereas RGO prepared by sodium borohydride reduction of graphene oxide
(GO) is nonporous with a low surface area of 32 m*g . The enhanced surface area of G-
SWNTSs (1) assemblies is due to the pillaring of individual graphene sheets and SWNTSs with
DEBP. Figures 6b and c¢ show the effect of graphene content on the surface area and %
synergy in the G-SWNTs (1) assemblies. Figure 6d shows the pore size distribution of G-
SWNTs (1) calculated using non-local density functional theory (NLDFT). The pore size
distribution of G-SWNTSs (1), in 1-10 nm range have two major contributions at 1 and 1.6
nm, with other minor contributions in 2-4 nm range. The SWNT have a pore of ~1nm
corresponding to its diameter. The additional contribution of ~1.6 nm pores in G-SWNTSs (1)
is due to new adsorption spaces generated by cross-linking. This pore size distribution is
further confirmed by HRTEM images.

Table 1. Surface area, pore volume, CO, and H, uptake of graphene@SWNTs (1)

assemblies
Sample BET surface CO; CO, Ha Pore volume

(Gr:SWNT) Area (m2/g) uptake uptake Uptake (cclg)
(wWt%) (Wt%) (Wt%) at P/P,~ 0.9
273K (1atm) 298 K (latm) 77K,

(1 atm)

1;2 795 10.9 9 1.1 0.68

1:1 752 11.6 7 1 0.63

2:1 1008 13 10.6 1.16 0.78

4:1 1261 15.7 10.8 1.3 0.8
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The pore volume of SWNT is 0.48 cm® g, whereas that of G-SWNTs (1) is in
the range of 0.68-0.8 cm®g™" calculated at P/Py~0.9 (Table 1). The pore volume increases
with increase in graphene content in G-SWNTs (1), just as the surface area. The above
studies confirm that, graphene provides more surface area and adsorbate accessible space in
comparison to SWNT.G-SWNTSs (1) composites show a CO, uptake of ~11 to 15.7 wt % at
273K and 1 atm, and ~9 to 11 wt% at 298 K and 1 atm (Figure 7a, Table 1). The high
uptake efficiency is due to interaction of CO; with ©t electron cloud of SWNT, graphene and
DEBP.® Residual functional groups like carboxyl and hydroxyl groups also facilitate CO,
adsorption.” The magnitudes of adsorption obtained are comparable to some of the high
surface area metal organic frameworks (MOFs).B% Although the uptake capacity is less than
zeolite 13 X and the highest reported MOFs,B% 3 additional properties like
superhydrophobicity, high thermal and chemical stability makes G-SWNTSs (1) composites
promising. There is drastic decrease in CO, uptake of MOFs and zeolites in moisture (flue
gas contains 5-7 % by volume).”® The G-SWNTSs (1) show a hydrogen uptake between 1 to
1.3 wt % at 77 K and 1 atm, which is comparable to MOFs (Figure 7b and Table 1).% Under
similar conditions, SWNT shows a H, uptake of 0.35 wt %.
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Figure 7. a) CO, adsorption profiles of graphene@SWNTs (1) at 298 K. b) Hydrogen
adsorption profile of graphene@SWNTSs (1) at 77 K. [graphene:SWNT 1 (1:2), 2 (1:1), 3
(2:1), 4 (4:1)].
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Figure 8. ATR-FTIR spectra of (1) Aminated graphene, (2) Carboxylated SWNT and (3)
graphene@SWNT (2)

We have been able to generate graphene-SWNT assemblies, G-SWNT (2), by
direct cross-linking of aminated graphene (RGO-NH;) with carboxylated SWNT (SWNT-
COOH) by the amide bond using EDC coupling (Scheme 2). Figure 8a shows the IR spectra
of RGO-NH,, SWNT-COOH and G-SWNT (2). SWNT-COOH shows bands at 1577, 1724
due to C=C and C=0 of aromatic domains and carboxylate groups respectively.’? The band
at 1724 cm™ confirms carboxyl functionalization of SWNT. RGO-NH, exhibits the N—H
bending band at 1544 cm ™, which merges with aromatic C=C stretching band.**! The bands
at 3336 and 3384 cm ™! correspond to N—H stretching of primary amines. The IR spectrum of
G-SWNT (2) shows a strong band at 1650 cm™* corresponding to the amide C=0O stretching
band, confirming the successful cross-linking of graphene and SWNT.® The weak band in
G-SWNT (2) at 1726 cm* is due to residual carboxylate groups of SWNT. The high relative
intensity of the 1650 cm ™ band compare to 1726 cm™* band, confirms the effective amide
bond formation. An additional band at 3408 cm ™ is due to N—H stretching of the amide

involved in cross-linking.
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Figure 9. a,b) FEEM and TEM images of graphene@SWNT (2) synthesized by EDC

coupling (arrows indicate the cross-linked nanotube bundles).
Figures 9a, b shows FESEM and TEM images of G-SWNT (2) synthesized using EDC
coupling. These images confirm the presence of nanotube bundle strands connected and
sandwiched between graphene sheets. Although uniformly connected SWNT strands with
graphene are observed, no uniform porous architecture as in G-SWNT (1) is found here.
Cross-linked nanotube strands protruding out and connecting graphene sheets are observed in
the G-SWNT (2) assembly.
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Figure 10. Nitrogen adsorption profile at 77 K of (1) aminated graphene and (2) graphene@,
SWNT (2).
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Nitrogen adsorption and porosity analysis show that G-SWNT (2) has a BET surface area of
337 m?g* with a type-1V mesoporous adsorption profile as shown in Figure 10.%" The
observed mesoporous behaviour is likely due to the sheet wrinkling and agglomeration.
RGO-NH; shows a relatively low surface area of 202 m*g . The enhanced surface area of

~130 m? g ! in assembly is due to additional space in the interstices.

3.1.5: Conclusions

In conclusion, we have been able to synthesize graphene-SWNT assemblies using two
different synthetic protocols, namely Sonogashira coupling and EDC coupling. The
Sonogashira coupling makes use of Pd® catalyzed C—C cross-coupling of SWNT and
graphene using DEBP linker. The assemblies obtained by Sonogashira coupling exhibit high
surface areas comparable to MOFs, the surface area increasing with graphene content in the
composites. Electron microscopy confirms the formation of uniform slit-shaped pores on
cross-linking graphene and SWNT with the DEBP linker. Additionally, they have good CO,
storage capacity under ambient conditions. H, uptake of the Sonogashira coupled assemblies
is comparable with that of MOFs. They also have superhydrophobic surfaces. The assembly
obtained by EDC coupling has a lower surface area than that of the assemblies from

Sonogashira coupling.
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3.2: Graphene Composites Containing Chemically Bonded
Metal Oxides

Summary*

Composites of graphene containing chemically bonded nano films of metal oxides such as
TiO, or SiO, have been prepared by reacting graphene containing surface oxygen
functionalities with metal halide vapors (TiCl, or SiCl,) followed by exposure to water
vapor. These composites have been characterized by electron microscopy, atomic force
microscopy and other techniques. On calcining graphene-metal oxide composite in air at
higher temperature of 600 °C we obtained thin metal-oxide films of TiO, and/or SiO; due to

removal of underlying graphene template.

Papers based on this work have been published in Bull. Mater. Sci. (2013), Z. Anorg.
Allg. Chem. (2012).
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3.2.3: Experimental section

Graphite oxide (GO) was synthesized by the modified Hummer’s method.?!! Exfoliated
graphene [EG] samples were obtained from graphite oxide by the thermal exfoliation in a
furnace preheated to 250 °C. Figure 1 shows the schematic diagram of experimental set-up
used for coating of metal oxides on to graphene.? It consists of three glass chambers, one to
contain the metal halide (TiCl4, SiCly, etc), the second for graphene and the third for water.

High-vacuum stopcocks interconnect the chambers, which are connected to a vacuum pump.

) ~———

Graphene Water
Volatile metal chloride
(TiCly)

Figure 1. Schematic diagram of the experimental set-up used for metal-oxide coating on

graphene.

In a typical preparation, the sample chamber is evacuated for 15 min and the metal halide
vapor from first chamber is allowed to enter the reaction chamber and allowed to react for 10
min. The unreacted metal halide vapor is removed by evacuation. In this step, the metal
halide reacts with the oxygen functionalities on graphene giving out HCI. Water vapor from
the third chamber is then passed on to the sample chamber for hydrolyzing the remaining
unreacted chlorines of the metal halide. These two procedures are repeated several times. The

graphene samples so obtained were heated to 350 °C to produce metal oxide coatings. In the
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case of TiO, samples obtained after calcination at 350 and 600 °C for 12 h are designated as
G-Ti0,-350 and G-TiO,-600, respectively. The sample is heated to 600 °C to burn off the
carbon giving only a thin free-standing film of TiO,, It should be noted that coating obtained
on the graphene would not be of the oxide at room temperature, but of the same
oxidic/hydroxidic species. It is only after the calcination that an oxide coating was forms. For
purpose of brevity, we have called the products obtained at room temperature as oxide coated

nanostructures.

3.2.4: Results and Discussion

For our present work graphitic oxide was synthesized by modified Hummers
method®? and exfoliated at low temperature of 350 °C (EG) to ensure enough residual
functional groups are left on graphene surface for further modification. On reaction of EG
with the vapor of a metal halide such as TiCly, the surface hydroxyl groups on EG can form
metal-oxygen bonds by eliminating HCI leaving extra metal-chlorine bonds. The metal-
chlorine bond is hydrolyzed by treatment with water and the hydroxide layer again reacted
with the metal chloride. On repeating the process several times followed by calcination, we
obtained a graphene with a chemically bonded ceramic coating of the desired thickness.
Thus, in the case of TiCl, we obtain a coating of a TiO, film on graphene by this means. The
thickness of the oxide layer depends on the number of times we carry out the reaction with
the metal halide. In Figure 2, we show the FESEM images of TiO, coated graphene (G-TiOy)
samples obtained after the reaction of TiCl, with EG at room temperature. The energy-
dispersive X-ray analysis (EDX) pattern given in the inset of the Figure 2a indicates the

presence of Ti, O and Cl in the G-TiO, samples.
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Figure 2. FESEM images of TiO,-bonded graphene prepared at room temperature (a) after 3
cycles (b) after 12 cycles.

Raman spectra of G-TiO, samples shows only D (1345 cm™) and G (1590 cm™) band
peaks corresponding to graphene, whereas signals from TiO, are absent which indicates TiO,
coated on graphene at room temperature is amorphous in nature (Figure 3a). In view of this,
we calcined our G-TiO;, samples at different temperatures.

(101) (a) (b)
EG-TiO, (600°C)
- e @0 EGTIO-600°C - o
= (103) ' (211) (204) w16 (20) (15) b . EG-TI02 (350 C)
S S AN
@2 I3 2
c c : .
3 EG-TiO-350°C | — \E&TO.RD
3 :
A EG-TiO,-RT
20 30 40 50 60 70 80 500 1000 1500 2000 2500

26 (deg) Raman shift (cm”)

Figure 3. (a) PXRD pattern of TiO,-bonded graphene prepared at room temperature (black),
same sample after calcination at 350 °C (red), TiO, nanosheets after removal of graphene at
600 °C (blue); (b) Raman spectra of exfoliated graphene (black), TiO,-bonded graphene
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prepared at room temperature (red), same sample after calcination at 350 °C (blue), TiO,

nanosheets after removal of graphene at 600 °C (wine).
G-TiO, sample heated at 350 °C (G-TiO,-350) gives peaks from both graphene and TiO,
with significant reduction in the D-band intensity of graphene. Furthermore, appearance of
new 2D-band in the G-Ti0,-350 composites implies that coated sheets are further exfoliated
during calcination. PXRD patterns of G-TiO, and G-TiO,-350 also corroborate Raman
spectra (Figure 3b). Interestingly, on heating G-TiO, samples at 600 °C for 12 h we obtained
thin TiO,, layers due to complete removal of underlying graphene template. Raman spectra of
G-TiO,-600 show the absence of G and D bands, indicating the complete removal of
graphene template after calciniation at 600 °C. PXRD pattern confirms that the TiO, layers
obtained after calcination are anatase in structure as shown in Figure 3b. G-TiO,-600
displays layered nature as confirmed from HRTEM images (Figure 4a) and EDAX pattern
shows the presence of only Ti and O. This indicates that in G-TiO,-600, coated TiO,
particles are condensed themselves during calcination along with the removal of grapheme
template. The AFM image of G-TiO,-600 shows that thickness of the oxide film obtained is
~1.5 nm (Figure 4b).

3 4 5 6
Lateral dimensions (um)

Figure 4. (a) TEM, (b) AFM images of TiO, nanosheets after removal of graphene at
600 °C.
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e .

Figure 5. a, ¢) FESEM and TEM images of SiO,-bonded graphene obtained at room
temperature (Inset: EDAX pattern); b, d) FESEM and TEM image of SiO, nanosheets
obtained after calcination of SiO,-bonded graphene at 600 °C.

Encouraged by the success of preparing TiO,-bonded graphene, we prepared
graphene bonded to SiO, films by using SiCl, as the reagent. In Figures 5a, ¢ we show the
SEM and TEM image of SiO,-bonded to graphene prepared after 10 cycles of coating. A
TEM image of SiO, nanosheets obtained after calcination of SiO,-bonded graphene sheets at
600 °C is shown in Figure 5d.

TiO, is a well known dielectric material with the bulk sample having dielectric
constant of 20-30. TiO, nanosheets obtained by us have a much higher dielectric constant as
shown in Figure 6.
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Figure 6. Frequency-dependent dielectric constant of TiO, nanosheets compared to bulk
TiO..

3.2.5: Conclusions
Thin films of SiO, or TiO, have been prepared using acidified graphene layers as
templates. The procedure involves the reaction of graphene surface with TiCl, or SiCly
vapors then hydrolysis followed by calcination and heating at higher temperatures in air to
oxidize the carbon. Thin layers of TiO, or SiO, prepared by this procedure may be useful in
catalysis. Thin metal oxide layers obtained are characterized by Raman spectroscopy, PXRD
and electron microscopy.
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4.1: Overview of Molybdenum Disulfide Nanosheets

4.1.1: Introduction

The discovery of graphene, the two-dimensional network of sp? carbon atoms created
sensation because of its amazing properties.l* # This discovery has given impetus to the
study of other two-dimensional structures based on layered inorganic materials. In the last
few years, it has been possible to synthesize two-dimensional nanosheets of a variety of
inorganic layered materials such as MoS, (Figure 1) and other metal chalcogenides.® *
Single- and few-layered MoS, exhibits novel properties that are distinctly different from
those of graphene.[> ¢ Whereas graphene is a gapless material, the stable 2H form of single-
layered MoS; is a direct band gap semiconductor.® ® Some properties of single-layer MoS,
(2H) arise from valley polarization arising from spin—orbit splitting and transformation of the

2H form to the 1T form with entirely different properties.
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Figure 1. Structure of MoS;: (a) side view and (b, c) top view. (Reproduced from Ref. [5])

Coleman et al.’®! have reported the synthesis of defect free graphene dispersions from bulk
graphite by ultrasonication in NMP and other solvents for several hours. Later the same
technique has been employed to obtain single- and multi-layers of transition metal
dichalcogenides such as MoS,, WS; in various organic solvents via sonication (Figure 2).
The concentrations of the resulting MoS, and WS, suspensions are 0.30 and 0.15 mg/mL
respectively. The important factor for choosing the appropriate solvent for given material is

that solvent and the exfoliating material should have the similar surface energy.
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4.1: Overview of molybdenum Disulfide

Figure 2. (a, b) Low resolution TEM
images of MoS, and WS, (d, f)
HRTEM images of MoS, and WS,

monolayers. (Insets) Fast Fourier

AT . . W )
LIS (Y 5: R A transforms of the images.

(Reproduced from Ref. [8]).

Laser irradiation has been used to obtain single-layer MoS, with a defined shape and size.
Laser thinning does not alter the semiconducting properties of MoS, compared with those of

(01 | aser irradiation of dispersions of bulk metal

pristine single-layer samples.
dichalcogenides (MoS,, WS;, MoSe,, and WSe,) in DMF by a KrF excimer laser was used to
produce single- and few-layer materials. Laser exfoliation was followed by centrifugation to
collect the supernatant containing dispersions.” As early as 1986, Frindt and coauthors*?
successfully demonstrated exfoliation of MoS; into single- to few-layer nanosheets by Li
intercalation, using n-butyl Li dissolved in hexane followed by reaction with water. This
process leads to the transition of the stable 2H form of MoS; to the less stable 1T form. Of
the commonly found polymorphs of TMDs (1T, 2H, and 3R), the 2H form has the trigonal
prismatic coordination of the metal and chalcogen atoms, whereas the 1T form has an
octahedral or trigonal antiprismatic coordination.[**) The 1T form obtained by intercalation of
Li into MoS; is retained even after exfoliation.™ **! An electron diffraction pattern of the 2H
phase shows the usual hexagonal spot pattern, whereas the 1T phase shows an extra
hexagonal spot at 30° angular spacing between the spots of the 2H structure (Figure 3a, b).*®!
Thus, the 1T phase has AbC-AbC type of stacking, whereas the 2H phase has AbA-BaB type

of stacking (Figure 3c).
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Figure 3. (a, b) SAED pattern from single-layer MoS, with (a) 2H and (b) 1T structures. (c)
Schematic structural model corresponding to the 2H and 1T structures. (d, €) HRTEM
images of the single-layer MoS, with (d) 2H and (e) 1T structures. The insets in panels d and
e show magnified images of Mo and S atomic arrangements in 2H and 1T structures as well
as intensity line scans through Mo and S atoms. (f ) HRTEM image of the heterojunction of
1T- and 2H-MoS; obtained by Li intercalation and exfoliation. The white dashed line
represents the transition from the 1T to the 2H structure. Panel a adapted with permission

from Reference 16; panel b adapted with permission from Reference 15.

HRTEM images of the 2H and 1T samples are shown in panels d and e of Figure 3,

(13151 carried out high resolution scanning

respectively. Chhowalla and coworkers
transmission electron microscope (STEM) imaging to identify the 2H and 1T phases of MoS,
and showed that the samples prepared by Li intercalation and exfoliation exist as coherent
heterostructures of the 1T and 2H phases (Figure 3f). Because 1T- and 2H-MoS, are metallic
and semiconducting, respectively, their heterojunctions represent a chemically homogeneous

layer with possible use in molecular electronic devices.
4.1.2: Properties
Bulk MoS; is an indirect band gap semiconductor with an energy gap of 1.2 eV, and

has attracted interest as photovoltaic and photocatalytic material.
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Figure 4. Reflection and
photoluminescence spectra of ultrathin
MoS, layers. (a) Reflection difference
due to an ultrathin MoS; layer on a quartz
substrate, which is proportional to the
MoS; absorption constant. The observed
absorption peaks at 1.85 eV (670 nm) and
1.98 eV (627 nm) correspond to the A;
and B; direct excitonic transitions with
the energy split from valence band spin-
orbital coupling. The inset shows the bulk
MoS; band structure neglecting the
relatively weak spin-orbital coupling,
which has an indirect bandgap around 1
eV and a single higher energy direct
excitonic transition at the K point denoted
by an arrow. (b) A  strong
photoluminescence is observed at the
direct excitonic transitions energies in a
monolayer MoS,. Such luminescence is
absent in the indirect bandgap bulk MoS,
sample [from ref 9].

It is of recent interest to investigate the various properties of inorganic layered materials

chalcogenides when they exfoliated to single and few-layers. Mak et al. studied the optical

properties and electronic structure of ultrathin MoS, films as a function of number of layers

N=1; 2; 3: . ; 6. It is found that with decreasing N, there is a progressive confinement-

induced shift in the indirect gap from the bulk value of 1.29 to 1.90 eV and transforming it

from a indirect band gap semiconductor to direct band gap semiconductor with emerging

photoluminescence of greater than 10* of its bulk counterpart.*”? Photoluminescence in MoS;

obtained by mechanical exfoliation was also reported by Splendiani et al. and they observed

that there is an increase in photoluminescence intensity with decreasing layer thickness, and

it is maximum for a monolayer (Figure 4).1*® Later, Eda et al. has also observed the emerging

photoluminescence from the SL-MoS, obtained by Li-intercalation of bulk MoS,, indicating

that SL-MoS; retains the structural integrity with low density of critical defects.!*! Few-layer
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MoS; obtained by the liquid phase exfoliation of bulk MoS; is shown to emit at 440 nm and

the fluorescence intensity was further increased by making composites with Ag@SiO, and

explained on the basis of metal-enhanced fluorescence.*”!

4.1.3: Applications

Two-dimensional materials have attracted significant attention in the scientific

community in the last few years due to their potential transport physics and prospects for

technological applications in various fields.

Transistors

The main advantage of graphene based field-effect transistors (FET) is the associated

carrier high mobility of up to 106 cm?Vv~ s ~.[2Y) However, several problems remain with

graphene due to absence of a bandgap, which is essential for transistor applications.
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Figure 5: (a) Cross sectional view of the
structure of a monolayer MoS, FET
together with electrical connections used
to characterize the device. A single layer
of MoS, (thickness, 6.5 A) is deposited
on a degenerately doped silicon substrate
with 270-nm-thick SiO,. The substrate
acts a back gate. One of the gold
electrodes acts as drain and the other
source electrode is grounded. The
monolayer is separated from the top gate
by 30 nm of ALD-grown HfO,. The top
gate width for the device is 4 mm and the
top gate length, source—gate and gate—
drain spacing are each 500 nm. (b)
Room-temperature transfer characteristic
for the FET with 10 mV applied bias
voltage Vds. Backgate voltage Vbg is
applied to the substrate and the top gate
is disconnected. Inset: lds—Vds curve
acquired for Vbg values of 0, 1 and 5 V
[From ref 24].
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Subsequently, considerable efforts have been made to “open” the bandgap of graphene, such
as changing the dimensions to form graphene nanoribbons.'?? In this context, there has been
an extensive search for other layered materials that are analogous to graphene but with
semiconducting characteristics. Recently Novoselov et al. has fabricated a FET on single-
layer of MoS; obtained by mechanical exfoliation using back gate device fabrication mode
and reported that the mobilities are in the range of 0.5-3 cm?V"'s™.[?* Later, Radisavljevic et
al. has modified the fabrication procedure by using top gate using HfO, as dielectric and
found that at room temperature single-layer MoS, has mobilities of at least 200 cm?v's™,
with current on/off ratios of 108 with ultralow standby power dissipation (Figure 5).** Soon
after this work there are plenty of reports appeared in the literature by modifying various

important parameters.

Li-ion Batteries

Layered transition metal dichalcogenides MX, (M = Mo, Ti, V, and W, X =S or Se)
can intercalate and de-intercalate the Li-ions into their structure between the layers along
with the fast-ion conductivity. These features, have led them to consider a host materials for
application in the field of primary or rechargeable batteries.
The first lithium ion battery using MoS; as the electrode material gave impressive results
which has led to further investigate the different morphologies of MoS,.”> MoS, with
enlarged c-lattice parameter and high surface area obtained by exfoliation and restacking of
commercially available MoS;, showed the first charge capacity of 800 mAh/g and
maintained a capacity of 750 mAh/g after 20 cycles at current density of 50 mA/g.”?®! Bulk
MoS; electrodes exhibited decrease in the charge capacity from 800 to 226 mh/g after 50
cycles. Feng et al.?” synthesized MoS, nanoflakes by a hydrothermal method and found that
the MoS, nanoflake electrodes exhibit a capacity of 1000 mAh/g. Hierarchical spheres
composed of ultrathin MoS, nanosheets prepared by polystyrene microsphere-assisted
hydrothermal method show lithium storage capacity of 672 mAh/g.”® MoS, nanoflowers
synthesized using ionic liquid assisted hydrothermal method showed a reversible capacity of
900 mAh/g.”! Recently, a simple, one-pot synthesis of graphene-like MoS, nanoplates

obtained by solvothermal method using molybdenum carbonyl and sulphur showed the first
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discharge and charge capacities of 1062 and 917 mAh/g, respectively at current density of

1.06 A/g (see Figure 6).B"!
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Figure 6. (a) Voltage profiles of MoS; nanoplates in coin-type lithium half cells between 0

and 3 V at a rate of 1C (=1062 mA/g) (charge and discharge rates were the same) at room

temperature. (b) Differential curves of MoS, nanoplates during the first and second cycles.

(c) Plot of charge capacity vs cycle number in coin-type lithium half cells between 0 and 3 V

at a rate of 10C rates (charge and discharge rates were the same) at room temperature. (d, )

Voltage profiles of MoS, nanoplates in coin-type lithium half cells between 0 and 3 V at a

rate of 20 and 50C rates (discharge rates to 0 V were 1C) at room temperature. (f) Plot of

charge capacity vs cycle number obtained from (d) and (e)
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Hydrogen evolution reactions

The necessary condition for any catalyst to act as a hydrogen-evolving catalyst is that the
bottom of the conduction band of the catalyst should be more negative than the redox
potential of H*/H, (0 V vs NHE at pH 0). Efficiency of a HER catalyst is determined by the
efficiency of the three steps of HER: (i) photogeneration of electrons and holes, (ii)
separation of photogenerated electrons from holes, and (iii) reduction of H* to H, using the
photogenerated electrons.’ Hinnemenn et al. first showed that nanoparticles of MoS, can be
used for electrochemical HER with an overpotential as low as 0.1-0.2 V.BY Theoretical
studies have shown that edge sites of MoS,1*? and vacancy defects® are active in HER.
Because edges seem to be the catalytically active sites of HER, several studies have been
carried out to prepare nanoparticles,®* nanosheets,® and other morphologiest®®! with a large
density of exposed edges and have been shown to improve both the Tafel slope and the
overpotential. An improvement in the electrochemical activity is achieved by increasing the
surface area of MoS, along with the edge sites.®”! The addition of graphene to MoS,
increases the electronic conductivity of the electrode, thereby improving the overall
activity.®® On the basis of the importance of edges in the catalytic activity of MoS,, several
studies have been carried out to understand the nature of edges in MoS,, and it has been
found that edge states in MoS, are metallic in nature.** 4%

It has been recently found that monolayers of metallic 1T phases of MoS, and WS,
prepared by chemical exfoliation exhibit superior catalytic activity in electrochemical HER
relative to that of the 2H analogue.[" **! Density functional calculations on the 1T phase of
WS, has shown that the strained form of 1T state facilitates hydrogen binding and thereby
brings the free energy of hydrogen binding close to zero. A hydrogen binding energy of AG
~ 0 for a catalyst implies that binding and release of hydrogen by the catalyst are equally
easily achieved.[*! Deliberate oxidation of edges of chemically exfoliated MoS, has shown
that the basal plane of 1T-MoS, nanosheets, not the edges, are active in H, evolution!*?
Figure 7 compares the electrocatalytic HER activity of 2H- and 1T-MoS; with and without
edge oxidation. Whereas the catalytic activity of 2H-MoS; is mostly dependent on its edges,

the basal plane of 1T-MoS, determines its catalytic activity.
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Figure 7. Hydrogen evolution with MoS; nanosheets: (a) electrochemical HER with
polarization curves of 1T- and 2H-MoS; nanosheet electrodes before and after edge oxidation
(iR-corrected polarization curves from 1T- and 2H-MoS; are shown by dashed lines).

Reprinted with permission from ref 43.
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4.2: Nanocomposites of 2D-MoS, Nanosheets with the
Metal-Organic Framework, ZIF-8

Summary*

Nanocomposites of MoS, nanosheets with the metal-organic framework, ZIF-8, have been
synthesized starting with the layers of 1T-MoS; generated by Li intercalation of bulk MoS,,
followed by exfoliation. One can visualize excess negative charges on the 1T-MoS, template
as structure-directing agents for the ZIF-8 precursor (eg; zinc nitrate). The nanocomposites
contain the Zn-S bond and exhibit reasonably high surface areas. They exhibit CO, uptake
higher than ZIF-8. Heating the nanocomposites to 900 °C under a N, atmosphere yields
MoS,-ZnS nanocomposites which show good activity for the visible-light induced hydrogen

evolution reaction.

Bl
R Hydrogen
A R .
v ik evalution
l. o _I' l

W VU | MoS, 20 |

High CO, uptake

A Paper based on this work has been appeared in Dalton Trans. (2016).
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4.2: Nanocomposites of MoS: with ZIF-8

4.2.1: Introduction

Carbon dioxide and methane are the main greenhouse gases of concern. Greenhouse effect
refers to the entrapment of heat radiation by infrared absorbing gases, which is in other words
difference in energy that escapes to space and the energy emitted from the earth’s surface. In
the last few decades there has been an unprecedented increase in the CO, emission in the
atmosphere. Main sources of this increment are deforestation, factory exhausts, vehicular
emission etc. Role of CO; in climate change over other natural variability is a much debated
topic. However, some recent studies have suggested increased amount of CO;, to be an
important contributor towards global warming. According to a study, (1) energy related CO,
emission over a period of 2005-2030 would cause CO; emission jump of 57 %, (2) fossil fuel
will still be the most important energy source covering 83 % of the total increase in the
demand and (3) considering that the policies by governments around the world to stabilize
global emissions achieve their goals there would still be an increase of 3 % in average global
temperature by 2030. One way to tackle this problem is to convert CO, into fuels and various
other useful products by chemical reactions also known as chemical fixation. CO; has been
converted into methanol, formic acid, dimethyl carbonate, methyl formate, higher
hydrocarbons, pharmaceutical products etc. Another strategy to capture excess CO, in the
environment is to capture it in porous materials like activated carbon, zeolited, metal-organic
frameworks (MOFs) etc. by physical adsorption. Recently, varieties of metal-organic
frameworks (MOFs) have been studied which can selectively adsorb CO, inside the pores.
One main advantage of these materials is that the pore size can easily be tuned by proper
modifications of linkers. For example, Yaghi et al. showed huge CO, uptake in MOF-210
which is based on Zn,O(CO»)s units . More recently, polyethyleneimine incorporated
MIL-101 which is a chromium based MOF, is tested with an unprecedented CO, uptake
selectivity of 770 over N, at room temperature and 1200 at 50 °C.!! Despite such outstanding
performances, factors like very high cost, poor thermal and chemical stability limit the large
scale use of MOFs to trap CO,. A class of carbon based materials, activated carbon and
cabon nanotubes in particular are potential candidates for CO, sequestration. There are
several reports of CO, adsorption on the ammine functionalized carbon nanotubes. Dillon et
al.’¥! studied the effect of polyethyleneimine (PEI) functionalization on fluorinated SWNTSs
(FSWNTs). Lu and co-workerst™ 3 compared the adsorption properties of pure and 3-
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aminopropyl-triethoxysilane (APTS) functionalized multiwalled carbon nanotubes (MWNTS)
at a temperature range of 293 to 373 K. They showed an increase of more than 40 % of CO,
adsorption at 293 K and influent flow of 50 mg/L.

Growing MOFs on 2D layered materials such as graphene and boron nitride is
another attractive strategy where one can expect enhanced thermal and chemical stabilities of
MOFs along with the increased CO, uptake. Hybrid nanocomposites of MOFs, namely
zeolitic imidazolate frameworks (ZIFs), covalently linked with graphene and few-layer boron
nitride enabled the integration of the unique properties of the layered materials with the ZIF-
8.2 It is to be noted that ZIFs constitute a new class of zeolite-like MOFs with a high
degree of microporosity, which can be exploited to obtain thin films and good gas
separation.**** Recently, Co, Ni, and Cu based metal—-organic frameworks (MOFs) with
good gas adsorption properties covalently linked with graphene are reported to exhibit
improved CO, uptake as well as mechanical properties.™*® Frameworks generated by cross-
linking the layers of graphene and other 2D materials have also been examined recently due
to their tunable surface areas and gas storage properties with high thermal stabilities.[*®
Thus, graphene layers covalently cross-linked to one-another generates an all-carbon porous
material with significant CO, uptake under ambient conditions.® Assemblies of covalently
cross-linked nanosheets of MoS, and of MoS, with reduced graphene oxide where the 2D
layers are covalently pillared by rigid organic linkers have also been studied.®! These
composites are porous and show substantial CO, storage capacity and enhanced visible-light
induced hydrogen evolution characteristics.

In the case of graphene or BN, functional groups in the basal-plane favour the
nucleation of ZIF-8, which allows one to design nanoscale MOFs which have potential
applications in bioimaging, biosensing and other areas.*”! Furthermore, nanoscale MOFs
provide solution-based processability and exhibit increased gas uptake.l*® Huang et al.
recently have reported ZIF-8 coated MoS, as a material for memory devices,**! while Weng
et al. described microporous carbon wrapped MoS,, generated by heating the MoS,—ZIF-8
composite, as the electrode material for supercapacitors.*® There are no reports on in-situ
growth of ZIF-8 crystals on MoS; due to the limited number of functionalization approaches

for MoS, owing to the inert nature of its basal-plane.l*”!
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4.2.2: Scope of the present investigations

Growth of MOF nanoparticles of different morphologies on 2D layered materials
such as graphene and boron nitride has enabled integration of the unique properties of the
layered materials with ZIF-8. One can visualize 2D layers as structure-directing agents for
the growth and stabilization of MOF nanocrystals, where coordination modulation occurs
through the various residual functional groups on the 2D surface. In this perspective, making
use of ZIFs, a novel class of zeolite-like MOFs, possessing exceptional thermal and chemical
stabilities and a high degree of microporosity, to prepare composites with MoS,, appears to
be attractive strategy. In the present study, we have generated single layers of metallic
octahedral phase (1T) MoS; by lithium-ion intercalation followed by exfoliation and reacted
the 1T-MoS; sheets with the precursors of ZIF-8 to form nanocomposites with the Zn-S
bond. These metallic sheets contain excess negative charge on the sulfur atoms of the basal-
plane.? One can envisage negative charges on the 1T-MoS, template as structure-directing
agents for the ZIF-8 precursor (eg; zinc nitrate). 1T-MoS; is known to react with organic
halides giving rise to the covalent C—S bonds.?*??! Furthermore, the nanocomposite obtained
through a covalent strategy allows the intercalation and stabilization of ZIF-8 nanocrystals
between the nanosheets, thereby retaining thin-layer characteristics.’*? ' The MoS,~ZIF-8
nanocomposites prepared by us exhibit good CO, uptake. Interestingly, on heating the
nanocomposite at 900 °C under an inert atmosphere, we obtained an adduct of zinc sulphide
(ZnS) nanoparticles with MoS, sheets which exhibits good visible-light induced hydrogen

evolution activity.
4.2.3: Experimental section

Synthesis of 1T-MoS,, ZiF-8 and MoS,-ZiF-8 nanocomposites:

To synthesize 1T-MoS,, 300 mg of bulk MoS, powder was stirred in a solution of 3 ml n-
butyllithium (n-BuLi in 1.6 M hexane) at 70 °C over a period of two days under an argon
atmosphere.[?® The resultant black LiyMoS, was collected by vacuum filtration, and washed
extensively with hexane. Ultrasonication of the Li-intercalated sample was performed in
water (1 mg ml™") for an hour, and the resulting solution was centrifuged at a high speed
(8000 rpm) to settle LIOH, and any remaining unexfoliated material. The final concentration
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of MoS; in water was obtained from inductively coupled plasma (ICP) analysis, and it was
found to be ~0.7 mg ml™".

ZIF-8 nanocrystals were synthesized by adding an aqueous solution of zinc nitrate
hexahydrate (Zn(NO3),-6H,0) (5 ml) (0.75 mmol) to 2-methylimidazole (10 ml) (34 mmol)
dropwise under constant stirring conditions. The product was collected by centrifugation and
washed with deionized water and methanol a number of times to remove any unreacted
material, and the product yield was 65%. For the synthesis of MoS,~ZIF-8 nanocomposites, a
solution containing different wt% of exfoliated MoS, was added during the synthesis of ZIF-
8. The nanocomposites obtained with different MoS, contents are designated as ZM, where
M indicates wt% (5, 10, 20) of 1T-MoS; in comparison to the Zn(ll) metal. These materials
are designated as ZM (ZM-0, ZM-5, ZM-10 and ZM-20) based on the different MoS,
loadings.

Hydrogen evolution measurements:

For hydrogen evolution measurements, few-layer MoS;, ZnS and the MoS,-ZnS composites
were dispersed in a solution of water and triethanolamine (TEAO) (15% v/v) by sonication;
to this 14 umol of eosin Y dye was added. The vessel containing the above solution was
purged with N, and illuminated with a 100 W halogen lamp under constant stirring
conditions. The evolved gases were collected from the headspace and analyzed with a gas
chromatograph fitted with a thermal conductivity detector (TCD) (PerkinElmer Clarus
ARNEL 580GC).

Characterization

Powder X-ray diffraction (PXRD) patterns of the ZM nanocomposites were recorded with a
PANalytical Empyrean with Cu Ko radiation. X-ray photoelectron spectra (XPS) were
obtained with an Omicron Nanotechnology Spectrometer using Mg Ka as the X-ray source.
TEM (Technai T20, FEI) operating at an accelerating voltage of 200 kV was used for
morphological analysis of the sample. Raman spectra were recorded at several different spots
with back scattering arrangement using a HORIBA LabRam HR800. Adsorption isotherms
of N, (77 K), and CO;, (275 K, 1 atm) were obtained using a QUANTACHROME
QUADRASORB-SI analyzer.
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4.2: Nanocomposites of MoS: with ZIF-8

4.2 .4: Results and Discussion

In Scheme 1, we show the steps involved in synthesizing ZIF-8 nanocomposites
(designated as ZM) with varying MoS, content (0, 5, 10 and 20 wt% of 1T-MoS,), yielding
ZM-0, ZM-5, ZM-10 and ZM-20, respectively. Exfoliation of MoS, was achieved with n-
butyllithium leading to the formation of layers of 1T-MoS,.[®! The formation of ZIF-8
nanoparticles on the 1T-MoS, basal-plane is favored by the negative charges on the sulfur
atoms through the formation of Zn-S bonds. The excess negative charges on the sulfur atoms
of 1T-MoS, can undergo coordination modulation with the metal precursor leading to
nucleation and growth of ZIF-8 nanocrystals on the basal-plane. It is important to note that in
the final ZM nanocomposites, 1T-MoS, eventually transforms to the trigonal (2H) structure.
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Scheme 1 Schematic of the in-situ synthesis of MoS,-ZIF-8 nanocomposites (a) MoS,, (b)
exfoliation of bulk MoS; with n-butyllithium, (c and d) nucleation and formation of ZIF-8 on
the 1T-MoS; basal plane, (e) formation of ZnS nanoparticles on MoS:.

Elemental mapping images of a typical nanocomposite of ZIF-8 with MoS;, ZM-10
(MoS,—ZIF-8 containing 10 wt% MoS;), using energy-dispersive X-ray Spectroscopy
(EDAX) show homogeneous distribution of Mo, S, Zn, N and C confirming the uniform

nature of the nanocomposite (Figure 1).
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4.2: Nanocomposites of MoS: with ZIF-8

Figure 1. Elemental mapping of the ZM-10 nanocomposites displaying the phase purity with
homogeneously distributed MoS, throughout the sample.

The PXRD patterns of the ZM nanocomposites along with ZIF-8 are shown in Figure 2. The
patterns of the nanocomposites are consistent with the cubic space group of ZIF-8 with an
additional reflection at 26 = 12.9°, the intensity of which increases with the MoS; content.

I v ZM-20
= A T ZM-10
(9] A A ~
S
E

A hA . . ZM-5
‘ I ZIF-8
A A A A A~
10 20 30 40
26 (deg)

Figure 2. PXRD patterns of ZIF-8 (black), ZM-5 (red), ZM-10 (blue) and ZM-20 (olive)
(asterisks indicate the (002) reflection due to MoS).
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MoS; itself exhibits a strong (002) reflection (26 = 14.8°) corresponding to an inter-layer
spacing (~0.67 nm) between the sheets and there is no significant signal in the 26 range of
~10 to 14°. The additional reflection at 26 = 12.9° can only arise from the (002) reflection of
MoS; due to the enhanced inter-layer spacing of the nanosheets caused by the growth of ZIF-
8 nanoparticles on the basal-planes.

Evidence for the adsorption of ZIF-8 precursors on the 1T-MoS; surface was obtained
from zeta potential measurements. Exfoliated 1T-MoS, solution shows a negative zeta
potential value of =37 mV due to the negatively charged sulfur which increases to +10 mV
on addition of the ZIF-8 precursors (zinc nitrate and 2-methylimidazole). The zeta potential
was recorded after washing the as obtained sample extensively with methanol and water
through vacuum filtration to get rid of any physisorbed species. The increased zeta potential
value reveals the adsorption of metal precursors on the MoS, basal-plane by forming Zn-S
bonds. Figure 3a presents the Raman spectra of 1T-MoS; along with those of ZM-0 (ZIF-8),
ZM-5 (MoS,~ZIF-8 containing 5 wt% MoS;), ZM-10 and ZM-20 nanocomposites.
Exfoliated MoS, shows bands due to Ji, J,, and J; modes at 156, 236 and 330 cm?,
respectively, and the Elgg and A;q bands from the 2H-phase are observed at 384 and 405
cm?, respectively.” The ZM nanocomposites show only the bands due to 2H-MoS; in
addition to bands due to ZIF-8. This is because 1T-MoS; which is unstable transforms to 2H-

MoS; in the case of the formation of the nanocomposite.

(a) IXH I//N ZM-20 A
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Figure 3. (a) Raman spectra of 1T-MoS,, ZIF-8, ZM-5, ZM-10 and ZM-20 (black asterisks
indicate 2H-MoS; bands); (b) Infrared spectra of ZIF-8, ZM-10 and ZM-20.
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This behaviour is similar to that reported for the reaction of 1T-MoS, with organic halides.?"
Intensities of the bands due to 2H-MoS; increase with the MoS; content. Attenuated total-
reflectance infrared spectra of ZIF-8 and nanocomposites show a strong band at 421 cm™
corresponding to the Zn—N stretching. The bands at 1584 and 1170 cm™* are attributed to the
—C=N and —~C—N stretching of methyl imidazole.’?™ The ZIF-8 bands in the nanocomposites
are shifted to slightly lower frequencies due to the interaction between the Zn(Il) and sulfur
atoms of MoS,.

Evidence for bonding of sulfur atoms of MoS; to the Zn(ll) in the nanocomposites is
obtained from XPS. The S (2p) core level spectrum of MoS, shows a single peak centered at
162.2 eV (Figure 4a). On the other hand, the nanocomposites exhibit an additional band at a
higher binding energy of 165.3 eV due to the sulfur coordinated to Zn(ll) as shown in Figure
4b in the case of ZM-10.%’I The degree of surface functionalization can be obtained by
calculating the ratio of the integrated signal intensity of the S2p component at high energy to
the total integrated S 2p core level signal. The ratio was found to be 42% in the case of ZM-
10 indicating that 42% sulfur atoms of MoS; are covalently linked with ZIF-8. Thus, XPS as
well as Raman and IR spectra along with PXRD data establish the growth of ZIF-8

nanocrystals on MoS; basal planes by forming the Zn-S bond.

(2) Mos, (b) ZM-10
S2p S2p

Intensity
Intensity

158 160 162 164 166 168 170 161 162 163 164 165 166 167 168
Binding Energy (eV) Binding Energy (eV)

Figure 4. High resolution S (2p) X-ray photoelectron spectrum of (a) MoS, and (b) ZM-10.

Page 141



4.2: Nanocomposites of MoS: with ZIF-8

The homogeneity and morphology of the nanocomposites were examined using field
emission scanning electron microscopy (FESEM) and transmission electron microscopy
(TEM) images (Figure 5). ZIF-8 nanocrystals have rhombic dodecahedral morphology with
an average particle size of 100-150 nm, whereas exfoliated MoS, has a wrinkled morphology
due to the thin-layers (Inset of Figure 5a). Figure 5a shows a FESEM image of ZIF-8 while
Figure 5b shows the FESEM image of the ZM-5 nanocomposite. We see that the MoS;
sheets are embedded between the ZIF-8 nanocrystals.

Figure 5. FESEM images of (a) ZIF-8 (Inset: TEM Image of MoS,) and (b) ZM-5, TEM
images of (c) ZM-5 (inset HRTEM) and (d) ZM-20 (inset HRTEM showing the (002) fringes
of MoS,).
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Figure 5¢ shows a TEM image of ZM-5, demonstrating that the ZIF-8 nanocrystals grow on
the basal plane of MoS, sheets, and the particle morphology changes from rhombic
dodecahedral to spherical. The ZM-20 nanocomposite with a high MoS, content displays
wrapping of ZIF-8 nanocrystals by thin sheets of MoS, (Figure 5d). Thus, electron
microscopy images provide evidence for the growth of ZIF-8 nanocrystals on the MoS;
basal-plane. A change in the morphology of ZIF-8 (rhombic dodecahedral to spherical) in the
nanocomposites is an indication that there is an interaction between the components. A
similar modification in the morphology is observed in the case of carbon nanotubes (CNTS)

and graphene nancomposites with ZIF-8.1° 271

Surface areas of MoS,, ZIF-8 and ZM nanocomposites were determined by using N
adsorption—desorption measurements at 77 K. The N, isotherms of ZIF-8 and ZM
nanocomposites show microporous type-1 adsorption behaviour (Figure 6a) with the
Brunauer—-Emmet-Teller (BET) surface areas of ZM-5, ZM-10, and ZM-20 being 1045, 990
and 825 m? g ', respectively. MoS; has a low surface area of 90 m? g while ZIF-8 shows a
surface area of 1180 m? g~'. There is a decrease in surface area with the increasing MoS,
content in the ZM nanocomposites as expected. We have measured the CO, uptake of the ZM

nanocomposites at 275 K and 1 atm.
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Figure 6. (a) N, adsorption profile of MoS,, ZM-20, ZM-10, ZM-5 and ZIF-8 at 77 K; (b)
CO, adsorption profile of MoS,, ZIF-8, ZM-5, ZM-10 and ZM-20 at 275 K, 1 atm.
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Interestingly, the uptake of the nanocomposites is higher than that of ZIF-8, the actual values
for ZM-5, 10, and 20 being 22.7, 24.6 and 25.4 wt% respectively, compared to 20.1 wt% in
the case of ZIF-8 (Figure 6b). MoS, shows a CO, uptake of only 4.6 wt%. The enhancement
in CO, uptake is attributed to the combined effect of ZIF-8 and MoS, with the latter
providing additional interaction sites for CO,. In the literature, edge and defect sites of MoS,
are depicted as potential sites for CO, adsorption.’?®! In the nanocomposites one would expect
an enhanced interaction from MoS, nanosheets due to the more exposed edge sites and
increased inter-layer spacing caused by the intercalation of ZIF-8.

On heating the ZM nanocomposites at 900 °C in an inert atmosphere, we obtain ZnS
nanoparticles along with MoS,. The MoS,-ZnS composite derived by burning ZM-20
exhibits XRD reflections of ZnS in the wurtzite structure along with the MoS; reflections
(Figure 7a). TEM images reveal the presence of ZnS nanoparticles of ~20-30 nm diameters
on the nanosheets (Figure 7c). The elemental composition of the MoS,-ZnS composites was
estimated from energy-dispersive X-ray spectroscopy (EDAX) and XPS analysis. The inset
of Figure 7b shows an EDAX spectrum of MoS,-ZnS obtained by heating ZM-20
confirming the presence of Mo (23 at%), Zn (11 at%), and S (62 at%) with a low content of
carbon (4 at%).

Intensity

0 0 N M
2% (deg)

Figure 7. (a) PXRD patterns of MoS, and MoS,-ZnS nanocomposites obtained after heating
ZM-20 under an argon atmosphere at 900 °C (asterisks indicate peaks due to MoS); (b, c)
TEM (inset: EDAX) and HRTEM images showing ZnS nanoparticles on the MoS;
nanosheet.
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The Zn-S covalent bonds in the ZM nanocomposite favors the formation of the MoS,-ZnS
adduct on heating. The high thermal stability of ZnS is another factor that may influence the

formation of ZnS on MoS; at high temperature.

ZnS is a wide band gap (~3.7 eV) semiconductor exhibiting novel electrical and
optical properties. The composites of ZnS with CdS, graphene and other layered materials
are reported, which are expected to display enhanced hydrogen evolution characteristics and
are known as good electrode materials for lithium-ion batteries.l”® *¥ MoS; is a promising
catalyst for visible-light induced photocatalytic hydrogen generation from water.l*!
Considering these properties of MoS;, and ZnS, we have studied the hydrogen evolution
reactions of MoS,-ZnS composites in the presence of the Eosin Y (EY) dye under visible
light illumination. The mechanism of photochemical hydrogen evolution of MoS; in the
presence of the eosin dye has been reported.? While the dye acts as the electron source, the
MoS,-ZnS composite provides active sites for hydrogen generation. Figure 8 shows the yield
of H, evolved by using ZnS nanoparticles, few-layer MoS,, and the MoS,-ZnS
nanocomposite obtained by burning ZM-20 (MoS,—ZIF-8 containing 20 wt% MoS;). The
MoS,-ZnS composite shows an H, evolution rate of 411 umol h™' g~', whereas the activities
of individual ZnS and MoS, are 42 umol h™' g and 68 pmol h™' g', respectively. The
composite MoS,-ZnS exhibits an enhancement of 10 and 7 times higher H; evolution rates
than the individual ZnS and MoS;, components, respectively. From the above study, it is clear
that both MoS; and ZnS provide active sites for hydrogen evolution. The energy diagram of
hydrogen evolution on the MoS,-ZnS surface is shown in Scheme 2. Since there is an energy
gradient between the conduction band (CB) of ZnS and MoS,, there is a possibility of
electrons moving from the CB of ZnS to MoS; (green arrow).[32] Furthermore, the CB energy
gradient between ZNS and MoS; is less compared to the water reduction potential, and
chances of electrons moving from the CB of ZnS to MoS, are favored resulting in charge
separation.®¥ In the case of individual ZnS and MoS,, there are more chances of electron
quenching on the surface which occurs at a high rate compared to the red-ox reaction, and
hence exhibit lower activity.”* 3! Additionally, in the MoS,-ZnS composites due to the
intimate contact between ZnS and MoS, particles the possibility of electron quenching on

individual components decreases greatly, thereby giving higher yields.
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Figure 8. (a) H, evolved per gram of the catalyst by ZnS nanoparticles, few-layer MoS, and
MoS,-ZnS nanocomposite obtained after heating ZM-20 in argon at 900 °C (arrow indicates
the dye addition point); (b) Scheme 2 Schematic illustration of the possible pathways of
electron transfer from the dye to the hydrogen evolution sites on the MoS,—ZnS surface
(green arrow indicates charge transfer at the MoS,—ZnS interface).

4.2.5: Conclusions

We have successfully prepared MoS,—ZIF-8 nanocomposites wherein ZIF-8 is
chemically bonded to MoS, nanosheets by forming Zn-S bonds. The use of metallic 1T-
MoS, nanosheets is crucial for the synthesis of nanocomposites since they contain excess
negative charges on sulfur atoms which undergo coordination modulation with the ZIF-8
metal precursors. The change in the morphology of ZIF-8 nanocrystals from rhombic
dodecahedral to spherical in nanocomposites indicates that there is an interaction between the
individual components. Interestingly, CO, uptake by the MoS,~ZIF-8 nanocomposites is
higher than that of ZIF-8. On heating MoS,—ZIF-8 nanocomposites at high temperatures, we
obtained MoS,-ZnS adducts, where ZIF-8 and MoS; act as sacrificial sources of sulfur and
zinc, respectively. MoS,-ZnS exhibits enhanced hydrogen evolution activity compared to

individual MoS; and ZnS nanoparticles. The enhanced activity is attributed to the MoS,-ZnS
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interface which acts as the charge separating layer, thereby increasing the chances of electron

transfer from the dye to water through hydrogen evolution sites.
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4.3: Nanocomposites of MoS, with Reduced Graphene Oxide for

the Oxygen Reduction Reaction

Summary*

The present study demonstrates the use of MoS,-RGO composites as non-Pt cathode
catalysts for the oxygen reduction reaction (ORR) in alkaline medium. To assess the ORR
activity, cyclic voltammetry and rotating disk electrode measurements have been carried out
at different MoS,-RGO electrodes (2:1 and 1:2). The best results are obtained with the
Mo0S,-RGO (1:2) composite with the number of electron transferred being ~ 3.8. The
excellent performance of the MoS,-RGO (1:2) composite is attributed to the combined effect
of good electrical conductivity of RGO, and unique surface properties of MoS; as well as of
RGO.

A papers based on this work has been published in Nanomater. Energy (2014).
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4.3.1: Introduction

The oxygen reduction reaction (ORR) is one of the important processes dictating the
performance of fuel cells and metal-air batteries ! besides several biological reactions. One
of the limitations in the commercialization of fuel cells is the sluggish ORR kinetics found
with various electrode materials.® It has been reported that the kinetics of ORR is 6 orders
slower than fuel oxidation in several cases.® ' The ORR proceeds through different
mechanisms depending on the nature of the catalyst, pH of the electrolyte, temperature etc. A
direct, four-electron ORR to water is considered efficient as compared to the two-electron
reduction to H,0,. This necessitates the development of highly active catalysts which reduce
oxygen in an efficient 4e” pathway. Platinum (Pt) has been widely used as the cathode
catalyst in many electrochemical devices. However, the high cost and the limited abundance
of Pt restricts its use. Furthermore, when Pt is supported on conductive carbon, the catalyst
leaches out due to the corrosion of carbon support in aggressive environments. This has
prompted a search for Pt-free catalysts for ORR. The non-Pt based materials reported for
ORR include transition metal carbides,® % transition metal nitrides,*>*? transition metal
oxides™ ™ and transition metal chalcogenides.™™® *"!

Graphene—like two—dimensional (2D) transition—metal dichalcogenides (TMDs) have
been widely studied for various energy storage and conversion applications due to their
intriguing properties.**%! Among 2D layered TMDs, molybdenum disulfide (MoS,) is one
of the most promising semiconductors due to its inherent, thickness—dependent band gap, and
abundance in nature as molybdenite.’***! MoS, monolayer is formed by a stack of hexagonal
layers of molybdenum atoms sandwiched between two layers of sulfur atoms (S—-Mo-S)
through weak van der Waals forces. Various techniques have been developed to synthesize
the ultrathin MoS, nanosheets, such as chemical vapor deposition®! and hydrothermal
synthesis.”® The unique properties render MoS, nanomaterials promising in various
applications such as catalysis, sensing, energy storage and conversion devices.? 271
Compared with the extensive research on HER performance of MoS, nanosheets, only few
experimental studies have explored the potential applications of MoS, nanosheets for ORR
due to their low electronic conductivity.
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Construction of hybrid structure between MoS, and conductive carbonaceous
materials is considered as an effective strategy for improving the conductivity and stability of

the MoS,-based electrode materials.l®%%

In general, carbonaceous materials in
nanocomposite electrode materials are anticipated to serve dual functions as conducting
agents to promote the electron transport in the poorly conductive MoS,, and probably more
importantly as structure directing agents to enhance the stability of high-surface-energy
MoS; (e.g. ultrathin MoS, nanosheets) by curbing restacking and overgrowth. In these
regards, hybrid nanocomposites of MoS, with carbonaceous supports, in which the
nanostructured MoS; are assembled onto or embedded into the conductive carbon matrix,
such as amorphous carbon, carbon spheres, carbon nanotubes, graphene oxide (GO) and
interconnected three dimensional (3D) graphene networks®**"! were fabricated to improve
the activity and stability of MoS,-based materials. Among the conductive carbon matrices,
graphene is believed as one of the most promising candidates due to its high electric
conductivity, high adsorption of photo-irradiation, good flexibility and high chemical
stability. In addition, graphene with unique 2D microstructure and surface chemistry is
capable of restraining the over growth of guest species for preparation of ultrathin/ultra-tiny
nanostructures, beneficial to more active sites and enhanced reaction kinetics. For example,
Chen and coworkers reported a facile in-situ solution-phase reduction method for growing
MoS; layers on graphene nanosheets to form face-to-face packed hybrid nanosheets, which
exhibited extraordinary capacity, excellent rate capability and cycling stability as an anode
material for LIBs./®! Ajayan and coworkers reported a hydrothermal approach to grow MoS
atomic layers in situ onto the surface of GO, forming 3D graphene-backboned hybrid
architectures.? Zhang and coworkers synthesized MoS; flakes-coated 3D graphene network
by a facile chemical-vapor-deposition method.*” As a proof of concept, all these hybrid 3D

MoS,-graphene architectures show excellent electrochemical performance.?% 3"
4.3.2: Scope of the present investigations

Oxygen-reduction reaction (ORR) has great importance in energy storage
applications as it dictates the operation of fuel cells and Li-air batteries. The slow rate of
ORR is the major challenge in commercialization of fuel cells and there is real need for

catalysts that reduce oxygen efficiently via the 4e” pathway. Despite the tremendous efforts
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dedicated to graphene based electrocatalyst for ORR, the research on 2D MoS; is still limited
due to lower electronic conductivity. Stacking of MoS, layers on conductive graphene
surface leads to decrease in resistance connection for the electrons transfer from the substrate
to the active sites. We considered that composites of MoS, with RGO could show superior
ORR activity by virtue of their enhanced surface area and higher electrical conductivity. In
view of this, we have examined the ORR activity of the MoS,-RGO hybrid modified glassy
carbon electrode in basic media.

4.3.3: Experimental section

Preparation of Graphene Oxide: Graphite flakes were dispersed in a mixture of sulfuric
and NaNOs, subsequently cooled to ice cold temperature. To this KMnO4 was added after 10
min. The obtained mixture was stirred in room temperature for 10 min. Distilled water (150
mL and 420 mL) was added in sequential steps followed by the addition of H,0..

Preparation of MoS, Nanosheets: In a typical synthesis, 0.1 g (NH;)sM07024:6H,0
(ammonium heptamolybdate) and 0.3 g NH,CSNH, (thiourea) mixture was dissolved in 17
mL distilled water. The resultant solution was transferred into a stainless steel autoclave and
heated in an oven at 200 °C for 72 hours. The product was washed with excess water and

dried at 70 °C. The obtained nanosheets consisted of 3—7 layers.

Preparation of M0S,-RGO Composites: MoS,-RGO composites of different compositions
were prepared by varying the weight ratios of Mo and graphene. To prepare MoS,-RGO
(1:2), 6 mL of (20 mg/mL) GO solution was ultrasonicated with 100 mL distilled water for
half an hour. To this, ‘0.63” mg of (NH4)sM070,4:6H,0 and 0.2 g of NH,CSNH, were added
and stirred for an hour. The mixture was heated in an oven at 200 °C for 24 hours in a
stainless steel autoclave. The product was washed and dried. Under the conditions of
experiments, GO gets reduced to RGO. RGO had 3-5 layers on average. The specific surface
area of graphene and the MoS,-RGO composites calculated by the BET method are 120 and
147 m?/g respectively.
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Preparation of Catalyst Ink and Electrode Modification: 1 mg of MoS,-RGO was
dispersed in 1 mL of 1: 1 water-ethanol mixture along with 5 pL of Nafion and sonicated for

60 min. Glassy carbon electrode (precleaned) was modified by drop casting the catalyst ink 5

pL and air dried, used for different measurements.

4.3.4: Results and Discussion

The morphology of the MoS,-RGO composite was examined by electron microscopy.

Figure 1. a) FEEM and (b) TEM image (Inset: HRTEM image) of MoS,—RGO composite.
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Figure 2. Raman spectra of RGO, MoS; and Mo0S,-RGO (1:2) composite.
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FESEM image of MoS,-RGO indicates vertically aligned MoS, nanosheets were grown on
RGO (Figure 1a) while TEM images show MoS; sheets embedded in RGO matrix with an
interlayer spacing of ~ 0.62 nm (Figure 1b). The Raman spectrum of the MoS,-RGO
composite shows the G-band at 1594 cm™' and D-band at 1350 cm™'. The characteristic
bands due to the Elzg and Aig modes of MoS; are clearly observed in the MoS,-RGO (1:2)

composite as shown in Figure 2.

To evaluate the oxygen reduction reaction activity of MoS,, RGO and MoS,-RGO
composite, CV measurements were performed in 0.1 M KOH saturated with O, and N, as
shown in Figure 3a. In KOH solutions saturated with O,, M0S,-RGO and RGO modified
electrodes shows a pronounced ORR peaks indicating the reduction of oxygen, whereas no
response was observed in N, saturated KOH solutions. The ORR onset peak potential of
MoS,-RGO is more positive than that of pristine RGO or MoS;,

(a) o (b)
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L
- <
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RGO 2
[72]
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e — Mos,
= e
MoS,-RGO S 3l — MoS,-RGO (2:1)
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Figure 3. (a) Cyclic voltammograms of MoS;, RGO and MoS,-RGO (1:2) in nitrogen and
oxygen purged 0.1 KOH solutions. (b) Linear sweep voltammograms of RGO and MoS,-
RGO composites measured at 1600 rpm (5 mV s™).

Rotating disk electrode (RDE) measurements were performed in linear sweep
voltammetry (LSV) mode to gain insights into the ORR mechanism and reaction kinetics.
Figure 3b shows LSV voltammograms of MoS,, RGO, M0S,-RGO (1:2 and 2:1) composites.
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LSV polarization curves of MoS,-RGO composites (1:2 and 2:1) demonstrate better ORR
activities than either RGO or MoS; alone. Such enhanced performance is attributed to the
synergistic effect between RGO and MoS,. More interestingly, MoS,-RGO (1:2) shows the
most positive onset potential when compared with MoS,-RGO (2:1). Just the right proportion
of MoS; growing on RGO gives the optimum efficiency of electron transfer from MoS; to
RGO thereby enhances ORR activity. Figure 4a shows that ORR current density of MoS,-
RGO (1:2) modified GCE increases with the rotation speed due to high availability of oxygen
at the electrode interface. The Koutechy-Levich (K-L) plots for MoS,-RGO (1:2) modified
GCE at various potentials is shown in Figure 4b. The electron transfer number MoS,-RGO
(1:2) is ~ 3.8, confirming the 4 e- pathway for the ORR on MoS,-RGO modified GCE.

1 1.2

() ~ |(b)
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Figure 4. (a) Linear sweep voltammograms at different rotation speeds and (b) Koutechy-
Levich plots of M0S,-RGO (1:2) composite.

4.3.5: Conclusions

The Mo0S,-RGO composites have been successfully prepared and used for the oxygen
reduction reaction (ORR). M0oS,—RGO composite with the MoS,:RGO ratio of 1:2 exhibits
superior ORR activity compared to 2:1. The high electrocatalytic activity of MoS,-RGO
(1:2) composite is attributed to the enhanced electronic conductivity, large surface area and
available edges which can facilitate electron transfer. It is noteworthy that MoS, provides a

good reducing surface for the reduction of protons to hydrogen.
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4.4: Assemblies of Covalently Cross-linked Nanosheets of
MoS, and of MoS,—RGO

Summary*
We report the design and synthesis of porous MoS; frameworks (PGFs) prepared via covalent
functionalization of 1T-MoS; with iodobenzene followed by Sonogashira coupling reaction.
On the other hand, MoS,-RGO framework is prepared by iodobenzene functionalization of
both MoS, and RGO followed by Sonogashira coupling. In contrast to few-layer MoS, and
RGO, these 3D frameworks show high surface area due to the effect of pillaring.
Interestingly, both the frameworks show high CO, uptake (11.4 wt% for MoS, and 12.8 wt%
for MoS,-RGO assemblies at 298 K up to 1 atm). The hydrogen uptake efficiency values of
MoS; and MoS,-RGO assemblies are 0.78 and 0.94 wt%, respectively, at 77 K and 1 atm.
The MoS; assemblies show superior hydrogen evolution activity over few-layer 2H-

MoS; possibly due to more exposed edges.
TEAO™*

Mechanism:
i)
Ey (Eosm
Ey:=

€|—|20/H+
H,

Exposed edges

High CO, ana .
H, uptake _MoS, assemblies

Paper based on this work has been appeared in J. Mater. Chem. A, (2016).
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4.4.1: Introduction

The functionalization of two-dimensional (2D) materials such as graphene and boron
nitride (BN) has received considerable attention and has been used for solubilization and
other purposes.l**? Many of the transition-metal chalcogenides (TMDCs) such as MoS, and
MoSe; require chemical modifications to make them suitable for a wide variety of
applications. Unlike graphene and BN, efforts in the functionalization of 2D sheets of
TMDCs materials have been limited owing to the inert nature of their basal-plane.** Among
the chalcogenide family, MoS; is special with its unique electronic and optical properties,
field-effect transistor characteristics and gas sensing properties.[ ! MoS, has been found to
be a promising catalyst for visible-light induced photocatalytic and photoelectrocatalytic
hydrogen generation from water, replacing traditionally used catalysts.®® ° Theoretical and
experimental studies indicated that the edges sites of MoS; are catalytically active while the
basal plane remains inert.’® Chemical modifications of TMDCs surface is necessary in order
to improve their versatility, for example, enhancing solubility in common organic solvents
keeps thin-layer characteristics intact by way of avoiding restacking of layers due to van der
Waals interactions.

Various surface modification strategies have been reported to enhance the
processability as well as the chemical reactivity of MoS,. For example, covalent
functionalization of 2D MoS; can be achieved at sulfur defect sites through thiol-terminated
ligands.[*> ™ A single-step reaction to exfoliate and functionalize MoS, by an organosulfur
reaction has been carried out.*? Thiol groups as in thiophenol chemically grafted to MoS,
alter the electronic properties significantly.*¥) Covalently cross-linked MoS,—polymer
composites have been explored, while surface modification of MoS, has been achieved with
metal acetates.** 1 Nylon-6 polymers covalently linked to MoS, show enhancement in
thermal and mechanical properties.*® A more successful effort in forming covalent bonds
between organic functional groups and the sulfur atoms of MoS; was reported by Chhowalla
et al.¥! They carried out the covalent functionalization of MoS, starting with the metallic 1T
phase of the material, obtained through lithium intercalation followed by exfoliation. The 1T
phase is metallic with an octahedral coordination of the Mo atoms unlike the stable
semiconducting 2H phase, which has a trigonal-prismatic coordination of the Mo atoms. The
functionalization reaction is promoted by an electron transfer between the metallic 1T phase
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and the organoiodine reactant to form covalent C—S bonds, leading to marked changes in the
optoelectronic and other properties of the MoS,. A similar reaction involving water-soluble
electrophilic diazonium salts with 1T-MoS; has been reported, which showed that defects are
not required to achieve covalent functionalization."”! Pratap et al.*® recently reported the
reaction of 1T- and 2H-MoS; nanosheets with para-substituted iodobenzenes and showed
that the electron-withdrawing molecules favour covalent functionalization. First-principles
calculations have shown that the benzene derivatives bind much more strongly to the 1T
form than to the 2H form.®™™ The work function is considerably tunable with the
functionalization of MoS; and increases the potential for applications in photocatalysis as
well as electronic and optoelectronic devices.

Apart from functionalization, constructing 3D hierarchical architectures based on 2D
MoS; nanosheets of is another effective approach to solve the problem of re-stacking of
layers because of their high surface energy and interlayer van der Waals (vdW) attractions.
These architectures are highly desirable for practical applications (for example, high-energy
anode materials, catalysis, and hydrogen generation by water splitting). Intercalation of guest
molecules such as lithium, sodium and naphthalenide between the van der Waals gap of
MoS; layers also enhance inter-layer spacing.®¥ Jeffery et al.®® synthesized assemblies of
MoS;, and RGO arranged in a layer-by-layer fashion (van der Waals heterostructures) by
simple exfoliation-coastacking method which exhibit improved catalytic activity.®!

In this work, we report the synthesis of covalently cross-linked MoS; assemblies and
of MoS,-RGO assemblies obtained by Sonogashira coupling where individual 2D layers are
pillared by rigid organic linkers. Pillaring of MoS;, and RGO nanosheets with organic linkers
generates slit shaped pores with the more exposed edge sites (catalytically more active),
thereby results in enhanced photochemical HER activity compared to individual MoS, and
RGO. Both the MoS; assemblies and MoS,-RGO assemblies show enhanced CO, and H,
uptake compared to individual MoS; and RGO nanosheets because of the pores generated

due to cross-linking.
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4.4.2: Scope of the present investigations

MoS; has the S-Mo-S sandwich structure in which the hexagonal molybdenum plane
is sandwiched between layers of sulfur atoms with the van der Waals interactions between
the layers. In most of the practical application such as catalysis, sensoring and lithium-ion
battery, the main process in MoS, occur either on the surface or on the exposed edge sites
which is closely related to the huge specific surface area of 2D layers. However, freshly
prepared MoS; layers have a tendency to restack during practical applications even while
drying process which causes reduction in the number of active sites as well as other unusual
properties of ultrathin 2D layers. Constructing hierarchical 3D architectures based on 2D
layers would be an efficient approach to solve this problem.’® Graphene sheets pillared by
rigid organic linkers have shown high surface area and good gas storage properties.™”
Covalent pillaring of MoS; sheets through rigid organic linkers could generate high surface
areas and porous 3D assemblies. While Pd(0) catalyzed C—-C coupling has been explored
widely™™® to the best of our knowledge there are no reports of its application in chalcogenide
chemistry. We have employed the Sonogashira coupling strategy to prepare assemblies of
covalently cross-linked MoS; sheets by rigid organic linkers. We have also employed this
reaction to prepare assemblies of covalently linked sheets of MoS, with reduced graphene
oxide. Graphene composites of MoS; and other layered materials obtained through different
synthetic strategies seem to show enhancement in their observed photochemical and
electrochemical properties."*?! In this study, we have examined the surface area and gas
adsorption properties of MoS; and MoS,-RGO assemblies and studied their photochemical

catalytic activity for hydrogen generation.
4.4.3: Experimental section

lodobenzene functionalization of MoS; and RGO:

Exfoliated MoS, was prepared by the Li-intercalation of bulk MoS, with n-butyllithium
followed by exfoliation using water as reported elsewhere in the literature.”*! Graphene oxide
was prepared by modified Hummer's method!®? and reduction was carried out with hydrazine
hydrate to obtain reduced graphene oxide (RGO). lodobenzene functionalization of MoS,

was carried out through an in-situ diazotization reaction. Initially, the diazonium salt was
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prepared by dissolving 4-iodoaniline (9 mmol) in water through slow addition of conc.
hydrochloric acid (HCI). The resultant solution cooled to ice cold temperature, NaNO, (15
mmol) and 8 ml 20% HCI (6.4 M) were added and allowed to stir until the colour changes to
yellow confirming the diazonium salt formation. Exfoliated MoS; (100 ml, 1 mg ml™") in
water was added drop-wise to the diazonium salt solution at ice-cold temperature for 2 h
followed by stirring at room temperature for 4 h. The product was vacuum filtered and
washed with copious amounts of water and acetone. lodobenzene functionalized RGO (100
mg) prepared by dispersing RGO in 100 ml of 1 wt% dodecylbenzenesulfonate surfactant
through probe sonication was added to the diazonium salt of 4-iodoaniline. The above

procedure was repeated with RGO.
Synthesis of MoS; assemblies and MoS,-RGO assemblies:

MoS; assemblies were prepared by dispersing MoS,-1Bz (20 mg) in N,N-dimethylformamide
(DMF) (4 ml) and triethylamine (TEA) (4 ml) through bath sonication in a Schlenk flask. To
the resultant dispersion, Pd (PPhs), (5 mg) and Cul (3 mg) were added under stirring and the
temperature was increased to 80 °C. 4,4'-Diethynylbiphenyl (50 mg) dissolved in 1 ml DMF
in a separate vial was added drop-wise to the reaction mixture in an inert atmosphere and the
temperature was increased to 140 °C and was allowed to stir for 12 h. The final product
obtained was collected by vacuum filtration and washed several times with hexane and DMF.
Further purification was carried out in a Soxhlet extractor with methanol and dried at 60 °C
in a vacuum oven. To prepare MoS,—RGO (2 : 1) assemblies, MoS,-1Bz (14 mg) and RGO-
IBz (7 mg) were mixed and dispersed in a solution of DMF (4 ml) and TEA (4 ml). The

above mentioned procedure was repeated for the preparation of MoS,—-RGO assemblies.

The Mo0S,/RGO (2:1) physical mixture was prepared in the absence of the 4,4'-
diethynylbiphenyl linker by dispersing MoS,-1Bz (14 mg) and RGO-1Bz (7 mg) in DMF
through sonication. The resultant mixture was heated at 140 °C and the final product was

collected through vacuum filtration.
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Hydrogen evolution measurements:

MoS; and MoS,-RGO assemblies were dispersed in a solution of water and triethanolamine
(TEAO) (15% v/v) by sonication, to this 14 umol of Eosin Y dye was added. The vessel was
purged with N, and illuminated by 100 W halogen lamp under constant stirring. The evolved
gases were manually collected from the headspace and analyzed in thermal conductivity
detector (TCD) in a gas chromatograph (PerkinElmer Clarus ARNEL 580GC).

The turn over frequency (TOF) is calculated with respect to catalyst from formula,

moles of Hydrogen evovled per hour (activity of the catalyst
TOF (/h) = f Hydrog P ( yof yst)

moles of the catalyst used

4.4.4: Results and Discussion

The Sonogashira coupling strategy employed by us to pillar iodobenzene
functionalized MoS; with a 4,4'-diethynylbiphenyl linker is shown in Scheme 1. The scheme
shows the various steps involved in synthesizing covalently pillared MoS; and MoS,-RGO
assemblies. Initial exfoliation of bulk MoS; is achieved with n-butyllithium (n-BuL.i) leading
to the formation of mono- or bi-layers. Exfoliated MoS; is treated with the diazonium salt of
4-iodoaniline prepared in situ at 0 °C to obtain iodobenzene functionalized MoS;, (MoS;-
IBz). Subsequent steps involve obtaining the MoS,-IBz dispersion in dry N,N-
dimethylformamide (DMF) and cross-linking it with the 4,4'-diethynylbiphenyl (DEBP)
linker in the presence of Pd(0) and Cu(+1) salts. The synthetic steps involved in generating
the MoS,-RGO assemblies are similar to those of MoS, assemblies, except for the initial
reduction of graphene oxide (GO) in hydrazine hydrate to obtain reduced graphene oxide
(RGO). Prior to the coupling reaction, iodobenzene functionalized MoS; and RGO are mixed
and dispersed in dry DMF through sonication (for details see the Experimental section).
MoS;, mentioned in this manuscript refers to exfoliated MoS,, whereas the MoS,-RGO
assembly refers to the 2 : 1 (wt%) ratio of MoS, and RGO.
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Scheme 1 Schematic representation of the synthesis of MoS; and MoS,—RGO assemblies
through Sonogashira coupling; (a) exfoliation of bulk MoS; with n-butyllithium, (e)
reduction of graphene oxide with hydrazine hydrate, (b and f) diazotization of MoS, and
reduced graphene oxide (RGO) with 4-iodobenzenediazonium chloride salt, (¢ and Q)
iodobenzene functionalized MoS;, and RGO and (d and h) MoS; and MoS,-RGO assemblies.

Figure 1a shows the Raman spectra of exfoliated MoS;, and RGO. Exfoliated MoS;
exhibits characteristic 1T-polytype Ji, J», J; Raman bands at 156, 236 and 330 cm ™ along
with Elgg and Aig modes from the 2H-phase at 384 and 405 cm !, respectively.[23]
lodobenzene functionalized MoS; (MoS,-1Bz, Figure 1b) shows an enhancement in the E'g
and Ay band intensities with respect to exfoliated MoS, due to the partial 1T — 2H
transition after functionalization. Raman spectra of RGO show the D and G bands at 1340
and 1590 cm ™, respectively.l241 After functionalization, the relative intensity of the D band
increases due to the formation of sp® centres (Figure 1b). The MoS, assemblies show only the
E'y and Aq bands of 2H-MoS; and a band at 1590 cm ™ due to the C=C stretching bond of
the linker.[25] In the M0S,—RGO assemblies, we observed Raman modes of 2H-MoS; along
with D and G bands of RGO. Enhancement in G-band intensity with respect to RGO is
attributed to C=C stretching of the linker.
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Figure 1. Raman spectra of (a) RGO (green), Exfoliated MoS; (black); (b) iodobenzene
functionalized RGO (green), iodobenzene functionalized MoS; (black), (3) MoS, assemblies
(blue) and MoS,—RGO (red) assemblies.

lodobenzene functionalization of MoS, and RGO results in anchoring of the
functional groups on both sides of the 2D sheets. Figures 2a, b show the iodine (3d) core
level spectrum of MoS,-1Bz and RGO-IBz, showing iodine signals at 620.5 and 632.0 eV
due to 1 (3ds) and | (3dsp), respectively.!?® 2" Sonogashira coupling involves the oxidative
addition of Pd(0) to the C—I bond of iodobenzene to give a Pd(+2) intermediate, followed by
the transmetallation of the Pd complex with copper acetylide by eliminating iodine and
forming the C—C bond through reductive elimination by regenerating Pd(0).*®! The extent of
cross-linking between MoS; sheets can be interpreted by comparing the intensity of the 1 (3d)
signal in the initial MoS,-IBz and the final assemblies. In Figure 2c we show the | (3d) core
level spectra of MoS, assemblies to point out the absence of any significant signal from I,
while MoS,-IBz displays a strong | (3D) signal as shown in Figure 2a. The disappearance of
the I (3d) signal confirms the efficient cross-linking of MoS,-1Bz sheets through C-C bonds
leading to the elimination of iodine. The M0oS,—RGO assemblies also exhibit negligible I (3d)

signals indicating the formation of C—C bonds between MoS, and RGO sheets.
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Figure 2. (a) lodine (3d) X-ray photoelectron spectrum of iodobenzene functionalized
MoS;,iodobenzene functionalized RGO and MoS; assemblies.

Figure 3a shows the ATR-FTIR spectra of assemblies of MoS, and MoS,-RGO.
MoS, assemblies exhibit the C=C stretching bands of benzene at 1600, 1498 and 1390 cm™*
along with the Mo-S stretching band at 470 cm ™. The bands at 2250 and 3060 cm ™" of the
assemblies are attributed to C=C and C-H stretching bands of the DEBP linker which
confirm the presence of DEBP between MoS; sheets.[29. 301 |n the M0S,—-RGO assemblies, in
addition to the bands mentioned above, we see an additional band in the range of 1040-1320
cm * due to residual OH and epoxy groups of RGO. The C-S stretching band at 695 cm ™ in
the IR spectra of assemblies as well as MoS,-1Bz confirms the covalent attachment of

iodobenzene to MoS,.[31]
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Figure 3. (a) ATR-FTIR spectra of MoS; assemblies (black) and MoS,-RGO (red)
assemblies.

In Figure 4a we have shown the PXRD patterns of MoS, and MoS,-RGO assemblies.
A broad reflection at 26 of ~3.5° is observed corresponding to a separation of ~2 nm
between the sheets in the assemblies. This value closely matches the length of the DEBP
linker between the sheets. The PXRD pattern of MoS,-I1Bz and RGO-1Bz shows (002) peaks

at 20 of 14.3° and 26°, respectively, which are absent in the assemblies (Figure 4b).

(@) (b) f©002)
- MoSZ-RGO assemblies MoS2
= >
Z ey 2
3 2 (002)
[ ()
= <
MoS2 assemblies RGO
2 4 6 8 10 12 14 16 18 20 10 20 30 40
20 (deg)

20

Figure 4. PXRD patterns of (a) MoS; assemblies (black) and MoS,-RGO (red) assemblies;
(b) MoS; (black) and RGO (red).
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Thus the PXRD patterns along with the IR and XPS spectra of the assemblies confirm the
covalent pillaring of MoS; and RGO sheets through the linker.

Figure 5a shows the transmission electron microscopy (TEM) images of exfoliated
MoS; containing bi-layers with lateral dimensions of 200-300 nm.

200 nm

10 nm

Figure 5. (a) HRTEM image of exfoliated MoS; (parallel lines indicate bi-layers) (inset:
TEM), (b) FESEM image of MoS; assemblies, (c and d) TEM and HRTEM images of MoS,
assemblies (red and white circles show mono- and bi-layers of MoS;), (€) TEM image of
MoS,-RGO assemblies (inset: EDAX pattern), and (f) HRTEM image of the MoS,/RGO

physical mixture
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Field emission scanning electron microscopy (FESEM) images of MoS;, assemblies show
that 2—-5 um sized monoliths are formed on pillaring unlike those of exfoliated MoS, (Figure
5b). Figure 5c presents a TEM image of MoS, assemblies, revealing stacking of several
MoS; sheets due to pillaring. Figure 5d shows the HRTEM image of MoS; assemblies
containing cross-linked MoS; bi-layers (white circle) with an interlayer spacing of ~0.7 nm.
The TEM (Figure 5e) image of MoS,-RGO assemblies shows the cross-linked MoS, and
RGO sheets (confirmed by the EDAX pattern, inset in Figure 5e). FESEM and TEM images
confirm the formation of 3D assemblies due to cross-linking. In contrast, the HRTEM image
of the MoS,/RGO physical mixture shows thick regions of non-uniformly distributed MoS,

sheets over transparent graphene (Figure 5f).

We have studied surface area and gas adsorption characteristics of the MoS, and
MoS,-RGO assemblies. Figure 6a shows N, sorption profiles of MoS;, assemblies, MoS,—
RGO assemblies, MoS; and RGO at 77 K. The N, isotherms of assemblies show type-I and
type-11 characteristics in low and high pressure regions, respectively, following the IUPAC
classification.321 The type-1 feature is attributed to the adsorption in micropores, whereas
type-11 is due to macropores on three dimensional assemblies. The steep increase in the low-
pressure region up to P/P, ~ 0.1 is attributed to adsorption in micropores. The Brunauer—
Emmet—Teller (BET) surface areas of MoS, and MoS,—-RGO assemblies are 498 and 512 m?
g%, respectively. RGO displays type-11 characteristics and a BET surface area of 80 m? g *,
whereas few-layer MoS; is non-porous with a low surface area of 30 m? g *. Figure 6b shows
pore size distribution obtained from the nitrogen isotherms fitted using non-local density
functional theory (NLDFT); we see pores majorly in the 1.2-2 nm range and some in the 2-3
nm range. The pore size distribution of assemblies depends on the length and density of the
linker pillaring the sheets. The pore volumes of MoS, and MoS,-RGO assemblies are 0.60
and 0.64 cm® g, respectively, whereas RGO has a low pore volume of 0.15 cm® g *. The
enhanced pore volume and surface area of the assemblies are attributed to the pillaring of the
RGO and MoS; sheets, pores generated thereby. It is interesting that the MoS, assembly
exhibits a high surface area comparable to that of the MoS,—RGO assembly as evident from
BET analysis. We have investigated cross-linked assemblies for the storage of CO, and H,.
MoS; and MoS,—RGO assemblies show a CO, uptake of 11.4 and 12.8 wt%, respectively, at
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298 K and 1 atm (Figure 6¢), somewhat comparable with high surface area metal organic
frameworks (MOFs).1331 The CO, adsorption is considered to be due to the interaction of CO,
with the m-electron cloud of the aromatic molecules as well as with the sulphur defects in
MoS,.[34 351 Even though the uptake efficiency of CO; is less than that of some of the highest
reported MOFs and zeolite 13 X,33. 36-38] these assemblies can be useful in harsh chemical

and thermal atmospheres.
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Figure 6. (a) Nitrogen sorption profile of MoS, (black), RGO (green), MoS, assemblies
(blue) and MoS,—RGO assemblies (red) at 77 K; (b) Pore size distribution curve; (¢c) CO,
sorption profile of MoS; assemblies (blue) and MoS,~RGO assemblies (red) at 298 K; (b)

Hydrogen sorption profile at 77 K of MoS; assemblies (red) and MoS,-RGO assemblies

(blue).
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The hydrogen uptake efficiency values of MoS, and MoS,-RGO assemblies are 0.78 and
0.94 wt%, respectively, at 77 K and 1 atm (Figure 6d) which are comparable with some of
the reported MOFs.[39, 40]

MoS; is a known promising catalyst for the hydrogen evolution reaction.[1. 421 The
high surface area and uniform 3D porous (~1-2 nm) network of assemblies are motivational
factors for us to examine the hydrogen evolution activity. The hydrogen evolution
experiments are carried out in the presence of Eosin Y (EY) dye under visible light
illumination (see experimental section for details of photocatalytic measurements). The
mechanism of photochemical hydrogen evolution of MoS; in EY dye is described elsewhere
in the literature.[231 In Figure 7a we show the yield of H, evolved by using assemblies of
MoS; and MoS,—RGO as well as by using few-layer MoS,. The cross-linked MoS; assembly
shows an activity of 1.75 mmol g™* h™* with a turnover frequency (TOF) of 0.84 h™*, whereas
few-layer 2H-MoS, exhibits an activity of 0.07 mmol g™* h™ with a TOF of 0.01 h™.

8
g —O- Covalently linked MoS,, (a) — (b) o
% |-+—Mos, RGO 31 Gy /
Ny o
§ 5 —o— Mo0S,:RGO 2:1 % 6 4 - /0
g —v— M0S,:RGO 1:1 S / ¢
= —A— Few-layer MoS, \E/ 4
~ 4 g o—9 4
3 = ]
2 o
: 52| f -
[ 2 T N
oz T / Dye Added
0- 071
3 3 ) z 0o 3 6 9 12 15
Time (h) Time (h)

Figure 7. (a) H, evolved per gram of catalyst by using few-layer MoS, (black), MoS,-RGO
(2:1) (green), MoS,—RGO (2 : 1) (magenta), MoS,—RGO (3 : 1) (blue) and MoS,
assemblies (red) (arrows indicate the addition point of eosin dye); (b) Cycling studies of

MoS, assemblies.

Page 174



4.4: Covalently Cross-Linked MoS: and of M0Sz2-RGO Assemblie

The enhanced catalytic activity of MoS, assemblies is attributed to the increased surface area
as well as more exposed edges on pillaring. The catalytic activities of MoS,—RGO (3 : 1) and
(2 : 1) assemblies are comparable with 3 : 1 assembly has an activity of 1.38 mmol g* h™*
(TOF = 0.98 h™*) and the 2 : 1 assembly shows an activity of 1.30 mmol g™* h™* (TOF = 0.94
h™). The M0oS,—RGO (1 : 1) assembly shows a lower activity of 0.35 mmol g * h™* (TOF =
0.40 h™*) among the MoS,—RGO assemblies. The above results suggest that MoS; is the
active component for hydrogen evolution in these assemblies and the activity decreases with
the increase in graphene content. Table 1 presents the hydrogen evolution activity of
assemblies that are compared with the literature reports on MoS, based catalysis. Cycling
studies on MoS; assemblies carried out over a period of 15 h (4 cycles) with a 14 umol dye
show that the activity increases in the second cycle and then becomes stable in subsequent
cycles (Figure 7b).

Serial. Activity TOF
Composite References
No (mmol h-1g?) (h1)
1 FL-MoS, 0.07 0.01 Present Work
2 MoS, 1.75 0.84 Present Work
assemblies
3 MoS,-RGO 1.38 0.98 Present Work

assemblies (3:1)

4 MoS,-RGO 1.30 0.94 Present Work

assemblies (2:1)

5 MoS,-RGO 3 0.68 Ref (8)
Composite

6 MoS-EG 0.54 0.21 Ref (8)
Composite

Table 1. Comparison of activity of catalyst in terms of yield of H; evolved.
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4.45: Conclusions

In conclusion, we have been able to generate robust MoS, and MoS,-RGO frameworks with
organic linkers using the Sonogashira coupling strategy. These frameworks display high
surface area and marked storage capacity for CO, with an uptake of 11-13 wt% at 298 K and
1 atm due to uniform pores created by pillaring. The pillared frameworks generated by us are
somewhat comparable to the 3D pillared layer MOFs reported by Kitagawa et al.**! where
2D metal carboxylates are pillared by organic linkers. The entirely new metal chalcogenide-
based porous solids based on pillared MoS, frameworks reported here imply the possibility
of designing related materials with advantageous attributes. MoS, assemblies show superior
hydrogen evolution activity as compared to few-layer MoS, possibly due to the more

exposed catalytically active edge sites of MoS; on pillaring by organic linkers.
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4.5: Nanocomposites of C3N, with Layers of MoS,
and Nitrogenated RGO Obtained by Covalent Cross-
linking: Synthesis, Characterization and HER Activity

Summary*

Composites of layered carbon nitride (C3N4) with MoS; and nitrogenated RGO are prepared
using covalent cross-linking strategy by employing the carbodiimide reaction. The obtained
C3N4-MoS; and C3N4-NRGO composites are characterized using a variety of spectroscopic
techniques and electron microscopy. During cross-linking, residual amine functional groups
on either side of the C3N4 layer form amide bonds with the carboxyl functionalized MoS, or
NRGO giving rise to a layer-by-layer assembly. The photochemical HER activity of the
C3N4-MoS; nanocomposite is found to be remarkable with an activity of 12778 pmoles h™'g™
and a TOF of 2.35 h''. The physical mixture of C3N4 and MoS;, on the other hand, does not
exhibit notable catalytic activity. Encouraged by this result, we have studied electrochemical
HER activity of these composites as well. CsN4s-MoS, shows superior activity relative to a
physical mixture of MoS, and CsN4. DFT calculations have been carried out to understand
the HER activity of the nanocomposites. Charge-transfer between the components and
greater planarity of cross-linked layers are important causes of the superior catalytic activity
of the nanocomposites. Covalent linking of such 2D materials appears to be a worthwhile

strategy for catalysis and other applications.

Paper based on this work has been published in ACS Appl. Mater. Interfaces, (2017).
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4.5.1: Introduction

Energy and environmental issues constitute the biggest technological challenges today. The
global energy demands are stipulated to rise from current level of 12 TW per day to 27 TW by
2050. The current sources of energy, primarily hydrocarbons, coal and petroleum are non-
renewable and will not be able to sustain the increasing demands of energy. Hydrogen has
emerged to be an important alternative fuel to solve problems related to energy and the
environment. In this context, generation of H, has been investigated by means of several
strategies, of which photochemical and electrochemical generation are significant ones.[*™
Platinum which is the best known catalyst for electrochemical hydrogen evolution reaction
(HER) suffers from issues related to stability and high cost.l”® Photochemical generation of
H, by using semiconductor structures has also been an active area of research. For a
semiconductor to act as a water-splitting catalyst, it must satisfy the following energy level
conditions. The bottom of the conduction band must be more negative than the reduction
potential of H+/H; (0 V vs. SHE), and the top of the valence band must be more positive than
the oxidation potential of O,/H,0 (1.23 V), limiting the theoretical minimum band gap for
water splitting to 1.23 eV. Based on the above criterion, several semiconductors have been
identified for H, evolution or oxygen evolution or both (Figure 1). Semiconductors such as
TiO,, SrTiO3, BaTiOgs, FeTiO3, ZrO, and ZnO whose conduction band potential lie above the
proton reduction potential can reduce water to produce Hy.

(a) Potential (b) vacumievel fav] E vs. NHE
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Figure 1. Schematic representations of (a) the energy level requirements in semiconductor
photocatalysis and (b) semiconductor photocatalysts and their corresponding band positions

with respect to the water redox potential. (From Ref. [7b]).
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On the other hand, semiconductors such as Fe,O3, SnO,, WO3 etc. can only oxidize water to
H,. Semiconductors like CdS, CdSe and MoS; are ideal for visible light photocatalytic H,
production by virtue negative conduction band potential and small band gap (Figure 1).

In the last few years, there is a major thrust in investigating cost-effective, stable
catalysts for hydrogen evolution reaction (HER), preferably those which are metal-free.
Among metal-free catalysts, graphitic carbon nitride (C3Ny4) specially attractive because of
the suitable band gap (E,=2.7 eV) and stability in harsh chemical environments.* *) However,
pure g-C3;Ny4 has low photochemical activity due to the rapid recombination of the
photogenerated electron-hole pair. It has been suggested that coupling of C3N4 with a suitable
co-catalyst like MoS, could improve the catalytic activity owing to effective charge
separation.!"™"" Such composites would also be useful as catalysts for photoelectrochemical
HER."* ¥ Dye to the poor electronic conductivity of MoS; and C;Ny, their layers have been

(%14 The composite of

grown on reduced graphene oxide (RGO) to enhance the HER activity.
MoS;, with nitrogenated RGO (NRGO) is a reasonably good catalyst for dye-sensitized
photochemical hydrogen evolution.!'! Synthesis of nanohybrids of C3N, with MoS, or RGO

4191 but such

has been achieved by solid state chemistry route or hydrothermal methods,
systems would consists of randomly distributed constituents with hetero domains.
Assemblies of RGO with C3N4 or MoS; in a layer-by-layer fashion (van der Waals
heterostructures) exhibit improved catalytic activity because of better interconnectivity.!'®!”]
It has been recently reported that assemblies of covalently cross-linked nanosheets of MoS,
with MoS, or RGO sheets display superior HER activity compared to the individual
components.!'®! In this scenario, we considered it most worthwhile to synthesize covalently
bonded assemblies of C3N4 with MoS; and NRGO by using an appropriate coupling reaction,
and to examine the effect of such bonding on the photochemical hydrogen generation. The
present study presents the important results obtained by us on the catalytic activity of
covalently cross-linked C3N4-NRGO and C3;N4-MoS, composites in photochemical HER.
Interestingly, we find significant improvement in photochemical HER catalytic activity of the
covalently cross-linked composites, especially in the case of C3N4-MoS,, compared to that of

the physical mixture of the two. Encouraged by these results, we have extended the study to

examine the use of these chemically bonded composites in electrochemical HER.
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Furthermore, we have performed detailed density functional theoretical studies to get insights
into the physical processes involved.
4.5.2: Scope of the present investigations

Generation of hydrogen by photochemical, electrochemical and other means is a vital
area of research today and a variety of materials has been explored as catalysts for this
purpose. CsN4, MoS; and nitrogenated RGO (NRGO) are some of the important catalytic
materials investigated for the HER reaction but the observed catalytic activities are somewhat
marginal. Composite of C3N4 with MoS; or NRGO showed enhanced H, evolution activity
compared to individual components due to the effective charge separation. Most of the C3N;-
MoS, and C3Ns;-NRGO composites reported in literature are prepared from either
hydrothermal or solid state reactions. These routes often need high temperature and one
cannot have precise control over composition of individual components in the final
composites. Secondly, while preparing these composites at high temperatures there are
chances of partial conversion of MoS, to MoOj3 due to oxygen impurity which decreases the
catalytic activity. In this work for the first time we prepared covalently cross-linked
composites of C3N4-MoS, and C3N4-NRGO by relatively simple carbodimide method at
room temperature and composition of individual components in final composites can be
controlled precisely since we start from known amount of functionalized C3N4 and MoS; or
NRGO. Moreover, MoS, grown on C3N4 by hydrothermal method is few-layer. Cross-linking
strategy allowed us to cross-link individual MoS; layer with C3N4 and vice versa where we
can expect maximum interaction between heterolayers which reflected in their superior HER
activity as compared to physical mixture of two. Additionally, covalent cross-linking of
heterolayers generates pores, contributing to the enhanced HER activity which is absent in
nanocomposites prepared from other reported methods. The catalytically active edge sites of
MoS, are more exposed on covalent pillaring with C3N4 which can also contributes to the
enhanced HER activity. In case of C3N4 or NRGO we have utilized the residual functional

for cross-linking thereby preventing alterations in their electronic structure.

4.5.3: Experimental section

CsNy4 was prepared by heating thiourea (2g) powder in an alumina crucible at 550 °C

for 4 h.**1 To prepare 1T-MoS,, bulk MoS, (300 mg) powder was stirred in a solution of n-
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butyllithium (n-BuLi, 3ml, 1.6 M hexane), and refluxed at 70 °C under nitrogen atmosphere
over a period of 48 h.”% The black Li-intercalated (LiyM0S,) sample was collected by
filtration under nitrogen, and washed extensively with hexane (3*100 ml). The obtained
LixMoS; sample was ultrasonicated in water (Img/ml) for 1 h, and the resultant solution
centrifuged at high speed (8000 rpm) to remove LiOH, and any non-exfoliated material.
From inductively coupled plasma (ICP) analysis we have obtained the final concentration of
exfoliated MoS; in water, and it is ~ 0.7 mg/ml.

To synthesize carboxylate functionalized MoS, ten-fold excess of 2-Bromoacetic
acid was added to the exfoliated 1T-MoS, (1mg/ml) solution and allowed to stir for 5 days at
room temperature. The precipitated product was filtered and washed with 2-propanol, water
and ethanol, and dried at 60 °C under vacuum.'”” NRGO sample was prepared by grinding
graphene oxide (GO) with urea to obtain homogeneous mixture then pelletized, and heated in
a microwave reactor (900 W) for 60 5./

Synthesis of covalently cross-linked C3sN;NRGO and C3N4-MoS; composites:

C3Ny4 (50 mg) and NRGO (50 mg) were mixed in Schlenck flask, sealed using a
septum and 5 ml dry DMF added under N, atmosphere to obtain a uniform dispersion of the
mixture after bath sonication. To the above dispersion N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimidehydrochloride (EDC.HCI, 20 mg) and 1-hydroxybenzotriazole (HOBt, 20
mg) were added along with N, N-diisopropylethylamine (DIPEA, 300 pl) and stirred at room
temperature for 48 h. An inert atmosphere was maintained during the reaction. The solid
product obtained was collected by filtration (0.45 pm, PTFE membrane), washed with
copious amounts of DMF and water to remove byproducts and dried at 60 °C under vacuum.
For the synthesis of C3N4-MoS; composites, C3N4 (50 mg) and MoS,-CH,COOH (50 mg)
were dispersed in dry DMF and the above mentioned procedure repeated. For the preparation
of physical mixture of C3;N4 and NRGO (MoS,), C3N4 (50 mg) and NRGO (MoS;) (50 mg)
were dispersed in aqueous solution by bath sonication and then filtered to get a solid product.
For comparison, C3N4-MoS; composite was prepared by the solid state route by heating few-
layer MoS; with thiourea in a N, atmosphere at 550 °C for 4 hr.

Photochemical studies:
The catalyst (3 mg) was dispersed in water (40 mL) by sonication in a glass vessel. To this

a solution of triethanolamine (20 % v/v; 10 mL) was added as the sacrificial agent and the
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mixture thoroughly purged with N,. The vessel was illuminated under Xenon lamp (400 W)
with steady stirring of the mixture. 2 mL of evolved gas was collected from headspace of the
glass vessel and analyzed using thermal conductivity detector equipped gas chromatograph
(Perkin Elmer ARNL 580C). Turnover frequency (TOF) for individual catalyst was
calculated per mole of C3Ny, considering the fact that light absorption happens in C3Ny only.
TOF values are estimated by using the following equation.

Activity of the catalyst
TOF (1) = y of 4

D

moles of the active catalyst

Electrochemical studies:

All the electrochemical studies were performed in standard 3-electrode system where
Pt coil and Ag/AgCl (3M NaCl) were used as counter and reference electrodes, respectively.
Working electrode was prepared by drop-casting the catalyst ink (obtained by dispersing
catalyst in mixture of water, isopropanol and nafion (5 wt%); 4:1:0.5 v/v) on Glassy Carbon
Electrode (GCE). The electrolyte used was 0.5 M H,SO,.

Computational Details:

The geometry of the composites was optimized using density functional theory (DFT)
as implemented in the Gaussian 09 program package.? We have used the CAM-B3LYP
functional which is the long range corrected version of BLYP!?® and employs the Coulomb-
attenuating method. This is important for the composite systems which show charge-transfer
interactions.!**! We have used the 6-31g basis set for C, N, O, H and S atoms and LANL2DZ
for Mo atoms. For the C3N4-MoS, composites, we kept the MoS; layer fixed and optimized

the edge atom, linker bonds and C3N, layers.

4.5.4: Results and discussion

In scheme 1, we present the synthetic strategy to obtain amide-bond cross-linked
C3N4-NRGO and C3N4-MoS; composites. C3N4s-NRGO composite was obtained by reacting
nitrogen-doped reduced graphene oxide (NRGO), prepared from the microwave irradiation
of mixture of graphene oxide (GO) and urea,”™ with amine-functionalized C3N, in the

presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC).
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Scheme 1 Synthetic strategy for covalently bonded C3N4-NRGO and C3Ns—MoS; composites

Carboxylate functionalized MoS, (MoS,-CH,COOH), obtained by the reaction of metallic
1T-MoS, with bromoacetic acid,”@ was reacted with amine-functionalized CsN, in the
presence of EDC to obtain the C3N4-MoS, assembly (1T-MoS; sheets were obtained by Li
intercalation in bulk MoS, followed by exfoliation in water). These coupling reactions with
EDC result in amide bonds between the C3N4 and NRGO or MoS,. EDC coupling has an
advantage over SOCI,-based activation in that no HCI is liberated, and the urea byproduct is
soluble in water. We have used the terms C3N4;-NRGO and C3N4-MoS; in the manuscript to
refer to the composites generated by the covalent cross-linking strategy.

We have established the identities of the composites by a variety of methods. Figures
2a, ¢ and d present the transmission electron microscope (TEM) images of C3N4, NRGO and

MoS; used as the starting materials, showing a wrinkled morphology due to the thin-layers.
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Atomic force microscopy (AFM) images of MoS,-CH,COOH indicate it contains
monolayers of MoS; (~ 80 %) with a layer thickness of ~ 0.8 nm (Figure 2f).
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Figure 2. (a, b) TEM and HRTEM images (circles indicates layers with inter-layer spacing

of ~0.4 nm) of C3Ny4, (c) TEM image of NRGO, (d, €) TEM and HRTEM images (parallel

lines indicate layers with inter-layer spacing ~0.62 nm) of MoS, (f) AFM images of MoS,-
CH,COOH.

Figure 3a shows the HRTEM image of the C3N4-MoS, composite with the edge
region of the basal plane parallel to the direction of the electron beam. The inter-layer
spacing (~0.75 nm, indicated by red lines) is higher compared to that in C3N4 (0.40 nm,
Figure 2b) or in MoS; (0.62 nm, Figure 2e). We do not observe any region corresponding to
either C3N4 or MoS; alone, clearly suggesting the occurrence of cross-linking between
monolayers of MoS,-CH,COOH and C3N,4 by forming the amide bond. The observed inter-
layer spacing (~0.75, HRTEM) in the C3Ns-MoS; composite is in agreement with the
theoretically calculated bond distance (Mo-S-CH»-CO-NH-C3N,) between cross-linked

Page 188



4.5: Cross-Linked C3N4+-MoS: and C3N4+-NRGO Nanocomposites for HER

CsN4 and MoS; layers. In Figures 3c we show the FESEM image of C3N4-MoS, composites,

illustrating the formation of 3D assemblies due to layer-by-layer stacking.

Figure 3. (a) HRTEM image of C;N4—MoS; composite, (b) FESEM image of physical
mixture of C3N4 and MoS,, (¢) FESEM image (Inset; Energy dispersive spectrum) and d)
elemental mapping (C (red), N (blue), Mo (yellow), S (magenta)) images of the C3;N4-MoS;

composite.

A physical mixture of C3N4 with MoS; or NRGO contains randomly oriented layers and does
not display any stacking order due to lack of directing bonds (Figure 3b). During cross-
linking, the amine functional groups on either side of the C3N4 layer form amide bonds with
the carboxyl functionalized MoS;, or NRGO giving rise to a layer-by-layer assembly takes
place on both sides of the 2D sheets. Elemental mapping images of a typical cross-linked
layers of MoS, with C3N4 using the energy dispersive X-ray spectroscopy (EDS) exhibits
uniform distribution of C, N, Mo and S confirming the homogeneous nature of the
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nanocomposite (Figure 3d). Sonication of a mixture of C3N4 and MoS,-CH,COOH or NRGO
in DMF medium carried out prior to the coupling reaction, favors exfoliation as well as
homogeneous mixing of layers (see Experimental section for more details).

Electron energy-loss spectrum (EELS) obtained at different locations of the C3Ny-
MoS; nanocomposite show characteristic peaks of C (K edge), N (K edge), Mo (M-edge) and

S (L-edge), confirming the uniform nature of cross-linked assemblies (Figure 4a).!
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Figure 4. (a) EELS spectrum of C3N4-MoS, nanocomposites, showing S (L-edge), Mo (M-
edge), C (K-edge) and N (K-edge); b) Infrared spectra of C3N4, NRGO, acid functionalized
MoS,, C3N4-NRGO and C3N4—MoS, composites; ¢) Raman spectra of NRGO, acid
functionalized MoS,, CsN4-NRGO and C3N4 -MoS, composites; (d) Solid-state BC Cp-MAS
NMR spectra of C3Ny, acid functionalized MoS,, C3sN4-MoS, composite.
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The infrared (IR) spectrum of C3Ny has bands at 1240, 1414, 1564 and 1634 cm™ due
to C=N and C—N stretching modes (Figure 4b) and a band at 812 cm™ due to the breathing
mode of the s-triazine ring. The broad band in the 3000-3400 cm™ region is due to the
presence of amine groups.””) NRGO exhibits -C=0 and —OH stretching modes at 1715 and
3110 cm™, assigned to the residual carboxyl groups in the basal plane, whereas MoS,—
CH,COOH shows bands at 1702 and 3200 cm™ corresponding to -C=0 and —OH stretching
modes along with a C-S stretching band at 700 cm™ arising from covalent functionalization
of MoS;. The IR spectrum of the C3;N4-NRGO composite (Figure 4b) exhibits a C=0
stretching band at 1660 cm™ due to the amide bond between the C;N; and NRGO layers
along with other characteristic vibration frequencies. C3N4-MoS; nanocomposites shows the
carbonyl stretching band at 1660 cm™, confirming cross-linking of carboxylated MoS,
nanosheets with amine functionalized C;N4 by amide bonds. Raman spectra of the C3Ny-
NRGO and C;3;N4-MoS, composites along with those of individual components are shown in
Figure 4c. MoS,-CH,COOH shows only bands due to the 2H-polytype, similar to the
behavior observed after reactions of 1T-MoS, with metal precursors and diazonium salts.['®
26] Compared to MoS,-CH,COOH, the A;, mode of the C3N4-MoS, composite is red-shifted,
whereas the physical mixture does not exhibit any significant shift, this indicates that
covalent cross-linking leads to better interconnectivity between the individual components
which results in efficient charge-transfer from C3;N4 to MoS, (Figure 4c).*”) Raman spectra
of both NRGO and C3;N4-MoS; composite show D and G-bands at 1346 and 1588 cm'l,
respectively with an enhancement in the FWHM of the bands in the latter case. Cross-linking
causes intercalation of C3Ny4 between the NRGO layers and vice versa thereby increases the
FWHM. Thus, IR and Raman spectra of the nanocomposites confirm cross-linking of C3N4
and NRGO or MoS; sheets by layer-by-layer assembly through amide bonds.

Nitrogen content in the NRGO sample is 8.2 wt% as obtained from elemental analysis
as well as XPS measurements. To further confirm the formation of the amide bond in the
composites we have performed solid-state '>°C CP-MAS NMR spectroscopy (Figure 4d). Two
distinct signals dominate the spectrum of C3;N, at 165 and 154 ppm due to the sp” carbon
atoms.”® MoS,-CH,COOH shows characteristic '°C signals at 46.5 and 171 ppm

corresponding to aliphatic carbons (CH,) and carbonyl groups, respectively. Compared to
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MoS,-CH,COOH, the signals in the C3N4-MoS, composite are slightly downshifted to 6=169
ppm, indicating the cross-linking of C3N4 and MoS, nanosheets by forming amide bond.

Surface area and porosities of C3Ng, NRGO, MoS;, C3N4-NRGO and C;N4-MoS;
composites were obtained by N, adsorption-desorption measurements at 77 K. The cross-
linked composites show microporous type-1 adsorption behavior at low pressures along with
a type H4 hysteresis loop associated with narrow slit-like pores (Figure 5). Brunauer-Emmet-
Teller (BET) surface areas of cross-linked C;N4-NRGO and C3;N4-MoS, composites are 186
and 151 mz/g while physical mixture of C3N4 and NRGO or MoS, show low surface areas of
98 and 69 m*/g, respectively.

—e— C_N,-NRGO composite
—— C_,N,-MoS, composite

N, uptake (cm’/g, STP)

| | N N
o1 o (g o (&x]
2 8 8 8 8

Figure 5. N, sorption profiles of C;N4-NRGO and C3N4—MoS, nanocomposites.

The enhanced surface area is attributed to the generated pores due to stacking and cross-
linking between the C;N4 and NRGO (or) MoS; layers which is evident in the N, isotherms.
It must be noted C3N and few-layer MoS, show much lower surface areas of 65 and 40 m*/g
respectively, NRGO has a surface area of 130 m*/g with a type-IV mesoporous sorption
profile.

Cross-linked C3N4-NRGO and C3N4-MoS; composites were examined for the photochemical
hydrogen evolution in aqueous solution of triethanolamine (TEOA, 20% v/v) as sacrificial
agent under UV-Vis light (Xenon lamp, 250-900 nm, see experimental section for more

details) illumination. CsN, alone has an activity of 52 pmoles h™g™* with a TOF 0.005 h™
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while the chemically bonded C3N4,-NRGO composite exhibits an enhanced activity of 308
umoles h™g™ with a TOF of 0.06 h™.
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Figure 6. Comparison of the H, evolution activity of a) C3sN4, NRGO, physical mixture of
CsN4 and NRGO and the covalently bonded C3;N4-NRGO nanocomposite; b) C3N4, MoS,,
physical mixture of C3N4 and MoS,, CsN4-MoS; composite (SS, obtained by solid state

route) and the covalently bonded C3N4-MoS; nanocomposite.

The physical mixture of CsN,and NRGO shows activity of only 32 umoles h™g™* with a TOF
0.006 h™ (Figure 6a). The covalently linked CsN4-MoS, composite shows an extraordinarily
high activity of 12778 umoles h™g™ with a TOF of 2.35 h™ (Table 1). The physical mixture
of CsN, and MoS; and their composite obtained by the solid state route exhibit low
photochemical activity of 187 and 1157 pmoles h™g™ with a TOF 0.04 and 0.22 h™,
respectively (Figure 6b).

We have carried out control experiments on individual C3N4, MoS, and NRGO in the
presence of TEOA, C3sN,4 (52 umoles h™g™) is photoactive for HER, while NRGO and MoS,
are inactive (Figure 7a). We have also examined the H, evolution activity only in the
presence of the photosensitizer (Eosin Y dye) to indicate active HER sites on NRGO or
MoS;, and found that NRGO is inactive whereas, MoS, shows H, evolution due to the

appropriate band positions (Figure 7b).
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Figure 7. (a) Hydrogen evolution of C3N4, M0S; and NRGO in light and triethanolamine; (b)
Eosin Y dye assisted hydrogen evolution in NRGO and MoS; under light in presence of
triethanolamine.

Photoluminescence studies were carried on C3N4-NRGO and C3N4-MoS; composites
to understand the photoexcited electron transfer mechanism between the cross-linked layers.
These studies confirm that the PL signal of C3N4 at 440 nm is drastically quenched in the
cross-linked composites due to charge-transfer (CT) from C3N4 to MoS, or NRGO (Figure
8).

— CN,
— C,N,-MoS, composite
—— C_,N,-NRGO

composite

Intensity
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Figure 8. Photoluminescence spectra of C3N4, C3N4-NRGO composite and C3N4-MoS;

composite.
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Electron transfer from C3N, to MoS, (NRGO) is thermodynamically favorable since the
conduction band minimum (CBM) of C3N, is higher in energy than that of MoS, (NRGO).!*
13]

Using density functional theory (DFT), we have calculated the energy of the orbitals
of cross-linked C3Ns-NRGO and C3N4-MoS, composites and the corresponding
wavefunction plots obtained by considering maximum contribution from the individual

components to these orbitals (Figures 9a and b).

(b) LUMO+5
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Figure 9. Wavefunction plots of (a) C3N4-NRGO nanocomposite and (b) CsN4-MoS;
nanocomposites, where the upper layer is C3N4 for both the cases (Inter-layer spacing in
C3N4-NRGO and C3N4-MoS; composites are 0.30 and 0.73 nm, respectively which are

comparable with the experimentally observed values).
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The wave function plots of the C3N4-NRGO composite shows that there is a possibility of CT
from the highest occupied molecular orbital (HOMO), mainly contributed by NRGO to the
lowest unoccupied molecular orbital (LUMO+1) with a major contribution from C3N4
(Figure 9a). On the other hand, the C3N4-MoS, composite shows that there is a possibility of
CT from the HOMO-3 (on C3N,) to LUMO (on MoS;) (Figure 9b). The magnitude of CT in
C3N4-NRGO and C3N4-MoS; composites are 0.31 and 0.29 e. Without considering the cross-
linked bonds, they show a decrease in CT to 0.23 and 0.18 €', respectively. This implies that
CT in the composites occurs simultaneously through space and bonds between the cross-
linked layers. Furthermore, the magnitude of CT in randomly slipped stack pattern of C3N4
and NRGO is similar to those observed experimentally in the case of physical mixtures,
decreasing to 0.07 e. It is therefore suggested that cross-linked systems have better CT
efficiency. DFT calculations also suggest that cross-linking induces planarity, which leads to
efficient CT in composites due to better orbital overlapping. The wave function plots of
composites also elucidate the photo-induced CT in cross-linked composites, since C3;Ng4
LUMO is higher in energy and can transfer electron to LUMO of NRGO or MoS, on photo
excitation. Schematic energy band diagrams for composites are derived on the basis of
control experiments, PL studies as well as theoretical calculations which highlights electronic

events during photoexcitation (Figures 10a and b).
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Figure 10. Schematic energy band diagram highlighting different electronic process during
HER in (a) C3N4-NRGO and (b) CsN4—MoS, composites (orange arrow indicates
photoexcitation of electron from VBM to CBM of C;N4 and red arrows indicates different

electronic events in the composites during HER).
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On photoexcitation, electron from valence band maxima (VBM, orange arrow) of C3;Ny is
excited to conduction band minima (CBM), and then transfers to CBM of NRGO or MoS,
(red arrows). Since CBM of NRGO is below the water reduction potential, electrons
transferred from C;N4 to NRGO will not participate in HER unlike in MoS,. H; evolution
occurs in the presence of TEOA which reduces the photogenerated holes by donating

electrons to the VBM of C3Ny4, and favors the forward reaction.

The increase in photochemical catalytic activity with respect to C3N4 is more
pronounced in the C3Ns—MoS; composite compared to C3N4-NRGO. Cross-linked CsNg—
MoS; exhibits an enhancement of ~246 times as compared to C3N4 whereas, C3sN4-NRGO
shows only ~6 times. The lower activity of C3N4-NRGO composite over C3sN4—MoS, can be
attributed to the different electronic processes occurring on catalytic surface during HER. In
Figure 10a we show a schematic of the energy band diagram of C3N4,-NRGO which indicates
that photoexcited electrons (orange arrow) of C3N,4 can either transferred to CBM of NRGO
or undergo water reduction on C3N,4 surface (red arrows). As the CBM energy gradient
between C3N4 and NRGO is more compared to the water reduction potential, chances of
electrons moving from the CBM of C3N4 to NRGO is less favored. DFT calculated relative
binding energies of water molecule with the C3N, and NRGO are 0.0 and 0.86 eV
respectively suggesting that C3N4 is preferred for HER in the C3N4s-NRGO composite.
Furthermore, H, evolution occurs on the C3N4 surface alone since, the CBM of NRGO is
below water reduction potential. This indicates that in the C3N,-NRGO composite enhanced
activity arises mostly because of the increased planarity of the layers and the enhanced
surface area due to cross-linking while some electrons can still shuttle across the network
through NRGO. The physical mixture of C3N4 and NRGO does not show any increased
activity as compared to C3N4 which supports this rationale. Figure 10b shows a schematic of
the energy band diagram of the C3N;—MoS; composite, where the photoexcited electrons of
CsN, either reduce water or transfer to the CBM of MoS, (red arrows) for H, evolution. As
the thermodynamic gradient between the CBM of C3N, and of MoS; (0.06 eV) is less
compared the HER potential (0.6 eV), there is a high probability of electron transfer from
CsN4 to MoS; which also participate in water reduction (red arrows). The relative binding
energy of water molecule (as calculated from DFT) for MoS; edge site, surface and on C3N4
is 0.0, 0.04 and 0.27 eV respectively, which shows that MoS, is preferred for HER,
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particularly the edge sites. The physical mixture and solid state composite of C3N4 and MoS;
also show increased activity compared to C3Ny4, supporting this reasoning. Apart from the
achieved planarity and enhanced surface area, additional factors like favored CT due to
cross-linking and active MoS, sites gives better H, evolution activity in C3N,—MoS;
composite as compared to C3N,—NRGO.

In the case of physical mixture of C3N4 and MoS;, enhancement in photochemical
HER activity with respect to C3N, is ~4 times, whereas the C3N,—MoS; composite obtained
by the solid state route shows an increase by ~23 times (Figure 6b). This result clearly
suggests that C3N4 grown on MoS; layers provides greater interaction between the two,
thereby exhibiting higher HER activity compared to the physical mixture where layers are
randomly oriented (Figure 3b). On the other hand, cross-linked C3N4-MoS; shows an
enhancement of ~246 times with respect to C3N4 which is ~11 and 68 times higher than the
sample obtained by solid state route and the physical mixture respectively. The superior
performance of the cross-linked assemblies is attributed to the enhanced interfacial area as
well as planarity between the layers due to directional layer-by-layer cross-linking which
increases the magnitude of CT between C3N4 and MoS; as it occurs simultaneously through
both space and bonds between the individual layers. Secondly, the 3D network formed due to
cross-linking causes additional increment in the magnitude of CT due to effective electronic
coupling between the heterolayers in the cross-linking direction, contributing to the improved
HER performance. This reasoning is supported by both PL and theoretical studies. Lack of
directional bonds in the physical mixture as well as in the composite obtained from the solid
state route reduces the magnitude of CT between layers, homogeneity in the order of
heterolayers, planarity as well as the formation of extended 3D network which limits their
HER performance. We have compared the activity of covalently cross-linked C3N4-MoS;
composite with other similar systems in the literature, and found it to be higher than any
Cs3N4 or MoS; based system (Table 1). Furthermore, efficient electron channeling across 3D
network through space as well as by bonds between cross-linked layers makes better charge
separation and thereby enhancing the activity. We also note that in physical mixtures, the
layers are stacked by weak van der Waals interaction which can get disrupted during

sonication, as sample dispersion is a prerequisite for photochemical studies.
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Table 1: Comparison of hydrogen evolution data of covalently bonded NRGO-C3;N, and

MoS,-C3N4 composites compared with few of the literature reports.

Activity TOF ®
Catalyst Reaction Conditions
(umole h™ g™ (™)
C3N, 5243 0.005+2x10™*
(c(lésé\lr;p,)\il)(;ﬁé) 127784638 2.35+0.1
TEOA:H,0 (1:4)
(Cc?rﬂ\;)‘gg/iltoe%,S) 1157+58 0.22+0.01 (400 W Xe lamp; A>250-900 nm)
C3N,-NRGO 0.06+3x107°
(Composite) 30815
0129 Methanol: H,O (1:3)
CsNo/PL (1 wi%) 122 0.011 (300 W Xe lamp; A>400 nm)
_~n30 Pure H,O
CsNo/Pt-Co 60 0.006 (300 W Xe lamp: A>300 nm)
C3Ny- TEOA: H,O (1:6)
Co"(dmgH),pyCI*: 250 0.023 (300 W Xe lamp; A>350-740 nm)
C3N,4-Carbon Pure H,O
Quantum Dots® 105 0.010 (300 W Xe lamp; A>420 nm)
C3N,-MoS, Quantum TEOA: H,O (1:9)
dots/Pt? 394 0.036 (300 W Xe lamp; A>420 nm)
Layered C3N4-MoS, Lactic acid: H,O (1:9)
nanojunctions® 968 0.091 (300 W Xe lamp; A>420 nm)
CoN,-MoS, 252 0.024 TEOA : H,0 (1:9)

(300 W Xe lamp; A>400 nm)

®TOF is calculated for photoactive component C;N,4 since MoS,, NRGO, Pt, Carbon Quantum Dots and
Cobaltoxime are co-catalysts.

Encouraged by the results obtained with the photochemical HER by covalently
bonded C;N4-MoS; and CsN4-NRGO composites, we have examined their performance in
electrochemical HER. Linear Sweep Voltammetry (LSV) plots obtained for the cathodic
reduction of H" ion to H, is given in Figures 11a and b. The onset potential which is the
measure of extra energy needed to attain a faradic process of H, generation is improved in

covalently cross-linked C3N4-NRGO and C3;N4-MoS, catalysts in comparison to that of the
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physically mixed counterparts (Table 2). The cross-linked CsN4-NRGO (-0.36 V) composite
shows a shift of 60 mV in onset potential (1) as compared to that of physical mixture (-0.42
V). On the other hand, physical mixture of C3;N4 and MoS, (-0. 29 V) shows 40 mV
improvement in 1 in comparison to MoS; only (-0.33 V) whereas when the two are
covalently linked, we obtained 100 mV shift in onset potential (-0.23 V) in positive direction.
C3Ny4 alone showed negligible activity in HER whereas the physical mixture of C3N4 with

NRGO or MoS; exhibits enhanced activity compared to the individual components.
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Figure 11. Linear Sweep Voltammogram (LSV) polarization curves of (a) C3N4, NRGO,
physical mixture of C3N4 and NRGO and covalently bonded C3;N4-NRGO nanocomposite;
(b) C3N4, MoS,, physical mixture of CsN4 and NRGO and covalently bonded C3N4-MoS;
nanocomposite, and Nyquist plots of (¢) NRGO, physical mixture of C3N4s and NRGO and
covalently bonded C3;N4-NRGO nanocomposite; (d) MoS,, physical mixture of C3N4 and

MoS; and covalently bonded C;N4-MoS, nanocomposite.
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The enhancement is however, much more prominent in the cross-linked composites as
compared to that of physical mixtures. A similar trend in HER activity was encountered in
the photochemical studies as well. The minimum voltage required to increase the current
density by ten-fold is given by the value of Tafel slope, smaller the slope better is the
electrocatalytic activity. Cross-linked composites have smaller Tafel slope values compared
to that of physical mixture. In Table 2, we compare the onset potential, Tafel slope values of
covalently cross-linked C;N4s-NRGO and C;N4-MoS; composites with those of physical
mixture along with that of Pt/C (40 wt%, Sigma Aldrich). The observed trend was further
probed by conducting Electrochemical Impedance Spectroscopy (EIS) studies on covalently
bonded C3;N4-NRGO and C3;N4-MoS, composites as well as on their physical mixtures as
shown in Figures 11c and d. Nyquist plots were measured within the frequency range of 10°
Hz to 1 Hz at open circuit potential for all electrodes. The diameter of the semicircle in the
high-frequency region gives the measure of resistance in charge-transfer (R) process at the

electrolyte/electrode interface.

Table 2: Comparison of electrocatalytic HER activity and Tafel slope values of covalently

bonded C3N4-NRGO and C3;N4-MoS, composites with other catalysts.

Overpotential (n) n@5 mA/cmz V) Tafel slope
Sample
(V) vs RHE vs RHE (mV/dec)
C,N,-NRGO
-0.368+0.02 -0.506+0.025 147
(composite)
C,N, -NRGO (mixture) -0.429+0.02 -0.589+0.029 180
NRGO -0.487+0.025 - 182
C,N,-MoS, (composite) -0.234+0.011 -0.278+0.013 88
C,N,-MoS, (mixture) -0.289+0.014 -0.331£0.016 95
MosS, -0.330+0.016 -0.401+0.02 99
Pt/C (40 wt%) -0.002+0.0 -0.021+0.0 34
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From Figures 11c and d, it is very clear that the cross-linked C;N4-NRGO and C3N4-MoS,
catalysts have comparatively smaller R, than the physically mixed catalysts.

The broad, incomplete semicircle feature in the case of NRGO-based catalysts could
arise from the non-uniform cathodic current due to the geometrically inhomogeneous
electrode surface.®® Comparison of Rey values amongst the catalysts hints that the cross-
linked C3N4-NRGO and C3N4-MoS; composites have minimum R, value, indicating relative
ease in electron transport in the extended 3D network when polarized by the application of a

negative potential. The well-defined interconnectivity between the cross-linked layers

[34, 35 [36, 37]

promotes appropriate coupling ) to minimize charge-transfer resistance, thereby
improving the HER activity. Increased planarity due to cross-linking also leads to better
orbital overlapping ensuing efficient CT between the cross-linked layers through both space
and bonds can ease the mobilization of electrons, and results in reduction of the onset
potential. Furthermore, increased surface area and the pores generated by cross-linking
ensure the larger electrode/electrolyte interface area which also contributes to the enhanced

activity.

4.5.5: Conclusions

We have been able to covalently cross-link nanosheets of C3N,4 with sheets of MoS; as well
as NRGO by the carbodimide method. The cross-linked composites show better catalytic
activity relative to the physical mixtures or C3N, alone. The present study clearly
demonstrates the beneficial effects of covalent bonding in the case of C3N4-MoS; and C3Ng-
NRGO composites, particularly in the case of former. Photochemical HER activity of the
CsN4-MoS; nanocomposite is noteworthy with ~246 times increased activity compared to
C3N4. Furthermore, cross-linked C3N4-MoS, shows an enhancement of ~11 and 68 times
higher photochemical HER activity than that obtained by the solid state method and the
physical mixture respectively. We conclude from theoretical and experimental studies that
enhanced HER activity in cross-linked composites arises from the increased planarity,
enhanced charge-transfer and higher surface area. DFT calculations show that the magnitude
of charge-transfer is maximum in the case of cross-linked composite since it occurs between
the cross-linked layers simultaneously through space as well as bonds. Electrochemical HER

activity of the nanocomposites is also superior, shows that covalent cross-linking to be useful
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for HER and related catalytic reactions. This strategy may also be of value in a variety of

other applications as well.
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5.1: Borocarbonitride-lron Pthalocyanine Composite as a Non-

Precious Catalyst for the Oxygen Reduction Reaction

Summary*

Oxygen reduction reaction (ORR) is an important reaction occurring at the cathode of
a fuel cell. In the present study, we demonstrate the use of a borocarbonitride (BCsN)
supported iron (I1) phthalocyanine as a superior non-noble electrocatalyst for the ORR. To
assess the ORR activity of BCsN-FePc, cyclic voltammetry and rotating disk electrode
measurements have been carried out. These measurements reveal that the BCsN-FePc
exhibits more positive onset potential and comparable current density relative to the
commercially available Pt/C catalyst. Furthermore, BCsN-FePc shows excellent selectivity

towards ORR even in the presence of methanol.

Papers based on this worked have been published in J. Mater. Chem. A (2013), Nanomater.
Energy, (2015).
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5.1.1: Introduction

The oxygen reduction reaction (ORR) at the cathode is of paramount importance in
the performance of fuel cells.! The reduction process occurs via different mechanisms
depending on the catalyst and pH of the electrolyte etc. The most effective reduction is a 4-
electron process, in which O, is directly converted to H,O. Platinum is an effective catalyst
for this reduction reaction,'* ! but the high cost and the limited abundance restricts its use.
Furthermore, when Pt is supported on conductive carbon, the catalyst leaches out due to the
corrosion of carbon support in aggressive environments. This has given the motivation to
search for alternative non-noble metal materials which fulfill the necessary criteria for good
ORR catalysis. The non-Pt based materials reported for ORR include transition metal
carbides,™ ® transition metal nitrides,’® transition metal oxides®* and transition metal

[12, 13]

chalcogenider Several metal-free catalysts that have been studied include

doped/undoped carbon materials such as graphene and carbon nanotubes (CNT).+%

5.1.2: Scope of the present investigations

High onset potential and low current density are the major issues associated with
non-Pt cathode catalysts used in ORR process. Catalyst with sufficient number of oxygen
adsorption sites and good electronic conductivity cause reduction in onset potential and gives
high current density during O, reduction at cathode. On this basis, researchers have made
binary composites of graphene and CNTs with Iron Phthalocyanine (FePc). These studies
revealed that FePc in combination with CNT (or) graphene showed better performance as O,
reducing catalyst as compared to individual components. In this work, we report the use of
BCsN-FePc (designated as BCN-FePc for simplicity), both of which are intrinsically ORR
active, as an efficient catalyst for the ORR process. Electrochemical experiments revealed
that the ORR process occurred through a 4e- pathway and the onset potential was comparable
to that of Pt/C. Moreover, the composite was very tolerant to the methanol cross over,

showing good selectivity towards ORR.
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5.1.3: Experimental section

BCsN was synthesized by following the literature procedure reported elsewhere.*! In
a typical synthesis, 500mg of activated charcoal, boric acid and urea in 1:24 weight ratio
were taken into 100ml beaker with water. This mixture was first sonicated for 30 min and
then heated on an oil bath at 70 °C until the mixture became slurry. After this, the slurry was
transferred into a quartz boat and kept in the tube furnace and heated at 900 °C in the
presence of nitrogen for 10 hrs.

To prepare the BCN and Iron Pthalocyanine composite, equal proportions of BCN
(5mg) and FePc (5mg) were sonicated in ethanol for 1hr. And the resulting dispersion was
centrifuged to obtain the composite and dried under vacuum at 60 °C overnight. Thus dried
product was collected and further used for characterization and the electrochemical
experiments.

All the electrochemical measurements were carried out in electrochemical
workstation coupled with Rotating disc electrode system. A conventional 3-electrode system
was employed in which glassy carbon electrode (GCE) modified with BCN-FePc was used
as the working electrode, Ag/ AgCl and Platinum coil are the reference and counter
electrode, respectively. The modification of the GCE with BCN-FePc was done as follows.
Prior to its use, the GCE was well polished sequentially using 1.0 micron, 0.3 micron and
0.05 micron alumina powder. Catalyst ink was prepared by dispersing the composite in
ethanol (Img/ml). A 6 pl of resultant dispersion was drop casted on the GCE using
micropipette and allowed to dry at room temperature. Then 5 pl of nafion (0.5 wt %) is
further drop casted as a binder. Cyclic Voltammetry and Linear Sweep Voltammetry
measurements were performed in O, and N, saturated 0.1 M KOH at a scan rate of 100 mV/s

and 5 mV/s respectively.

5.1.4: Results and discussion

TEM image of BCN/FePc composite (Figure 1a) indicates that FePC is well distributed on
BCN matrix. Figure 1 b shows the Raman spectra of BCN, FePc, BCN-FePc.

The Raman spectrum of BCN-FePc show peaks originating from phthalocyanine as well as
the G-band (Elgg mode) corresponds to sp? domains of BCN at 1600 cm™ (Figure 2). From
Raman and TEM we can conclude that FePc is well attached to the surface of BCN and the
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electronic characteristics of FePc and BCN remain intact in the composite, indicating that the
composite is homogenous.
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Figure 1. (a) TEM image of BCN/FePc, (b) Raman spectra of FePc, BCN and BCN/FePc.

To evaluate ORR activity, CV measurements are initially performed in 0.1 M KOH

saturated with O,. Figure 2a shows cyclic voltammograms of the BCN-FePc composite in the
presence of O, and Nj-saturated electrolyte.
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Figure 2. Cyclic voltommograms of (a) BCN/FePc on GCE in N, and O,-saturated 0.1 M
KOH solution at a scan rate of 100 mV/s, (b) BCN, FePc, BCN/FePc and Pt/C on GCE in
O,-saturated 0.1 M KOH solution at a scan rate of 100 mV/s.
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The O,-saturated KOH solution of BCN-FePc exhibits a pronounced ORR peak at -
0.14 V indicating the reduction of oxygen, whereas no reduction peak is observed in the case
of N,-saturated solution. We compare the results with those of the individual components
BCN, FePc and Pt/C under similar conditions. The ORR onset peak potential of BCN-FePc (-
0.064 V) is more positive than that of pristine BCN, FePc and while the current density is
larger than that of BCN or FePc as shown in Figure 2b. This is further corroborated by static
linear sweep voltammetry (LSV).

In order to probe the mechanism of ORR and to understand reaction kinetics, rotating
disc electrode (RDE) measurements were performed in the LSV mode in O, saturated KOH
solution (0.1M) at 5 mV/s scan rate. Linear sweep voltammograms of BCN-FePc along with

those of BCN, FePc, Pt/C 40 wt% are shown in Figure 3a.

1
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< — PYC-40 Wt% -
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2 ] § 400
[
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L = 3l — 1600
5 -4
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'1.0 '0.8 '0.6 '0.4 '0.2 0.0 0.2 '0,8 -0‘,6 _0I.4 _0Il2 0,0
Potential (V) vs. Ag/Agcl Potential (V) vs. Ag/Agcl
Figure 3. (a) LSV curves of the BCN, FePc, BCN/FePc and Pt/C electrodes in O,-saturated
0.1 M KOH at a scan rate of 5 mV/s and at a rotation speed of 1600 rpm; (b) LSV curves of
the BCN/FePc electrode in O,-saturated 0.1 M KOH at a scan rate of 5 mV/s

It is interesting that BCN-FePc (-0.064V) shows a slightly more positive onset potential than
Pt/C (-0.082V) (Figure 3a). The current density of BCN-FePc is close to that of Pt/C. The
ORR current density of BCN-FePc increases with the increase in the rotation speed of the
electrode due to the high availability of Oz at the electrode interface as shown in Figure 3b.

These results clearly establish the facile reduction of Oz at BCN-FePc composite compared
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with individual components. The half wave potential for BCN/FePc modified GCE is about -
0.10 V which is slightly more positive than Pt/C (-0.15 V).

The number of electrons transferred per oxygen molecule from BCN/FePc modified

electrode can be calculated by using Koutechy-Levich equation.!*”

U =1+ Lly
1/1 = -1/(nNFKC,)-1/(0.2 nFD 23y 8C 002

In which | denotes measured current density at respective potentials. 1 and 14 represents
kinetic and diffusion current density respectively. The variable n gives overall number of
electrons transferred per O, molecule, F is the Faraday constant (96485 Cmol™), C, is the
bulk concentration of O, (1.2x10° molmL™), k is the electron transfer rate constant, Dy is the
0, diffusion coefficient (1.73x10™° cm?s™) in 0.1 m KOH, v is kinematic viscosity (0.0109
cm?s™) and o is the rotation speed of the electrode. Number of electrons transferred (n) was
obtained by calculating the slope of 1" versus ™.

Figure 4 shows the K-L plots for BCN-FePc at various electrode potentials. Plot
exhibits good linearity and the slope remain approximately constant over -0.4 to -0.6 V
potential ranges, indicating similar electron transfer numbers at different potentials. The
BCN-FePc shows an n value of 3.8 over a potential range from -0.4 to -0.6 V, suggesting that

ORR proceeds by 4-electron pathway.
0.7

n=3.9 at all potentials

0.40 V
041 0.50 V
0.60 V
0.3-
006 008 010 012 014 016
12, 12
(w ™ (rps) %)

Figure 4. Koutecky-Levich plots for BCN/FePc at different electrode potentials.

Page 214



5.1: Borocarbonitride-Iron Pthalocyanine Composite for ORR

The superior performance of BCN-FePc is attributed to the synergy between BCN
and FePc molecules. We surmise that the synergy stems from the increase in number of
adsorption sites for binding of the O, molecule along with the good electronic conductivity.
FePc bind oxygen molecule through M-O, bond, whereas BCN provides active sites through
heteroatoms (B and N), thereby increasing the number of binding sites. Furthermore, BCN
also provides the necessary electronic conductivity (increased metallicity of BCsN) to
facilitate efficient electron transfer and also acts as support for the immobilization of FePC
molecules.

In fuel cell applications methanol tolerance and CO poisoning are the critical issues
associated with the ORR catalyst. An optimum ORR catalyst should have tolerance to
methanol crossover and high selectivity for ORR. Therefore, we carried CV measurements
for BCN-FePc and Pt/C modified GCE in O, saturated KOH in presence of 1M Methanol. As
can be seen in Figure 5a oxygen reduction peak is completely vanished and pair of peaks at -
0.21 and -0.11 V corresponds to methanol oxidation appeared in case of Pt/C. Whereas
BCN/FePc showed no distinctive change in CV curves under similar conditions (Figure 5b).
These results suggests that BCN/FePc shows excellent selectivity for ORR even when

methanol coexists.
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Figure 5. CVs of (a) Pt/C and (b) BCN/FePc electrodes in O-saturated 0.1 M KOH with and
without 1 M methanol.
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5.1.5: Conclusions

The BCsN-FePc composite has been successfully prepared and used for the oxygen
reduction reaction (ORR). The results proved that there is synergy between BCN and FePc
and the composite shows better current density and a more positive onset potential which is
comparable to commercially available Pt/C. Excellent methanol tolerance and good
selectivity for ORR is exhibited by the BCN-FePc composite.
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5.2: BCsN and MoS,-RGO composite as electrode materials for
selective electrochemical sensing of dopamine and uric acid in the

presence of ascorbic acid

Summary*

A borocarbonitride (BCsN) has been used as the electrode to selectively detect dopamine and
uric acid in the presence of ascorbic acid. These electrodes show good electrocatalytic
activity towards the detection of dopamine, with the detection limit of 2.1 uM and showing a
linear range over 1-20 uM. BCN also exhibits satisfactory performance in the oxidation of
uric acid with a detection limit of 3.8 uM and the linear range from 2 to 40 uM.
Significantly, selective detection of dopamine and uric acid in the presence of ascorbic acid
was observed by a way of complete peak elimination rather than potential peak separation.

MoS,-RGO composites have also been used to selectively detect dopamine in the
presence of ascorbic acid. The cyclic voltammogramms of DA in PBS at different MoS,-
RGO electrodes (1:2, 1:1 and 2 : 1) are measured. The oxidation currents for DA measured
at MoS,-RGO (1:2) electrode is higher than that of other composite, suggesting its better
electrochemical performance. Hence Mo0S,-RGO (1:2) composite is chosen for
electrochemical detection of Dopamine. Mo0S,-RGO (1:2) composite shows excellent
eletrocatalytic activity towards the detection of dopamine with the minimum detection limits
being 0.55 uM. This composite shows a linear range of current over the 1-110 uM

concentrations of dopamine.

A Paper based on this work has been published in Electroanalysis, (2015).
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5.2.1: Introduction

Graphene, is an attractive material because of its unusual properties such as high
electron mobility, large surface area and mechanical strength.™ It has potential applications
in areas such as electronics,™ sensors,'®! energy devices” and catalysis.”™ Thus, graphene has
been extensively used as an electrode in electrochemical applications such as
supercapacitors,’® oxygen reduction reaction (ORR), biosensors” and electrochemical
sensors.®! Recently, inorganic graphene analogues like molybdenum sulfide (MoSz2) have
also received great attention due to their unique properties.’* ** Graphene composites with
metals, metal oxides and other materials have also been used for electrochemical
applications, especially for electrochemical sensing of dopamine, uric acid and other bio-
molecules.** 2

Dopamine and uric acid are important molecules in human metabolism. Dopamine is
a crucial neurotransmitter in the central nervous system and its main function is to maintain
neuro physiological control of mental activities. Any deviation from optimal concentration of
dopamine in the body causes Parkinson’s disease (131 or schizophrenia.™*! Uric acid is the
final product of purine metabolism and abnormal levels of UA results in gout and
hyperuricemia disorders in humans.*® It is therefore necessary to design sensing devices to
determine the change in concentrations of these important biomolecules. Since dopamine and
uric acid are electrochemically active, electrochemical oxidation offers a method for the
successful detection of these compounds. Commercially available glassy carbon electrode
detects but a very high concentrations of these molecules without any selectivity. Therefore
there arises a need of materials that can be used as electrodes which can detect minimum
amounts of concentration with high selectivity. The electrode materials used for this purpose
include graphene,*® reduced graphene-oxide!*” and graphene-composites.[*8-24

We have employed a borocarbonitride (BCN) to selectively detect dopamine (DA)
and uric acid (UA) in the presence of ascorbic acid (AA) which commonly interferes in the
detection of DA and UA. Accordingly, in the present study, the synergistic effect from both
B and N can couple and results in higher sensitivity towards biomolecules.
Borocarbonitrides!?®! are structural analogues of graphene which has been previously used as
an electrode material in supercapacitors,®! ORR ! and Li-ion batteries.!*®! Encouraged by
the results obtained with BCN modified glassy carbon electrode (GCE) as bio-molecular
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sensors, we have also investigated Mo0S,-RGO composites for selective detection of

dopamine in the presence of ascorbic acid.

5.2.2: Scope of the present investigations

Development of sensitive electrodes for determining of trace amounts of
biomolecules is very important. Especially is this true in the case of the selective
determination of dopamine and uric acid in the presence of ascorbic acid. Various
electrochemically and chemically modified electrodes have been fabricated to resolve the
voltammetric peaks of UA, DA and AA. But determining the concentration of these
molecules by complete elimination of interfering molecule is desirable. Present work
demonstrates the use of borocarbonitrides as an electrode material for selective sensing
dopamine and uric acid in the presence of ascorbic acid by completely eliminating the peak
from ascorbic acid. Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were
employed to study the electrochemical response of DA and UA molecules at the BCN
modified electrode.

Layered MoS; in its stable form exist as a semiconductor and therefore as an
electrocalyst has limited electronic conductivity. Stacking of MoS, layers on conductive
graphene surface leads to decrease in resistance connection for the electrons transfer from the
substrate to the active sites. This work also presents the use of MoS,-RGO composite
modified GCE for selective sensing of DA in the presence of AA by completely eliminating

signal from latter.

5.2.3: Experimental section

Synthesis of Bg15Co72No12 (BCsN): A borocarbonitride (BCN) with the composition
Bo.1sCo.72No12 Was synthesized by following a procedure reported elsewhere.”® In a typical
synthesis, boric acid (60 mg), urea (2.4 g) and activated charcoal (500 mg) are taken in a
beaker with water and sonicated for 30 min. The sonicated mixture was heated at 70 °C until
it becomes slurry and finally transferred to quartz boat to be heated at 900 °C in nitrogen
atmosphere for 10 hours. Thus obtained product is used for further characterization and

analysis.
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Preparation of MoS,-RGO Composites: MoS,-RGO composites of different compositions
were prepared by varying the weight ratios of Mo and graphene. To prepare MoS,-RGO
(1:2), 6 mL of (20 mg/mL) GO solution was ultrasonicated with 100 mL distilled water for
half an hour. To this, ‘0.63” mg of (NH4)sM070,4:6H,0 and 0.2 g of NH,CSNH, were added
and stirred for an hour. The mixture was heated in an oven at 200 °C for 24 hours in a
stainless steel autoclave. The product was washed and dried. Under the conditions of
experiments, GO gets reduced to RGO. RGO had 3-5 layers on average. The specific surface
area of graphene and the MoS,-RGO composites calculated by the BET method are 120 and
147 m?/g respectively.

All the electrochemical measurements were carried out using galvanostat from CH
instruments in a three electrode system with GC (glassy carbon) as working electrode,
Platinum wire as counter electrode and Ag/AgCIl as reference electrode. For the preparation
of catalyst ink, 5 mg of BCN was dispersed in 10ml of 1:1 water: ethanol mixture along with
2ul of Nafion and sonicated for 60 min. Glassy carbon electrode (pre-cleaned) was modified
by drop casting the catalyst ink (3ul and 10ul) and air dried and used for different
measurements. The electrolyte solution was stirred intermittently after each addition of the
analyte to make sure homogenous mixing and then the specific measurements were carried
out.
5.2.4: Results and Discussion

Figure 1a shows the typical TEM image of BCN sheets, which indicate that the
sample is layered. Figure 1b displays the comparison between the electrochemical impedance
spectra (EIS) of bare glassy carbon electrode (GCE) and BCN modified GCE (BCN/GCE)
measured in 5mM K3Fe(CN)g in 0.1M KCI at 5mV with frequency range of 0.01 to 10° Hz.
EIS is an useful technique to study the electrochemical performance of the modified
electrode surfaces. The diameter of the semicircle obtained in low frequency region gives a
quantitative estimate of electron transfer resistance since it indicates electron transfer kinetics
of the redox probe at the electrode surface. As shown in Figure 1, the Nyquist plot of bare
GCE (denoted by red color) has large semicircular diameter extending beyond 25 MHz
indicating a huge electron transfer resistance at the electrode surface, whereas the BCN
modified GCE (BCN/GCE, Figure 1) has a very low frequency of 3 KHz.
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Figure 1. Electrochemical impedance (EI) measured in 5mM K3Fe(CN)g in 0.1M KCI at
5mV amplitude with frequency range 0.01 to 105 KHz for BCsN (black), GCE (red).

This difference in the frequency draws a conclusion that BCN modified GCE can facilitate
electron transfer far better than the bare GCE. This evidence is further substantiated in cyclic
voltammograms (CV) measured for solutions of Dopamine (DA) and Uric acid (UA). Figure
2a shows the CV of DA measured at BCN/GCE (black) and bare GCE (red) in 0.1 M PBS
solution of 7.2 pH.
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Figure 2. Cyclic voltammograms of 30 uM (a) Dopamine and (b) Uric acid in 0.1 M
Phosphate buffer (pH = 7.2) at bare Glassy carbon electrode (red) and BCsN modified
electrode (black) with a scan rate of 40 mV/s.

CV measured at the BCN/GCE showed a well-defined oxidation peak at 0.246 V and

reduction peak at 0.164 V with a peak separation of 82 mV, whereas the one measured at
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bare GCE has very small redox peaks at 0.281 and 0.091, V respectively with a peak-to-peak
separation of 191 mV. Moreover, the oxidation current of DA at BCN/GCE is six times
greater than that of the bare GCE. This confirms the superior electrocatalytic performance
and fast electron transfer of BCN compared to bare GCE. Figure 2b displays the CV of UA
measured at BCN/GCE (black) and bare GCE (red). Similar trend has been observed as in the
case of DA oxidation.

Electrochemical oxidation of UA at GCE is very weak with insignificant oxidation
peak but a profound peak at 0.414 V for BCN/GCE. Anodic oxidation current in this case is
25 times higher than that was obtained at GCE. The performance of BCN is quite significant
and comparable to many graphene modified electrodes. Another important point to be
noticed pristine BCN is sufficient to detect dopamine and uric acid without having any
modifying layer around it. Modifying layer at instances hampers the performance of the
active material. In the present study, BCN has been used in the process without being
modified by any external modifier.

The oxidation of dopamine in the experimental conditions is represented by the schematic

2H"
- -2e
HO NH; ;:j\/?ﬂh‘

CVs at different scan rates from 40 to 300mV/s of dopamine (100 uM) at BCN modified

below.[?"]

GCE indicated that peak current was being affected by the scan rate and it increases linearly
with increase in the scan rate. Linear dependence of peak current on scan rate reveals that the
electrochemical process is controlled by diffusion and adsorption.”

Differential pulse voltammetry (DPV) was employed to determine the minimum
concentration of DA and UA that can be detected electrochemically as DPV has much higher
current sensitivity and resolution than CV. Electrochemical oxidation of DA is determined
from 0.5x10°® to 110x10 ° mol L™* by DPV method. Figure 3a show the DPV at different
concentrations of DA in 0.1 M PBS solution (pH 7.2) measured at BCN/GCE. The current
shows a linear dependence with increase in concentration in the 2.3-20 uM range (Figure

3b). Although the anodic oxidation peak appears at 1.3 uM, the peak is not prominent and a
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well-defined peak appears from 2.3 uM onwards. The regression equation,
(LA)=0.3021x[DA] pM+45.99 with R?=0.990 is obtained from DPV plots.

Ip

60
60 @ s51(b)
55 20 MM ? 56
< 50 3 54/
= £
2 45- S 921
o S 50
5 401 O
o 48
35_ 46' .
30 T T T T 44 T T T T T
02 00 02 04 06 08 0 5 10 15 20
Potential (V) Ag/AgCl Concentration (HM)
60- 601(d)
581
350— j_tj,- 56
S S 541 2
2 0. 5 R?=0.9810
>
S S 52
301 50-
[ J
48 T T T T
02 00 02 04 o6 08 O 10 20 30 40
Potential (V) Ag/Agcl Concentration (uM)

Figure 3. DPV in 0.1 M PBS at BCN modified electrode for different concentration of (a)
dopamine and (c) uric acid. Plots of I as a function of (b) dopamine and (d) uric acid

concentrations.

The minimum detection limit of DA at BCN/GCE is 2.1 uM, calculated from the formula
3s/slope as reported in the literature.® This value is comparable to that of some graphene
modified electrodes.!”® *! |n the case of uric acid also the current increases with the increase
in concentration and is linear in the range of 4-40 uM and the minimum detection limit

calculated according to formula 3o/slope is 3.8 uM [i, (MA) =0.2924x[UA] pM+48.29,

Page 227



5.2: BCN and MoS:z-RGO composites for Electrochemical Sensors

R®=0.991] (Figure 3d). The results obtained here are quite comparable to that of graphene,
graphene-composites and other layered analogues of graphene.! %2

Selective and simultaneous detection of DA and UA has been observed with BCN/
GCE by way of complete elimination of AA rather than by separation of individual peaks.®
Besides individual sensing of dopamine and uric acid, BCN/GCE shows impressive
performance towards selective sensing of DA and UA in the presence of ascorbic acid (AA)
without showing any oxidation peak of AA. Figure 4 gives the DPV measured at different
concentrations of DA and UA from 30-200 uM in the presence of 10 mM AA. With increase
in the concentration of DA and UA, the peak current increased linearly. The oxidation
current observed for DA is higher than UA, since n— interaction of DA with graphene-like

conjugated surface facilitates easy electron transfer.

80

200 uM

Current (uA)

30 . . . .
-0.2 0.0 0.2 0.4 0.6 0.8

Potential (V) Ag/AgCl

Figure 4: DPV of different concentrations of dopamine and uric acid in the presence of

10 mM ascorbic acid in 0.1M PBS at BCN modified electrode.
BCN showed significant stability for more than 300 cycles as an electrode material for
sensing. Figure 5 shows the cyclic voltammograms recorded immediately after adding 100
uM of dopamine to 0.1 M PBS solution (black color) and after running 300 consecutive
cycles (red color) at a scan rate of 100mV/s. Comparison between the cyclic voltammograms
reveals that BCN showed appreciable reproducibility with minimum loss of current (only
20% after 300 cycles). These results prove that BCN modified can be stable for sensing of
important molecules.
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Figure 5. Cyclic voltammograms of 100 uM Dopamine in 0.1M Phosphate buffer
(pH = 7.2) at BCsN modified electrode with a scan rate of 100 mV/s, 1st cycle (black)
and 300th cycle (red).

MoS,-RGO composites for selective detection of dopamine in presence of

ascorbic acid:

Figure 6a shows the Cyclic voltammograms (CV) of DA measured with GCE (1),
RGO (2) And MoS,-RGO (3) modified glassy carbon electrodes in 0.1 M PBS solution of
7.2 pH. For DA, the well-defined redox peak with a peak-to- peak separation (AE) of 110
mV is displayed by MoS,-RGO/GCE, much better than by the RGO modified electrode with
a AE of 140 mV. The oxidation currents for DA measured at MoS,-RGO/GCE is twice as
large as the RGO modified electrode, suggesting better electrochemical performance in the
case of former as shown in Figure 6a. The improved electrocatalytic activity of MoS,-
RGO/GCE towards DA can be attributed to the increased surface area (147 m%g) and better
electrical conductivity. The CV obtained at bare GCE has small redox peaks at 0.281 and
0.091 V, respectively with a peak-to-peak separation of 191 mV.
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Figure 6. CV of 100 uM dopamine (a) at MoS,- RGO (1:2, (black), RGO (blue) and GCE
(red), (b) M0S,-RGO (1:2, (black)), (1:1, (blue)) and (2:1, (red)) in 0.1M PBS with a scan
rate of 100 mV/s.

The CVs of DA in PBS at different M0S,-RGO electrodes (1:2,1:1 and 2: 1) are shown in
Figure 6b. The oxidation currents for DA measured at MoS,-RGO (1:2) electrode higher than
that of other composite, suggesting its better electrochemical performance. Hence MoS,-
RGO (1:2) composite is chosen for electrochemical detection of Dopamine. The oxidation

current for DA is found to be decreasing with increase in amount of MoS; in the composite.

Electrochemical oxidation of DA is determined from 0.5x107° to 110x10 ® mol L™*
by DPV as shown in Figure 7a. The anodic oxidation current (1) peak increases linearly with
the concentration of DA in the concentration range 1-110 uM (Figure 7b). The calibration
plot obeying the linear equation, i, (HA)=0.2298x[DA] nM+73.9 with a correlation
coefficient (R) of 0.991 (n=5) is obtained (Figure 7b). The minimum detection limit is 0.55
uM, calculated from the formula 3o/slope as reported in the literature,?® where o is the
standard deviation of the blank. It is known in the literature that the concentration of ascorbic
acid (AA) is higher than that of DA in biological samples. It is therefore necessary to develop
a sensitive and selective method for the determination of DA in the presence of AA for
diagnostic application. In this regard, we have measured DPV of different concentration DA
in the presence of 1 mM AA at MoS,-Gr/GCE. The regression equation here is i, (HA)
=0.213x[DA] UM+90.57 (R?=0.994) and the minimum detection limit is 0.94 uM as
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calculated from the formula 3o/slope (Figure 7d). This is comparable with some of the
literature reports.®® * The linear dependence of current is in the concentration range 1.5—

100 puM is shown in Figure 7d.
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Figure 7. DPV at different concentrations of dopamine in 0.1 M PBS (a) at M0S,-RGO
modified electrode (c) at M0S,-RGO modified electrode in presence of 1 mM ascorbic acid
(Insets shows magnified portion of DPV at lower concentration of dopamine), (b) and (d)

Plots of the anodic peak current (1,) as a function of dopamine concentrations.
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5.2.5: Conclusions

From the present study, it can be understood that BCN can be a potential material for being
used as an electrode for electrochemical detection of biologically important molecules like
dopamine and uric acid even in the presence of ascorbic acid. BCN modified GCE is also
used for the simultaneous determination of dopamine and uric acid. This work also
demonstrates the synergy in the properties of the MoS,—~RGO composite towards selective
detection of dopamine in the presence of ascorbic acid with the 1:2 ratio exhibiting excellent
electrocatalytic activities. The high electrocatalytic activity of BCN and MoS,-RGO
composites can be attributed to the enhanced electronic conductivity, large surface area and
available edges which can facilitate electron transfer.
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