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ABSTRACT: Chromium-complexed collagen is generated as waste during
processing of skin into leather. Here, we report a simple heat treatment process 40
to convert this hazardous industrial waste into core—shell chromium—carbon
nanomaterials having a chromium-based nanoparticle core encapsulated by
partially graphitized nanocarbon layers that are self-doped with oxygen and
nitrogen functionalities. We demonstrate that these core—shell nanomaterials can
be potentially utilized in electromagnetic interference (EMI) shielding application 2|

or as a catalyst in aza-Michael addition reaction. The results show the ability to ‘
convert industrial bio-waste into useful nanomaterials, suggesting new scalable and
simple approaches to improve environmental sustainability in industrial processes.
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Bl INTRODUCTION

Research on carbon materials has become a hot area in recent
decades mainly due to its potential applications such as catalyst
supports, adsorbents, biologically implantable materials, electro-
des, sensors, energy storage media, fuel cells, solar cells,
displays, and molecular electronic devices." Fullerene, carbon
nanotubes, graphene, and graphite with increasing dimensions
are classical examples of carbon materials with excellent
mechanical, electronic, optical, and thermal properties.” Never-
theless, inorganic materials have also been extensively studied
in the form of nanofibers, nanowires, or nanotubes for a rich
variety of applications including tissue engineering, sensing, and
energy storage.” Hybrid inorganic—organic core—shell nano-
structures are being produced to achieve improved property
profiles resulting from the integration of distinct features of the
individual components.5 For example, carbon coated with
inorganic nanomaterials such as Si and LiFePO, has been
prepared for Li-ion battery applications.”® However, lengthy
and stringent process conditions pose significant challenges to
the synthesis of core—shell organic—inorganic hybrid materials,
and the use of expensive precursors hinders commercial
applications. In this context, the availability of a chromium-
complexed carbon source, leather, as waste with negligible cost,
will be an added advantage in synthesizing transition metal—
carbon core—shell materials.
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Recently, we have synthesized self-doped carbon nano-onion
materials for energy storage applications from pristine collagen
waste through a simple high temperature treatment.”® The
global leather industry generates 0.8 million ton of chrome
shaving waste every year.” Chrome shavings are small thin
pieces of chrome-tanned leather formed during the shaving
operation.” It primarily consists of chromium, amounting to
about 3% (as Cr,0; on dry weight basis), complexed with side-
chain carboxylic groups of collagen molecules. Because of the
stringent control on the disposal of chromium-containing waste
in many parts of the world as well as the presence of a valuable
protein source, the leather industry is looking to utilize these
wastes.” Although there are several techniques available to
utilize the chromium-containing leather waste, development of
advanced multifunctional materials with high value is gaining
importance.g’9 Herein, we report an efficient procedure for
direct conversion of chrome shaving waste into a core—shell
chromium-nanocarbon (Cr—carbon) multifunctional material
by a simple heat treatment, which has potential for various
applications.
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Figure 1. Raman and XRD characterization of the Cr—carbon core—shell materials derived from chrome shaving waste. (a) Raman spectra and (b)
X-ray diffraction analysis of select Cr—carbon materials derived from heat treatment of chrome shaving waste at different temperatures and time.

B EXPERIMENTAL SECTION

Synthesis of Cr—Carbon Core—Shell Materials from Chrome
Shaving Waste. The chrome shaving waste used in this work was
collected from the pilot tannery at Central Leather Research Institute,
Chennai, India. About 15 g of this waste was transferred to a vertical
Inconel reactor without any further treatment and purged with high
purity argon gas at a flow rate of 25 mL/min for 10 min. After purging,
the reactor was heated at a heating rate of 5 °C/min to the desired
temperatures (500, 750, and 1000 °C) and held at that temperature for
different durations (4 and 8 h). After the reaction, the temperature was
gradually stepped down to room temperature under the same argon
atmosphere. The volatile products were removed from the reactor by
the continuous flow of argon gas.

Characterization of the Cr—Carbon Core—Shell Materials.
The Raman spectra of the Cr—carbon core—shell materials were
obtained with a Renishaw InVia laser Raman microscope using a 50X
objective lens, 632.8 nm (He—Ne) laser beam, and 1800 lines per mm
grating. X-ray diffractograms (XRD) were obtained using a Rigaku
diffractometer, operating with CuKa radiation (4 = 0.15406 nm)
generated at a voltage of 30 kV and current of 20 mA at a scan rate of
3° per min. X-ray photoelectron spectroscopy (XPS) analysis was
carried out on a PHI Quantera X-ray photoelectron spectrometer with
a chamber pressure of § X 10~ Torr and an Al cathode as the X-ray
source. The source power was set at 100 W, and pass energies of
140.00 eV for survey scans and 26.00 eV for core-level scans were
used. High resolution transmission electron microscopy (HR-TEM)
analysis of the Cr—carbon material derived by treating the chrome
shaving waste at 1000 °C for 8 h (sonicated in ethanol) was carried
out using a JEOL 2100 Field Emission Gun TEM in a holey carbon
grid. The electrical conductivity of the formed Cr—carbon core—shell
materials was measured after pressing them into a disc of 1.4 mm
diameter and 0.5 mm thickness using a two probe 4.5 digit micro-ohm
meter (model no. PE-16R, Prestige Electronics, Mumbai, India).
Room temperature magnetic measurement on the as-synthesized Cr—
carbon sample (1000 °C for 8 h) was measured using a vibrating
sample magnetometer (VSM, Lakeshore model 7407). Photo
luminescence (PL) characterization of the Cr—carbon sample (1000
°C for 8 h) was carried out using a luminescence spectrometer
(Nanolog, HORIBA, Jobin Yvon) with xenon flash lamp as the source
of excitation. The elemental analysis of the Cr—carbon materials was
carried out using EURO EA elemental analyzer.

Electromagnetic Interference Shielding and Catalysis
Applications of the Cr—Carbon Core—Shell Materials. For the
EMI shielding application study, the Cr—carbon sample (1000 °C for
8 h) was mixed with nonconducting and diamagnetic polyvinyl
chloride (used as a binder) in 1:0.17 ratio and made into a pellet with
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22.8 mm X 10 mm X 3 mm dimensions. EMI shielding measurements
were carried out using Agilent E8362B Vector Network Analyzer in a
microwave range of 8.2—12.4 GHz (X-band). For the catalysis study,
the Cr—carbon material derived from chrome shaving waste (1000 °C
for 8 h) was activated using 10 N nitric acid with continuous stirring
for 12 h at 70 °C. The reaction mixture was then cooled to room
temperature and washed several times with deionized water. The
washings and filtration were repeated until the pH of the washings
reached 7. The sample was completely dried in a hot air oven and used
as a catalyst in aza-Michael addition reaction of aliphatic amines with
a, f-unsaturated compounds. The aza-Michael addition reaction was
carried out by using a mixture of aliphatic amine (1 mmol), Michael
acceptor (1.2 mmol), and activated Cr—carbon (2.5 mg) as a catalyst.
The reaction mixture was stirred at room temperature, and the
completion of the reaction was monitored by using a thin layer
chromatography (TLC) plate (SiO,). After completion of the reaction,
the reaction mixture was extracted three times using dichloromethane
(each 15 mL). The combined organic phase was concentrated under
vacuum evaporation, and the resulting crude product was purified
using silica column chromatography to obtain the desired product.

B RESULTS AND DISCUSSION

Raman and X-ray Diffraction Studies of Cr—Carbon.
Raman spectra of the core—shell nanostructures derived from
chrome shavings show characteristic bands at 1332 and 1586
cm™, as shown in Figure la. The former corresponds to a D
band showing the presence of defects in the graphitic lattice
with A;, symmetry, while the latter peak, namely, a G band, is
associated with the in-plane E,, mode of sin§le crystalline
graphitic carbon atoms in the honeycomb lattice."® Broadening
of both the D and G bands decreased as the temperature and
heat duration increased, indicating more graphitization with
substantial defects. The presence of O and N, as verified later
by XPS analysis, may contribute to the increased defects.

The XRD patterns (Figure 1b) reveal the presence of
chromium-based nanoparticles along with graphitic carbon in
our synthesized core—shell nanomaterials. Indeed, the
diffraction peaks, such as (002) and (101) associated with the
graphitic carbon, seem to be suppressed by the strong
appearance of chromium-based nanoparticles. The phases of
chromium oxide (Cr,05; JCPDS PDF# 00-059-0308) nano-
particles along with low-intense graphitization peaks are noted
only for the core—shell nanostructures derived from low
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temperature treatment of chrome shaving waste (500 and 750
°C). On the other hand, higher temperature treatment (1000
°C) of chrome shaving waste shows a mixed phase with
diffraction peaks corresponding to Cr,O; as well as Cr. The
major peak identified was indexed as (210), corresponding to
Cr (JCPDS PDF# 00-019-0323), and a few other peaks were
indexed for Cr,0; (JCPDS PDF# 00-059-0308). The size of
Cr-based nanoparticles calculated from Scherrer’s equation
based on the (210) diffraction peak was found to be ~42 nm.""
However, other phases did not match well with either Cr or
Cr,0;. Although the nature of these new diffraction peaks is
not entirely certain, it seems possible that they are associated
with the coordination of Cr to O-based ligands. At high
temperature (1000 °C), it is possible that Cr,0; may
destabilize and be converted to Cr and may coordinate with
available O species.'” Although the formation of chromium
carbides (CryC,) is possible at a high temperature reductive
environment, the phases obtained for our sample does not
match with the more stable form of (Cr,C,)."?

X-ray Photoelectron Spectroscopy. XPS is an excellent
tool to identify the possible atomic composition and
functionalities of as-synthesized core—shell nanostructures.
Our core—shell nanostructures synthesized from chrome
shaving waste at different temperatures are composed of C,
O, N, and Cr in the range of 66.2—73.7, 15.1-19.5, 2.1-12.2,
and 1.1-1.9%, as analyzed through XPS and elemental analysis
(Table S1, Supporting Information). This is plausible because
chromium-complexed collagen is predominantly composed of
C, O, N, and H and stabilized (tanned) with basic chromium
sulfate. The core level C(1s), O(1s), N(1s), and Cr(2p) spectra
of core—shell nanostructures derived from chrome shaving
waste at different temperatures for 8 h are shown in Figure 2.

The C(1s) core level spectra show a predominant peak
around 284 eV corresponding to C=C/C—C bonds of sp’
graphitic carbon in aromatic rings when deconvoluted (Figure
2a)."* A small tail observed in the C(1s) spectra of all the
samples can be assigned to C—OH/C—-0O—-C/C=0/C-N
functional groups after deconvolution.’®'® The O(1s) core
level spectra (Figure 2b) exhibit a strong and sharp peak
around 531 eV and a weak and broad peak around 535 eV,
corresponding to C=0 and O=C—OH, groups, for samples
derived from high-temperature treatments (>750 °C).!417
However, low-temperature treatment (500 °C) of chrome
shaving waste results in an intense and sharp peak at 530.5 eV,
which is assigned to the oxygen present in Cr,Os.'® This
confirms the formation of Cr,O; at low temperature and its
conversion to chromium-based nanoparticles at higher temper-
ature, as also seen in the XRD results. Deconvolution of core
level N(1s) spectra (Figure 2c) of the core—shell nanostruc-
tures exhibit a major peak at 398 eV, which is gradually shifting
to 399 eV and then to 401 eV as the temperature of treatment
of chrome shaving waste is increased from 500 to 750 °C and
then to 1000 °C. The lower energy contributions (398 and 399
eV) are attributed to pyridine-like nitrogen atoms on the edge
of a graphene lattice only bonded to two C atoms, and the
higher energy peak at 401 eV is assigned to highly coordinated
N atoms substituting for inner C atoms (quaternary N) on the
graphene layers and bonded to three C atoms.'”™" The
intensity of the N(1s) peaks is very small compared to C(1s)
and O(1s) peaks, indicating that only a minor amount of N is
present in these core—shell nanostructures, especially for those
obtained from higher temperature treatments (>750 °C). As
shown, the relative intensities of the band decrease as the
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Figure 2. XPS spectra of select Cr—carbon core—shell materials
derived from heat treatment of chrome shaving waste at different
temperatures for 8 h. (a) High resolution C(1s) core level spectra of
Cr—carbon core—shell materials derived from heat treatment of
chrome shaving waste at different temperatures for 8 h. (b) High
resolution O(1s) core level spectra of Cr—carbon core—shell materials
derived from heat treatment of chrome shaving waste at different
temperatures for 8 h. (c) High resolution N(1s) core level spectra of
Cr—carbon core—shell materials derived from heat treatment of
chrome shaving waste at different temperatures for 8 h. (d) High
resolution Cr(2p) core level spectra of Cr—carbon core—shell
materials derived from heat treatment of chrome shaving waste at
different temperatures for 8 h. All the core level spectra were
deconvoluted into Gaussian shapes.

temperature increases, which could be due to the conversion of
certain nitrogen functionalities into nitrogen gas (N,) in anoxic
conditions at high temperature.”> Thus, it can be seen that the
graphitic nanocarbon shells in the Cr—carbons obtained in this
study are doped with N and O with varying chemical
functionalities as a function of temperature (Figure SI,
Supporting Information for further evidence through FT-IR
analysis). The core level Cr(2p) spectra of the core—shell
nanostructures (Figure 2d) show two major peaks around 576
and 586 eV corresponding to the 2p;/, and 2p,,, orbital of
trivalent chromium. The absence of higher binding energies
(579 and 589 eV) confirm the absence of Cr (VI), a
carcinogen, when the chrome shaving waste was heated in
anoxic conditions™” (see Figure S2, Supporting Information, for
further evidence through EPR analysis). Hence, it is possible
that the Cr(III)—collagen matrix is converted into a core—shell
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Figure 3. HRTEM images of the Cr—carbon core—shell material derived from chrome shaving waste by treating at 1000 °C for 8 h. (a) Chromium
nanoparticles embedded in the carbon shell with an average particle size of ~43 nm. (b) Graphited layers with significant defects surrounding the
chromium nanoparticles with an estimated interlayer spacing of 3.382 A. (c) Chromium nanoparticles showing lattice fringes with an estimated

interatomic spacing of 2.02 A reflecting the (210) plane.

structure with a Cr-based nanoparticle core and a doped
graphitic carbon shell.

High Resolution-Transmission Electron Microscopy.
HRTEM images of the Cr—carbon core—shell nanostructures
synthesized from chrome shaving waste at 1000 °C for 8 h are
shown in Figure 3. It is shown that the Cr-based nanoparticles
are embedded in the carbon shell (Figure 3a) with an average
particle size of ~43 nm (see Figure S3, Supporting Information,
for further evidence through SEM and particle size distribution
analysis). This is in agreement with the values calculated from
the XRD data using Scherrer’s equation. The carbon shells
surrounding the Cr nanoparticles seem to be graphitized with
an estimated interlayer spacing of 3.382 A (Figure 3b). The
interplanar d spacing between two graphitic layers in an ideal
graphitic structure is 3.354 A.** The increase in the interlayer
distance could be due to the structural as well as ordering
defects owing to the self-doping of nitrogen and oxygen
atoms,” as also shown in our earlier report.” Atomic resolution
image shows clear lattice fringes with an estimated interatomic
spacing of 2.02 A that reflects the (210) plane of the Cr-based
nanoparticles (Figure 3c). It is possible that the Cr atom can
coordinate with the available oxygen ligands at 1000 °C and
form a chain of Cr—O bonds longitudinally and align laterally
to form Cr-based nanoparticles. The (Cr'—0) bond length in
Cr,0; is 1.99 A which is in good agreement with the
observed interatomic distance (2.02 A). These results confirm
the formation of core—shell Cr-nanocarbon materials from
chrome shaving waste upon simple heat treatment at1000 °C in
inert atmosphere.
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Electrical, Magnetic, and Luminescence Properties.
We have seen that the synthesized core—shell Cr—carbon
materials possess significant structural and ordering defects due
to the self-doping of N and O atoms, which are expected to
contribute significant functional properties such as electrical
conductivity, magnetism, and luminescence. Hence, the as-
synthesized core—shell Cr—carbon materials were analyzed for
electrical conductivity using a standard two-probe method, and
the results are shown in Figure 4a. It is seen that the bulk
conductivity is increasing for the core—shell materials as a
function of treatment temperature and time. The conductivity
increases by 6 orders of magnitude when the temperature
increased from 500 to 1000 °C, as also evidenced in our earlier
study on the synthesis of carbon nano-onions from pristine
collagen waste.” The highest conductivity value of 2.2 X 107" S
m~! was obtained for the core—shell Cr—carbon material
derived from heating chrome shaving waste at 1000 °C for 8 h.
This is comparable to the bulk conductivity values reported for
pristine graphene powder or sheets.””*® However, these values
are much lower than that of pristine graphite or core—shell
materials containing conducting polymers or metals or carbon
nanotubes reported earlier.””** The magnetic property of the
as-synthesized core—shell Cr—carbon material derived by the
heat treatment of chrome shaving waste at 1000 °C for 8 h was
analyzed using a VSM at room temperature (Figure 4b). The
starting material (chrome shaving waste) has a paramagnetic
behavior due to the presence of chromium(IIl) species bound
with collagen (Figure S4, Supporting Information). When it
was heated at 1000 °C for 8 h, the formed core—shell Cr—
carbon material exhibits a ferromagnetic behavior with
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Figure 4. Characterization of the Cr—carbon core—shell materials derived from chrome shaving waste for functional properties. (a) Electrical
conductivity of the Cr—carbon core—shell materials as a function of treatment temperature measured by a two-probe method after pressing them
into a disc. (b) Room temperature M(H) curve of Cr—carbon core—shell material derived from chrome shaving waste (1000 °C for 8 h) probed
using a vibrating sample magnetometer, where the inset shows that more of the Cr—carbon samples (derived by heat treatment of chrome shaving
waste at 1000 °C for 8 h) are trapped on the top of the glass vial against the force of gravity under permanent magnets (~1000 Oe) compared to the
sample obtained at 750 °C for 8 h. (c) Photoluminescence excitation (PLE) spectrum of Cr—carbon derived from high-temperature treatment (1000
°C for 8 h) of chrome shaving waste showing excitations at 249 and 331 nm. (d) Photoluminescence (PL) spectrum of Cr—carbon derived from
high-temperature treatment (1000 °C for 8 h) of chrome shaving waste showing emission at 395 nm (excitation at 331 nm), where the inset shows

the PL spectrum at 249 nm excitation with emission at 421 nm.

saturation magnetization and high magnetic moment of ~6
emu/g, as shown in Figure 4b. This value is slightly higher than
the magnetic moment observed for carbon nano-onions
synthesized from pristine collagen waste at similar heat
treatment conditions.” This may be due to the presence of
Cr-based nanoparticles in the core of the derived Cr—carbon
core—shell material (see Figure S2, Supporting Information, for
further evidence through EPR analysis). Nevertheless, the
presence of traces of ferromagnetic impurities, which may arise
during processing, cannot be ignored, as shown in our earlier
report.” Conversely, our core—shell Cr—carbon nanoparticles
still exhibit negligible coercivity and zero remanence, indicating
the particles are below their superparamagnetic critical regime,
unlike the carbon nano-onions synthesized from pristine
collagen waste under similar conditions.” Figure 4c shows the
steady state PLE spectra of Cr—carbon core—shell material,
derived from heating chromium—collagen waste at 1000 °C for
8 h, recorded at room temperature. It is seen that the main
excitation peaks are indexed at 249 and 331 nm. The excitation
peak at 249 nm is primarily due to the delocalized 7 electrons
of carbon shells in the excited state and their relaxation to
ground state. Here, the other excitation peak at 331 nm is due
to the presence of N and O as luminescence centers in the
carbon shells of Cr—carbon core—shell material derived from
chrome shaving waste fibers. The origin of luminescence here
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can be related to our earlier study on carbon nano-onions
synthesized from pristine collagen waste under similar
conditions.” Here, the role of Cr in the observed luminescence
may be insignificant because Cr nanoparticles are surrounded
by carbon shells in our synthesized core—shell material. The
corresponding steady state (PL) emission spectra of the Cr—
carbon core—shell material peaking at 421 and 395 nm are
shown in Figure 4d. It should be noted that the emission peak
intensity at 331 nm excitation is higher compared to the
intensity at 249 nm excitation (see inset of Figure 4d) because
the distribution of N and O impurity centers are uniform
throughout the carbon shell structure.

Application Studies of Chromium-Encapsulated
Graphitic Carbon. As can be seen from the results, the Cr—
carbon core—shell nanomaterials synthesized from chrome
shaving waste possess significant functionalities such as
electrical conductivity, magnetism, and luminescence. Hence,
one would expect that these materials could be potentially used
in several applications. Indeed, we have recently shown that
nanocarbon materials synthesized from pristine collagen waste
can be used as the anode for Li-ion battery applications.” Here,
we have looked at two applications, namely, (EMI) shielding
and catalysis, rather than battery application because it has
already been shown that both Cr,0; as well as carbon—Cr,0,
composite materials are excellent candidates for Li-ion battery

dx.doi.org/10.1021/5¢3001564 | ACS Sustainable Chem. Eng. 2013, 1, 619—626
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applications.*"** Highly conducting materials such as carbon

nanotubes have been primarily probed for EMI shielding
applications.*** However, electromagnetic waves of both
electrical and magnetic fields are at right angle to each other.
Hence, it is logical to use a bifunctional material with
conducting and magnetic properties. Few attempts were
made to introduce magnetic materials such as ferrite or
crystalline Fe along with conducting materials to prepare
composites in order to enhance the EMI shielding effective-
ness.>>>® In view of the fact that our autonomously synthesized
Cr—carbon core—shell material (1000 °C for 8 h) is both
conducting and magnetic, we have studied its use in EMI
shielding application after making a pellet with a a non-
conducting and diamagnetic polyvinyl chloride binder. Figure S
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Figure S. Variation in EMI shielding effectiveness as a function of
frequency for the Cr—carbon core—shell material derived from chrome
shaving waste (1000 °C for 8 h).

shows the variation of the shielding effectiveness (SE) with
frequency in the range of 8.2—12.4 GHz (X-band). When
electromagnetic radiation was incident on a slab of shielding
material, phenomena such as absorption, reflection, and
transmission could be observed. Hence, the total EMI shielding
effectiveness (SEr) is the sum of contributions from absorption
(SE,), reflection (SEg), and transmission or multiple reflection
(SEy), which can be simply quoted as SE; (dB) = SE, + SEg +
SEp.. When SEr > 15 dB for a single layer of shielding material,
then SEy can be neglected (SEr ~ SE, + SEgp).”

Here, for our Cr—carbon core—shell material, the shielding
effectiveness due to absorption (SE,) is found to vary from
32.83 to 39.76 dB, while the SEjy varies from 5.88 to 4.54 dB.
Thus, the highest SE; achieved for the Cr—carbon core—shell
material is 44.3 dB at 12.4 GHz. Commercial application of
EMI shielding material requires a SE value of around 20 dB.*?
Hence, our Cr—carbon core—shell material derived from
chromium—collagen waste can be used for a commercial EMI
shielding application with appropriate loadings. It is shown that
the SE; is mainly dominated by absorption, while the
contribution due to reflection (SEg) is significantly low. The
primary mechanism of EMI shielding is usually a reflection of
the electromagnetic radiation incident on the shield, which is a
consequence of the interaction of the EMI radiation with the
free electrons on the surface of the shielding material.*’
Absorption is usually a secondary mechanism of EMI shielding,
whereby electric or magnetic dipoles in the shield material
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interact with the electromagnetic waves. Shielding by reflection
decreases and shielding by absorption increases for higher
magnetic permeability shielding material, which provide a
magnetic dipole.®® EMI shielding using highly conducting
materials such as carbon nanotubes is majorly due to reflection
rather than absorption.*** On the other hand, hybrid magnetic
and conducting composite materials provide EMI shielding
predominantly due to absorption, owing to the presence of
both electric and magnetic dipoles.>>*® Analogously, we
observed a similar phenomenon for our Cr—carbon core—
shell material due to its intrinsic conducting and magnetic
properties.

Carbon materials and other heterogeneous carbon-supported
metals have been widely used as gromising catalysts for
extensive range of organic reactions.*”*" On the other hand,
Cr(Ill) compounds including Cr,O; are known to catalyze
several organic reactions, in particular, oxidation.*” In order to
assess the catalytic activity of our Cr—carbon core—shell
material, we have carried out aza-Michael addition reaction as
represented in Scheme 1. The aza-Michael addition reaction is

Scheme 1. Aza-Michael Addition Reaction Catalyzed by Cr—
carbon Core-Shell Material

X R H
R
! Cr-Carbon BN
ONH+ — N
R RT R;
X
R, = H, iPr, Et
R, =iPr, Pr
X = CN, CO,Me

an industrially important transformation in organic chemistry as
the products; f-amino compounds, are extensively used in the
synthesis of biologically active natural products, antibiotics,
antifoam agents, and chiral auxiliaries. However, this direct
addition of amines to an electron-rich olefin suffers from a high
activation barrier and negative reaction entropy in the absence
of a catalyst. Hence, transition metal-catalyzed hydroamination
of alkenes is becoming popular,*’ although several other
catalytic systems are widely experimented. The catalyst is
expected to activate the olefin through Lewis acid coordination
for nucleophilic attack of the amine. Here, our Cr—carbon
core—shell material can catalyze effectively due to the presence
of the Cr(III) core and self-doped carbon shells. It is shown
from Table 1 that the reaction between the amine and the
Michael acceptor without using Cr—carbon as a catalyst was
slower with low yield. The presence of catalytic Cr—carbon
core—shell material enables the reaction to complete quickly
with higher yield.

This trend seems to be the same for all the reactions carried
out between different amines and ,f-unsaturated compounds.
We believe that the presence of a Cr(IIl) nanoparticle within
the carbon shells containing electron withdrawing groups such
as O and N functionalities is responsible for the activation of
this industrially important reaction.

. CONCLUSIONS

Here, we have shown that Cr—carbon core—shell nanomaterials
with rich functionalities can be spontaneously synthesized from
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Table 1. Reaction Time and Yield for Aza-Michael Addition of Aliphatic Amines to «,f-Unsaturated Compounds Using Cr—

Carbon Core—Shell Material (1000 °C for 8 h) as Catalyst

Reaction Time (mins)

Yield (%)

Entry Amine  Michael acceptor

Without Catalyst With Catalyst Without Catalyst With Catalyst

N

1 >'NH2 i ~ 20
N
2 J\ -

)\NH / 45
A
=

5

s Cw 1
[o]

4 >— NH, ////< OMe 20
o}

5 )\NHJ\ ﬂOMe 50
o}

6 O\JH | ome 43

7 85 94
2 45 75
5 75 95
10 70 80
7 75 87
10 70 85

leather waste by a simple efficient method. The obtained core—
shell materials are made up of chromium(III) nanoparticles
shielded by graphitic layers with significant self-doping. This
new core—shell material is found to be multifunctional due to
immense electrical conductivity, luminescence, and room
temperature ferromagnetism. We have also shown that it can
be potentially used for catalysis as well as EMI shielding
applications among various other possible areas. Hence, we
demonstrate that leather waste can be instantaneously trans-
formed into high-value Cr—carbon core—shell nanomaterials
through a green, simple, scalable, and sustainable approach,
which has great potential for various applications.

B ASSOCIATED CONTENT
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FTIR, EPR, SEM, and atomic composition of the derived Cr—
carbon and the VSM analysis of chromium complexed collagen
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