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Abstract: Transition metal nitrides have attracted great
interest among the non-noble catalysts employed in hetero-
geneous catalytic processes because of their exceptional
stability and catalytic potential. However, the approach for
their synthesis has remained a tremendous challenge. This
study presents the synthesis of Co,N/C catalyst fabricated at
400, 600, and 800°, symbolized as Co,N/C-400, Co,N/C-600,
Co,N/C-800, respectively. The characterization of fabricated
catalysts is carried out through various advanced analytical
techniques. As prepared nano-catalyst Co,N/C shows remark-
able catalytic efficiency in terms of low activation energy
(E,=3.038x107' Kimol™"), fast conversion rate (K,,=
0.2884 s7"), and 97.57% conversion efficiency. Moreover, it

also exhibits excellent stability and reusability because of its
metallic characteristics. The outstanding catalytic activity of
the catalyst is the combined effect in which the Co,N
nanoparticles acted as active sites, and the carbon support
doped with nitrogen provided an expressway for the trans-
port of electrons required for catalytic reduction. Moreover,
the designed catalyst is immobilized on the cellulose
membrane filter support, to demonstrate the catalytic
reduction of 4-nitrophenol to 4-aminophenol. We envision
that our work would facilitate the fabrication of cobalt
nitrides-based nano-catalysts for a wide range of industrial
applications.
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1. Introduction

Nitrides are an attractive class of interstitial compounds because
of their remarkable physical and chemical properties, which
allow them to be employed in a wide range of technological
and industrial applications. The properties of metal nitrides,
particularly transition metal nitrides (TMNs), can be tuned for a
range of applications.! Metal nitrides have been employed in
the field of hard coatings for storage devices and cutting tools™”
due to their distinctive mechanical properties, hardness,
brittleness, corrosion resistance,”) and high thermal stability.!"
The unique bonding parameters in nitrides result in a unique
electronic structures that can be tuned to achieve the metallic
to semiconducting materials,”’ which are of great significance in

electronics,”  optoelectronics,”” ceramics,”’  supercapacitor
electrodes,® magnetic materials,” photovoltaics,"
refractories®™'®? sensors'” and spintronics.'”? In contrast to

oxides, nitrides cannot readily sinter due to their high lattice
energies resulting in small particle size without impeding the
crystallite size."™ TMNs have received considerable attention in
catalysis as catalysts, photocatalysts, and electrocatalysts with
the great potential to substitute noble metals, oxides, and
sulfides. In addition, nitrides have also been employed as
support material to enhance the catalytic activity of precious
metals like Pt and Pd, besides being used as active species for
catalysis.™ These unique physicochemical properties of MNs
can be attributed to the subsequent participation of ionic,
covalent, and metallic bonding." The crystal structure and
geometry of TMNs is such that the inclusion of nitrogen to the
host metal modifies its electronic structure because of the
charge transfer processes and structural modification, owing to
the expansion of the metal-metal lattice parameter."*'® Metal
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atoms occupy the lattices of crystal structures, while the
nitrogen atom takes the interstitial sites between the metal
sublattice. Geometric and electronic parameters govern the
crystal structure of MNs. MNs obey Hagg rule (less than 0.59
ratio of radii of nonmetal to metal gives rise to simple
structures) owing to the small size of nitrogen (0.065 nm)."”
The bonding in TMNs results from the hybridization of d-orbital
(e4 and t,,) of metal and s-p orbitals of a nonmetal is considered
responsible for a wide range of properties."® In crafting the
analogies among noble metals, oxides, and nitrides for catalysis,
MNs present distinct properties, and chemistry making them a
potential candidate for catalysis."®

Recently, substantial interest has been observed in nitro-
gen-based catalysts since the successful synthesis of new
carbon nanostructures with the increased electron density near
the Fermi level due to the contraction of d-band and the
enhanced adsorption of reactants.” Hence, it is highly
desirable to synthesize and explore the catalytic activity of
metal nitrides because of their great potential to supersede
noble metals. TMNs, besides having a large surface-to-volume
ratio, also offer size and shape selectivity for catalysis." TMNs
have been reported to show excellent catalytic activity for
reactions entailing hydrogen treatment like hydrogenation,
dehydrogenation, hydrodesulfurization,”” hydrodenitrogena-
tion, hydrogenolysis, CO hydrogenation, alkane isomerization,
and hydride activation."**” Binary and ternary TMNs (Mo,N, VN,
W,N, and Co;Mo;N) have proven efficient catalysts for ammonia
synthesis compared to commercial iron and noble ruthenium
catalysts.?" Furthermore, the corrosion resistance, electrical
conductivity, and mechanical stability make nitride-based
electrocatalysts proficient in being a promising alternative for
Pt electrocatalysts for hydrogen evolution reaction (HER), thus
minimizing the increased cost and scarcity of noble metal-
based materials.”? Moreover, Ni;N nanosheets,” Co,N
nanowires,”” and ternary nitrides (Ni—Co, Co—Fe, and NiFe)®
have shown extraordinary oxygen evolution reaction (OER) and
oxygen reduction reaction (ORR) performance with low over-
potential and long-term stability.

Even though nitrides outperform noble metals, oxides, and
sulphides in various applications, yet they have not been
explored to a great extent at their potential because of the
challenging requirements for the synthesis of nitride materials.
Synthetic approaches employed for nitrides can be classified
into physical and chemical routes. Physical approaches for
synthesis include physical vapor deposition (PVD), laser, and arc
plasma methods. These methods, however, can produce a
limited variety of nitrides, such as CrN and TiN.'® Contrary to
Physical methods, chemical methods are effective which involve
nitridation of precursor metal powders, metal oxides, or sulfides
by N, NH;, hydrazine and urea at high temperature and
pressure. The product obtained through these high temper-
ature and pressure programmed reactions may have large
particle size and metallic impurities.”*® Another route for the
synthesis of TMNs is mechanochemical ball milling. This method
continuously exposes new metal surfaces due to ball milling of
metal powder under N, or NH; flow. The drawbacks of this
method are the long time for process completion, Fe impurities
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introduction during the process, and the requirement of the
post-annealing and high-pressure conditions."® Another com-
monly used approach is solid-state metathesis which involves
large activation energies to control the diffusion barrier. The
reaction is carried out by grinding the alkali or alkaline earth
nitrides and metal halides at room temperature, then heating in
a furnace. Due to the short reaction time, pure phase nitrides
are not obtained through this method.

The solvothermal method using solvents above their
boiling points in an autoclave is widely applicable for
synthesizing TMNs. It requires moderate temperature con-
ditions and the liberty to control the size and shape of metal
nanoparticles. Metal nanoparticles obtained through this
route are agglomerated, sometimes requiring post reaction
annealing and a capping agent to the reaction system.”” MN
phases of Zr**, Nb**, Ga**, In*”, and Ti** have been reported
by decomposing their respective dialkylamides with liquid
NH;. The likelihood of formation of structural motifs before
crystallization can give rise to different phases of obtained
product.”® The sol-gel method has also been applied to
synthesize porous nitride nanostructures. This process is
carried out at low temperatures. Thus, there is an opportunity
to control the size of nanostructures. However, the sol-gel
process’s precursors are sensitive to oxidation and not cost
effective."¥ Ken Niwa et al. used a high-pressure technique to
fabricate iron and cobalt nitrides by employing a diamond
anvil cell onto which transition metal foil was placed along
with nitrogen loading, which was succeeded by irradiating
with infrared laser under high pressure.”

Despite all efforts and adopting energy-intensive, costly,
and extensive procedures for synthesizing TMNs, obtaining
pure phase is still a challenge, i.e., some oxide phases are also
produced along with TMNs. Recently, metal-organic frameworks
(MOFs) have been employed as sacrificial templates to synthe-
size high surface area nanostructured metal and metal oxides.
Annealing or acid leaching of MOFs under optimized conditions
results in highly disperse and well-controlled nanostructures.
Linker in MOFs provides linkage sites to metal ions through
coordination bonds which provide porosity to the matrix.
Oxygenated linkers offer oxygen donor as linkage site whereas
nitrogen in the linker favor well dispersed M—N species.”
Single source metal precursors allow the stoichiometry of the
precursors to remain the same, creating a feasible pathway to
produce nanomaterials in a pure phase.

Single source metal precursors are the practical and clean
route for synthesizing nanocomposites, and these precursors
are receiving significant attention in the synthesis of pure
nanomaterials.®"*? Herein, we have employed a facile approach
to synthesize pure cobalt nitride by using single-source metal
precursors. The ligands are rationally selected, containing only
nitrogen as a donor atom to avoid the unwanted impurities in
the nanostructured material. Cobalt chloride hexahydrate
(CoCl,-6H,0) was used as a metal precursor. Hexameth-
ylenetetramine was employed as a coordinating ligand and
7,7,8,8-Tetracyanoquinodimethane (TCNQ) anion as an anionic
linker to convert simple complexes into coordination polymers.
TCNQH,, the reduced form of TCNQ is a suitable source for
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various types of TCNQ *-based coordination polymers.*¥ An-
nealing of as-synthesized coordination polymer under N, flow
at 400,600 and 800°C was carried out to obtain metal nitride.
Annealing of coordination polymer at 800°C resulted in pure
phase Co,N. Considering the excellent magnetic properties and
high surface area of Co,N, it was tested for the selective
reduction of 4-Nitrophenol to 4-Aminophenol as a model
reaction. NaBH, was used as a reductant and hydrogen source
for the reaction.

2. Results and Discussions
FTIR Analysis

The coordination of a polynitirile TCNQ to a metal ion, charge
transfer steps, structural properties, and intermediate coordina-
tion affects the strength of chemical bonds forming the
polymeric complex, which can be explained by the vibrational
frequencies of TCNQ. Nitrile stretching vibration in TCNQ has
indicated the charge transfer as it is shifted from 2222 cm™' to
2130 cm™". It provides an insight that TCNQ is present as a
dianion (TCNQ™) and is in conjugation and coordination with
Co(I).B* A vibrational stretch of C=C neutral TCNQ at 1542 cm™'
is shifted towards a lower frequency at 1504 cm™' after
interaction with the Co(ll).*® A sharp peak at 1601 cm™
illustrates the stretching vibration of the benzene ring. A small
peak at 1654 cm™' can be ascribed to singular and conjugated
C=C stretching vibrations.®® The bands at 1460cm™,
1377 cm™’, and 1226 cm™' can be assigned to CH, bending,
wagging, and scissoring vibration, respectively associated with
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HMTA ligand.®” C-N stretching peaks at 1189cm™ and
1020 cm™ can be attributed to polynitirile molecule and N-H
stretch. C—N stretching peaks of HMTA at 812cm™' shift to
higher frequency at 821 cm™', showing the coordination of
HMTA to Co(l).” Besides, around 685 cm™' a bending vibration
of N—C-N can be observed. Lastly, a characteristic Co—N band
appears in low frequency region 563 cm™', which is in
accordance with reported literature.®® The appearance of the
various absorbance band and their peak shift of the functional
groups has endorsed the successful formation of coordination
polymer (Figure 1).

Upon annealing of coordination polymer, reduction in
peaks is observed, which can be reflected in FTIR spectra.
Spectral signatures of C—C, C—N, and C—H have significantly
been removed in the structure, suggesting the dissociation of
ligands and nitride formation. However, a characteristic peak
of Co—N retains as in coordination polymer, indicating metal
nanoparticles supported on carbon matrix in an annealed
sample.

Raman Spectroscopy

Raman scattering studies illustrate a graphene-like structure of
carbon support. Raman spectrum of Co,N/C-800 exhibits a peak
at 1500 cm™', which is characteristic G-band, and a sharp peak
at 2800 cm™' can be attributed to G, also called 2D band.*”
Raman studies of Co,N/C-600 also show peaks around
1500 cm™' and 2800 cm™' but with relatively lower intensity
than Co,N/C-800. The absence of sharp spectral peaks in Co,N/
C-400 indicates the incomplete decomposition of coordination
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Figure 1. FTIR spectra of cobalt nitride precursor (CP) and Co,N/C synthesized at 400 (Co,/C-400), 600 (Co,N/C-600) and 800 °C (Co,N/C-800).
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polymer, whereas the appearance of a peak at 632 cm™' shows
the vibrational mode of elemental cobalt (Figure 2).

pXRD of Coordination Polymer, and calcined products

The powder X-ray diffraction data of coordination polymer
recorded at 20 values ranging from 10-80°. The sharp
diffraction peaks were absent, which indicates the amorphous
nature of the material. pXRD profiles of nitrated products at
400, 600, and 800°C were scanned with a scanning step at
0.05°. Coordination polymer annealed at 400°C is not differ-
entiated into significant peaks. However, the annealing of
precursor polymer at 600 °C shows a sharp peak positioned at a
20 value of 44.2°. Because no other sharp diffraction peaks
were observed, the material was further nitrided to 800°C,
resulting in a well-crystallized Co,N from amorphous coordina-
tion polymer (Figure 3). The diffraction peaks at 20 value of
44.2°, 51.5°, and 76°, correspond to (111), (200), and (220)
planes, respectively (JCPDS#41-0943)." Theoretical studies
about the crystal structure of Co,N reveal that Co atoms take
the (111) plane while N atom occupies the interstitial position
of the metal sublattice (space group-pm-3m (221)).%? The
Scherrer equation gives 19.30 nm crystallite size for the
annealed product at 800 °C. The diffraction pattern of nitridated
product at 800°C shows successful conversion of coordination
polymer to pure Co,N.

CHEMNANOMAT

Morphological analysis of coordination polymer and Co,N

The detailed morphology and structural development of Co,N
from coordination polymer were scanned through Scanning
Electron Microscopy images (SEM). SEM images of coordination
polymer show a uniform amorphous 3D network in the absence
of any support shown in Figure 4(a). Nitridation to Co,N results
in uniform growth of Co,N nanosheets anchored on a carbon
support. Annealing results in the porosity of nanosheets and
the roughness of the surface. The porosity and the surface
roughness might be appeared due to the decomposition and
carbonization of HMTA and TCNQ anionic linker.*® Furthermore,
the energy-dispersive X-ray spectroscopy (EDX) in Figure 5
shows an evenly spatial distribution of Co, N in well-defined
contact with the C surface. According to the EDX spectrum, the
wt.% of Co, N, and C appeared 28.8, 6.3, and 64.9%, respectively.
These percentages are indicative that carbon is acting as
support on which the Co,N nanoparticles are well dispersed to
perform the catalytic activity.

Transmission elecron microscopy (TEM) analysis of the
synthesized nanostructured materials has provided an in-depth
analysis of their morphology and crystalline structure. The TEM
image of the Co,N/C has shown that the Co nanoparticles are
well dispersed and embedded in porous nano carbon-nitrogen
layers giving a crystalline morphology to Co,N/C (Figure 6). The
more pores on the Co,N/C surface accounts for the enhanced
catalytic activity as pores provide additional active sites for
adsorption.”” The crystallite size of cobalt nanoparticles calcu-
lated from HR-TEM images is ranged from 17 to 19 nm, which
correlates well with XRD analysis. Indexing crystal lattice fringes
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Figure 2. Raman Scattering Spectra of catalysts synthesized at different temperature.
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Figure 4. SEM micrographs of (a) Coordination polymer (b) Co,N/C-800 catalyst at 1 um resolution.

with an average distance of 0.2033 nm corresponds to the (111)
plane of Co,N, demonstrating the successful conversion to
Co,N/C after nitridation. The 0.3 nm distance between the
lattice fringes of carbon layers supports carbon architecture’s
crystallinity and  the  uniformly  embedded  cobalt
nanoparticles.” In addition, the SAED pattern of as-synthesized
Co,N/C has appeared as bright spots that take the shape of

ChemNanoMat 2022, 8, €202100428 (5 of 17)

concentric circles, supporting the polycrystallinity of the
substance. Interplanar spacing(d,,) obtained from SAED images
is provided the values of 0.20 nm, 0.18 nm, and 0.13 nm, which
correlate perfectly with (111), (200) and (220) planes of Co,N,
respectively."®
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Figure 5. (A) (a) Elemental Mapping of Co,N/C-800 (b) C (c) Co (d) N elements. (B) Energy-dispersive X-ray spectrum of Co,N/C-800.

Thermal behavior of coordination polymer and catalysts
surface area analysis

To determine the stability and thermal degradation pattern of
coordination polymer, thermal gravimetric analysis (TGA) was
carried out in an inert atmosphere. The initial loss below
221.58°C can be attributed to solvent and moisture loss. The
weight loss becomes consistent at 676.24°C, which is due to
the loss of carbon, making 76.3% of the total weight loss
(Figure 7a).

The surface area of the designed catalyst is critical in
determining its efficiency for a particular reaction. The surface
areas of the various synthesized catalysts were analyzed
through Brunauer Emmet Teller (BET) measurements. The BET
surface area of Co,N/C-800, Co,N/C-600, and Co,N/C-400 is
found 296.1237 m?/g, 183.6048 m%/g, and 108.1872 m%/g, re-
spectively. The high specific surface area of Co,N/C-800 has

ChemNanoMat 2022, 8, €202100428 (6 of 17)

revealed its dispersion and small particle size of Co,N nano-
particles around crystalline carbon layers. As evident from the
BET analysis, SEM/TEM images, the exceptionally high surface
area, and better dispersion on the graphitic carbon support
have made its potent catalyst with better stability and chemical
activity. The existence of hysteresis in the desorption route
indicates inter-particle mesoporosity™” (Figure 7b). The corre-
sponding average pore radius of Co,N/C-800, Co,N/C-600, and
Co,N/C-400 are 1.7 nm, 1.7 nm, and 1.8 nm, respectively. The
small change in pore radius is consistent with reported
studies.”*?

XPS Analysis

For the detailed chemical states and the elemental composition
of Co4 N/C-800, X-ray photoelectron spectroscopy (XPS) was

© 2022 The Authors. ChemNanoMat published by Wiley-VCH GmbH
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Figure 6. (a) TEM image of Co,N/C-800 (b) Enlarged image of Co,N nanoparticles coated with carbon layers (c) Inverse FFT image of a Co,N/C-800 nanoparticle
(d) Profile graph of inverse FFT and FFT of image c (e) SAED pattern of Co,N/C-800.
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Figure 7. (a) TGA of coordination polymer measured in an inert atmosphere (b) Nitrogen adsorption-desorption isotherms measured at 77 K.
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carried out using Al K a source of radiation. The survey
spectrum has shown the presence of the constituent elements
such as cobalt, carbon, and nitrogen, which has shown the
purity of the sample. Although, the less intense oxygen peaks
have been observed in the survey spectrum that may have
come from the adsorbed moisture from the sample’s surface.
The high-resolution deconvoluted XPS spectra of Co, C, and N
have revealed the detailed information about their chemical
states shown in Figure 8. The narrow scan spectrum of Co 2p
shows its deconvolution into two 2p;, and 2p,,, peaks along
with their corresponding satellite peaks. XPS analysis deter-
mines oxidation states by differentiating between metallic
zerovalent cobalt and the higher oxidation states (Co™?, Co™3).
Co 2p narrow scan spectrum shows deconvoluted peaks having
binding energy value at 7773eV, 779.0eV, 794eV, and
802.7 eV. The minor 2p,, peak at 777.3 eV can be ascribed to
the Co—Co bond (metallic bond). Major peaks at 779.0 eV and
794.6 eV can be attributed to Co 2ps, and Co 2p,,, which are
shifted towards higher binding energy than Co (0), which infers
that the Co oxidation state is higher than zero. XPS spectrum
indicates the existence of higher oxidation state of Co in Co,N,
as the coexistence of Co "> and Co™? can be ascribed to Co,N.**
Furthermore, the presence of satellite peaks at 784.7 eV and
802.7 eV indicates an oxidation state higher than zero, as

CHEMNANOMAT

satellite peaks are absent in the metallic Co. As XRD of both
metallic Co and Co,N is not conclusive to differentiate between
the two, XPS results show the formation of Co,N rather than
metallic Co.

The deconvoluted peak of N at 398.0 eV indicates the
corresponding metal to nitrogen bond. Since nitrogen present
at the interstitial sites binds to less electronegative Co atoms,
its peak shifts towards lower binding energy. This shift towards
lower binding energy is due to electron gain by N atoms at the
cost of Co atoms.®” The prominent peak that appeared at
400.6 eV can be attributed to pyrrolic nitrogen, whereas a broad
peak at 401.7eV might be appeared due to graphitic
nitrogen.”" The pyrrolic nitrogen gives two p electrons to the p
system, while the graphitic nitrogen atoms substitute for C
atoms present in the ring.®

C 1s spectra show a sharp peak at 284.2 eV, suggesting sp’
hybridized carbon, representative of graphitic layers around
CoyN particles. The prominent peak at 284.9 eV might be due to
the amorphous sp’ hybridized carbon, and a minor peak at
286.8 eV can be accredited to carbon and nitrogen bond.
Besides, O 1s peaks were also encountered in the XPS spectrum
of Co,N/C-800 at the binding energy value of 531.6eV.
However, the O 1s peak at 531.6 eV in the XPS spectrum of

w
(a ) e (b) Co 2p;;,
Co2
Co,N/C-800 e
= |
| = 5
[&] ©
slad 2 & g8 z
& x O o oo =
= = &3 NN N g
= (== =]
@ (SNSRI £
@ E -
= 3
1 1 1 1 1 1 | T T T T T
1200 1000 800 600 400 200 0 810 800 790 780 770
Binding Energy / eV Eadling: Ensrgy:f wit
(C) N 1s (d) C1s

400.58 eV
Pyrrolic-N

401.68 eV
Graphitic-N

398.08 eV

Intensity/ a.u.

1 1 1 L 1 1 I 1 1 1 L 1 1 1 1
410 408 406 404 402 400 398 396 394 392 390
Binding Energy/ eV

284 eV
C=C

284.98 eV
c-c

Intensity/ a.u.

1 L 1 1 1 | L 1 1 1 ' 1 L 1 '
200 288 286 284 282 280 27
Binding Energy/ eV

' 1
294 292 276

Figure 8. (a) Survey scan XPS spectra of Co,N/C-800. High-resolution XPS spectra of (b) Co2p, (c) N1s, and (d) C1s.
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Co4 N/C-800 is appeared due to adsorbed oxygen species on
the sample’s surface, which is generally unavoidable.

Local Atomic Structure Investigation by XAFS

The local coordination environment of the Co,N thin film was
explored by conducting the X-ray absorption fine structure
(XAFS) characterization. Figure 9a shows the Co K-edge
(7709 eV) X-ray absorption near edge structure (XANES) spectra
of the Co,N thin film in comparison with the Co standard foil
and rocksalt cubic CoO thin film, which were used as reference
materials. The rising absorption edge of Co,N is located
approximately between those of Co and CoO, indicating the
average valence of Co should be between the metallic Co and
Co*" in CoO lattice. Fourier transform (FT) of the Co K edge
(7709 eV) EXAFS spectrum of Co,N (Figure 9b), displays two
typical peaks correspond to the Co—N (~1.3 A) and Co—Co (~
2.4 A) bonds pairs,” when compared to the reference Co
standard foil and rocksalt cubic CoO, demonstrating the
existence of the Co,N cubic phase, corroborated through the
XRD patterns (Figure 3).

CHEMNANOMAT

The continuous Cauchy wavelet transform (CCWT) analysis
was applied to the k-weighted EXAFS data of Co,N, in order to
more clearly detect as colored two-dimensional images the
local coordination environment around Co in Co,N, using a
high programing language MATLAB R2020a based code,
developed by Mufioz and coworkers in 2003.® CCWT modulus
is clearly visualized the various coordination shells of the
neighboring atoms around the photoabsorber in form of
different RGB colored maps in the 2D CCWT image,”
concurrently analyzing the EXAFS data of the material into
respective two-dimensional k and R spaces. Thus, the CCWT 2D-
image of Co,N thin film (Figure 9d) demonstrated the distinct
yellowish green colored map associated with the N back-
scatterer in first coordination shell and dark red colored map
corresponded to the Co atoms in second coordination shell, by
decomposing the EXAFS signal of Co,N in related k-and R-
spaces. It is noteworthy that the yellowish green colored map
(Figure 9d) for the N backscatter in first coordination shell of
Co,N was found at lower R (1.3 A), when compared to the color
map for O atomic group (1.65 A) in the 1st coordination shell of
CoO (Figure 9¢), closely correlated with the first peak of its
Fourier transform of y(k), validating the existence of C—N bond
pair for the Co,N. Finally, the color map located at high R (~
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Figure 9. Normalized XANES spectra (a) and Experimental Fourier transforms of k*-weighted EXAFS signals at the Co K-edge (7709 eV) of the Co,N thin film in
comparison with the references, Co standard foil and CoO film (b). Continuous Cauchy wavelet transform analyses of reference CoO (c) and Co,N thin film (d)
EXAFS signals, manifesting the clear localization of N and Co back scatterers contributions in different yellowish green and dark red color maps, respectively

for the Co,N, when compared to the reference CoO.
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43 A) represents a higher-order shell, originating from the
single backscattering of metal atomic groups (Co) from the
other octahedra of Co,N cubic lattice.

Catalytic reduction of 4-Nitrophenol

The catalyst's efficiency was evaluated against the model
catalytic reaction in which 4-nitrophenol converted into 4-
aminophenol in the presence of NaBH, and catalyst.”™ Before
catalysis, the absorption peak of pale-yellow solution of 4-NP
was recorded at 317 nm. The addition of NaBH, resulted in the
formation of nitrophenolate ions that exhibited the maximum
absorption at 400 nm due to increased alkalinity. The intensity
of this peak is proportional to the concentration of nitro-
phenolate ions.”® The reaction system remained stable for
25 min, and no decrease in absorption intensity of nitro-
phenolate ions was observed, indicating that the repulsion
between BH,  and nitrophenolate ions can not cause any
reduction. The catalytic evaluation of as prepared Co,N/C-800
catalyst was determined by its addition to the reaction mixture,
which led to the reduction of 4-NP to 4-AP in an extremely
short time of 15 s indicated by the instant change in colorless
solution from deep yellow 4-NP solution, followed by the
appearance of a 4-AP peak at 300 nm (Figure 10). Catalytic
loading > 2 mg is difficult to handle with UV-Vis adsorption due
to fast reaction kinetics which does not provide enough time to
record the spectra.

CHEMNANOMAT

The catalytic performance of Co nanocomposites synthe-
sized at 600°C and 400°C, Co (TCNQ)-800 complex, Co (Il)-
HMTA-800 complex, and coordination polymer were compared
by following a similar procedure for reduction. The comparison
has shown the reduced catalytic performance because of less
availability of active sites. Co,N/C-600, Co,N/C-400, Co (TCNQ)-
800 complex, and Co (I)-HMTA complex were able to reduce 4-
NP to 4-AP in the 20s, 70s, 45 s, and 300 s, respectively. Thus,
the Co,N/C-800, among other synthesized catalysts, has shown
the super-efficient catalytic performance for the reduction of 4-
NP.

Kinetic Studies

The reaction can be attributed as pseudo-first order with
respect to 4-NP. Since in the designed model reaction, the
concentration of 4-NP can be viewed as constant throughout
the reaction, while NaBH, concentration is in excess compared
to 4-NP and reaction rate independent of NaBH4 concentration.
Kinetic studies indicate the conversion of 4-NP by the following
relation.

In (C;/C,) = —Kgpp t

where C, and C, are the concentrations at a given time t and
the initial concentration of 4-NP. The catalytic efficiency of
Co,N/C-800, Co,N/C-600, and Co,N/C-400 indicated by the plot
of C/C, against time in Figure 11a reveals that the catalyst

Co4N/C-800
3.0

— — N N
o (6;] o (&)

Intensity / a.u.

=
&)

4-NP

350

400

450

Wavelength / nm

Figure 10. UV-Vis Absorption spectrum of selective reduction of 4-NP in the presence of Co,N/C-800.
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Figure 11. Time-dependent (a) C/C, and (b) In C,/C, plots for the selective conversion of 4-NP in the presence of Co,N/C-800, Co,N/C-600, and Co,N/C-400.

Co,N/C-800 exhibits superior catalytic activity. Linear relation-
ships of In C/C, against time, as shown in Figure 11b, confirm
the pseudo-first-order kinetics for this reaction. The kinetic
constants calculated from the above equation for Co,N/C-800,
Co,N/C-600 and Co,N/C-400 are 0.2884s ', 0.1851s ' and
0.0259 s, respectively. The coefficient of determination for
Co,N/C-800, Co,N/C-600 and Co,N/C-400 is 0.97, 0.96, and 0.99,
respectively. The high catalytic activity of Co,N/C-800 can be
attributed to the increased carbonization temperature, which is
responsible for faster Co,N nanoparticle nucleation, resulting in
high surface area of Co,N/C.®” The polymer phase of cobalt
nanocomposite is more profound at lower nitridation temper-
atures of 400 and 600°C, demonstrating the absence of C—N
architecture, low surface area, and large pore size Co,N nano-
particle. The reduced surface area and bigger pore size impede
the diffusion of 4-NP to the active sites of the catalyst."” The
apparent rate constants K,,, calculated for Co (TCNQ)-800 and
Co (I)HMTA-800 are 0.05612 s™' and 0.00752 s™', respectively.

Effect of catalyst loading on 4-NP reduction

Among the various synthesized catalysts, the Co4 N/C-800
catalyst has been further evaluated for the reduction of the 4-
NP due to its exceptionally high performance compared to the
other synthesized catalysts. The different loadings Co,N/C-800
catalyst were taken to carry out kinetic studies. The higher the
loading amount of Co,N/C, the higher the number of Co,N
nanoparticles are available, resulting in enhanced catalytic
activity.”® The kinetic studies reveal that the highest loading
i.e, 2 mg has the highest kinetic constant and reducing the 4-
NP entirely in 15s. For the catalyst loadings of 1.5 mg, 1 mg,
and 0.5 mg, the reduction time was raised to 30s, 50s, and
110s, respectively. The kinetic constants for the catalyst
loadings of 2mg, 1.5mg, 1mg, and 0.5mg are 0.2884s ',
0.118 57", 0.0708 s™', and 0.0225 s™', respectively, which are in
good agreement with the fact that increased number of Co,N
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nanoparticles for 2 mg loading provided more active sites for
the catalytic reduction of 4-NP.

Activation energy (E,) was calculated from the Arrhenius
equation (In k=In A—E,/RT). The Ea was found about 3.038x
107" Kimol ™.

Phenomenal catalytic activity of Co,N/C-800

The unusual catalytic activity of Co,N/C-800 can be attributed
to its crystallinity, large surface to volume ratio, morphological
features as examined by pXRD, SEM, TEM, and BET. Further-
more, the presence of nitrogen over the carbon matrix has
been found effective in facilitating the adsorption of 4-NP due
to its high positive charge density and weak conjugation, which
results in the interaction of the O atom of the OH group
nitrophenolate ion to the N-doped species. The increased
positive charge density of carbon matrix occurs due to the
presence of nitrogen species, resulting in charge delocalization
of carbon architecture and absorbing hydrogen ions to catalyze
NO, group to NH, group of 4-AP.”® The nitrogen-rich environ-
ment having valence electrons increases the pi-electron density
in the carbon matrix, enhancing the electrical conductivity and
surface properties.®”

Stability and Recyclability of Co,N/C-800

The stability and recovery of a catalyst need to be determined
when industrial applications are considered. The major chal-
lenge associated with the catalyst is their recovery after
utilization. The synthesized catalyst was found magnetically
active, and by applying an external magnetic, the Co,N/C-800
can be separated from the reaction medium. The already used
p-nitrophenolate solution was decanted from the beaker, and
the catalyst was washed thoroughly with deionized water twice
to check the recyclability of the catalyst. The stability of the
catalyst was determined by carrying out the reduction process
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under a similar set of conditions for five cycles. The catalyst
after washing has shown good stability even in the fifth cycle.
The first and second cycles of reduction were completed in 25 s
and 30s, respectively. For the next third and fourth cycle, the
degradation of 4-NP took 45s to reduce 4-NP to 4-AP
completely. The synthesized Co,N/C-800 catalyst has shown a
substantially high catalytic efficiency of 97.57% (Figure 12). The
results have demonstrated the catalyst's excellent stability,
owing to its crystalline morphology, where Co,N NPs are
encapsulated in carbon support. The presence of nitrogen
moieties effectively immobilize the Co,N Nps, prevented the
agglomeration and detaching from the carbon matrix during
the recyclability tests, thus improving the catalyst durability.®”

Dynamic removal and conversion of 4-nitrophenol by
sandwiched cellulose membrane filters

In most cases, the static conversion of the 4-nitrophenol into 4-
aminophenol has been shown, but the static conversion is not
industrial friendly where generally large effluents are produced.
There are only a few examples in the literature in which this
strategy has been adopted. For continuous conversion of the 4-
NP to 4-AP, the catalyst was evenly sandwiched between the
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two cellulose membrane filters in a vacuum filtration setup
(Figure 13). The immediate reduction of the 4-NP into 4-AP has
been observed as the 4-NP came in contact with the catalyst
immobilized membrane filter and the permeate almost become
clear. Furthermore, the appearance of a characteristic peak at
300 nm (4-AP) in the UV-Vis spectrum of the permeate and
substantial reduction in the intensity of the peak at 400 nm (4-
NP) has confirmed the reduction of hazardous 4-NP to a
valorized 4-AP (Table 1 and Figure 14). There is no leaching of
catalysts has been observed in the catalytic process. If some
catalyst leaches out, it can be magnetically recovered owing to
the magnetic nature of cobalt nitride. The continuous practical
demonstration of immobilized catalyst on the membrane filter
has provided insight to develop a catalyst for the dynamic
systems that are more appropriate for the industrial process.
Moreover, the catalyst should be controlled through external
stimuli such as a magnet to avoid contamination from the
catalyst in the water.

Plausible Reaction Mechanism

The reduction of 4-NP to its hydrogenated product by cobalt
nitride as catalyst follows Langmuir-Hinshelwood (L-H)

% Conversion

Number of cycles

Figure 12. (a) Reusability of Co,N/C-800 catalyst for the catalytic reduction of 4-NP (b) Catalytic performance of Co,N/C-800 catalyst in reducing 4-NP to 4-AP

for five consecutive cycles.

| i et

Preparation of
Nitrophenolate ion
solution using NaBH,

Preparation of catalytic
membrane

Vacuum filtration

= dNivophercl
= dArrcotand

’ ', Wavlongh/ om

Instant reduction of 4-Nitrophenol to 4-

setup Aminophenol

Figure 13. Flowsheet illustration of selective reduction of 4-NP using catalytic membrane setup.
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Table 1. Comparative study of several reported catalysts with Co4 N/C-800 for catalytic reduction of 4-NP.
Catalyst Quantity Reduction  TOF Apparent Rate Activation % Recyclability ~ Ref.
time constant [s™'] Energy [Ea] Conversion cycles
Co-NCC 0.27 mg/mL 1155 - 47x1072 - 100 5 e
Au-graphene 1 mg/mL 420s - 6.72x107%s™ - 93 5 62
Si0,/Ag,0@TiO, 10 mg 30s - 0175 - 99.99 4 (631
Co@CN 5 mg/mL 555 - 0.074s™' - 95 7 64
Co-NB 0.24 g/L 240's - 0.0087 s~ - 9% 5 (651
Co0,/CN 2mg 10 min - 42x1073%s™! - 94.9 8 teel
Co,N/NC PNCs 5 mg/mL 1.5 min 52.01x10%* molecule  2.106 min™" 23.53KJmol™'  Dropineffi- 10 5]
g 'min”" ciency
Rh(0)NPs/Fuller-  0.0025 mg 2 min 225" 22x1073s™! - 100 5 7
ene-C60
Au/MCN 20 mg 15 min 13.7 min”' 0.34min" - 100 15 (6]
Pt-NP/TiO,-PAN 2mg 455 44457 0.1102s7" - 100 8 9]
NF
Cu/rGO 7.44x102mg/ 180s 298.7x10°° mmol 232x107%s™ - 92 10 o
3mL mg's™
Asparagine chito- 25 mg 6 min - 0.4861 min™' 24.03Kmol™" - 3 7
san NPs
Co,N/C-800 2 mg/mL 15s 355" 0.2884 s 3.038x 107" 97.57 5 This
KJmol™ study
*Turnover frequency (TOF) =[Moles of 4-AP Yieldl/[(Moles of Co loading) x (Reaction time) x Dispersion/Molar weight of Col."”

2.0

Intensity/ a.u.

350
Wavelength/ nm

400 500

Figure 14. UV spectrum of 4-NP and 4-AP obtained from membrane setup.

mechanism”? as presented in Figure 15. Getting an insight into
the reaction process shows that NaBH, initially hydrolyzes to
BH,  to give electrons and liberates hydrogen species on the
surface of the carbon matrix. Subsequently, the chemisorption
of 4-NP onto carbon support occurs, causing the electrons and
hydrogen species liberated from NaBH, to be carried to the
nitrogen of the nitro group of 4-NP to the carbon support. It
can be observed that both reactants are adsorbed to the
surface of the catalyst prior to the reaction, following the L-H
mechanism.” A transition surface complex of 4-hydroxyl
aminophenol is formed due to the transfer of electrons and
active H species. Loss of H,0 molecule from this transition state
converts into 4-AP. It is worth noting that the surface of Co,N/C

ChemNanoMat 2022, 8, €202100428 (13 of 17)

connects the two adsorbates via electrons and H™ species to
transfer the electrons from the oxidation to the reduction
site.® Lastly, the desorption of 4-AP occurs from the catalyst
surface to provide an active site for the next reduction cycle.

3. Conclusion

In summary, we have demonstrated the successful synthesis of
a highly potent nano-catalyst Co,N/C by direct carbonization of
coordination polymer containing nitrogen-rich ligands under N,
flow at 400, 600, and 800 °C. Annealing temperature has shown
a significant impact on the properties of the synthesized

© 2022 The Authors. ChemNanoMat published by Wiley-VCH GmbH
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Figure 15. Schematic illustration of the catalytic reduction of 4-NP to 4-AP on Co,N/C-800 nanostructures.

nanoparticles. The nanostructured catalyst Co,N/C-800, among
other synthesized catalysts, has shown outstanding catalytic
activity for the reduction of the 4-NP to 4-AP within a very short
time (15 s). Furthermore, the catalyst is magnetically active and
recollected from the aqueous medium with the external stimuli
of the magnet. The developed catalyst was used for the
successive five cycles, and it has remained stable. The catalyst
has been evaluated for the continuous conversion of the 4-NP
to 4-AP by immobilizing on the surface of the cellulose
membrane filter. The immobilized catalyst has shown excellent
performance for the dynamic conversion of the 4-NP to 4-AP
and 4-NP in the contaminated water, immediately reduced. The
conversion efficiency of the nanostructured Co,N/C-800 catalyst
was found relatively high, i.e., ~97.57%. This study presents a
simplistic approach for the synthesis of Co,N/C catalysts and
also provides a practical demonstration as a heterogeneous
catalyst for reducing nitroarenes to hydrogenated products. It
also provides an insight into the development of the catalytic
membranes for the continuous conversion or removal of toxic
contaminants from the water.

4. Materials and Methods
Synthesis of Coordination Polymer

The coordination polymer was synthesized using a simple, cost-
effective, and scalable approach. TCNQH, (7, 7, 8, 8-tetracyano-
quinodimethane) (2.4 mmol, 500 mg) was added into 50 mL
ethanol and kept at 45 °C with stirring for 30 min. Subsequently

ChemNanoMat 2022, 8, €202100428 (14 of 17)

to this solution, triethylamine (4.8 mmol, 48.57 mg) dissolved in
10 mL ethanol was added to form solution I. Hexameth-
yltetraamine (HMTA) (4.8 mmol, 1368 mg) dissolved in 50 mL
ethanol was sonicated for 20 minutes. For metal precursor,
CoCl,-6H,0 (2.4 mmol, 31.16 mq) in 50 mL of ethanol was kept
at 45°C with continuous stirring for 10 min, resulting in a clear
dark blue solution. To the HMTA solution, CoCl,-6H,0 solution
was added dropwise with gentle heating at 45°C under
continuous stirring, resulting in the formation of solution Il. The
precursor solution | was heated to reach the boiling point of
ethanol, i.e., 79°C by reflux, in a round bottom flask placed in
an oil bath for 30 min. The mixture was cool for 30 min followed
by the introduction of solution Il. The two precursor solutions
were then refluxed for 24 h. A brownish-black murky solution
mixture was obtained, vacuum filtered, and then thoroughly
washed with ethanol followed by acetonitrile until the filtrate
becomes clear. The as-obtained product was vacuum dried at
50°C for 12 h. The process as mentioned above has been
illustrated in Scheme 1.

Synthesis of Co,N/C-400 -600, and -800

The as-synthesized cobalt coordination polymer was annealed
at different temperatures under N, flow. The process was
carried out in a tube furnace under stable, inert conditions. The
Co coordination polymer was placed in a porcelain boat, and
the temperature was raised to 400, 600 and 800 °C for different
batches of coordination polymer to form Co,N/C-400, Co,N/C-
600, and Co,N/C-800, respectively. A 10°C per min temperature
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CoCl, + HMTA ————>
a5 _2 +1
TCNQH, + 2BeN —— TcNQ  ( EiyNH),
2 - -2 +1
CO(HMTA)2] Cl, + TCNQ (Et3NH)2 —
NC CN
N CN
Co (HMTA) >‘
2 CN
NC CN CN X
+ 2ENHCI

Scheme 1. Schematic representation of chemical reactions involved in the synthesis of Cobalt nitride precursor.

rise was employed to reach the respective annealing temper-
ature. On completion of the nitridation process, the reactor was
slowly cooled down to room temperature under N, flow.

Synthesis of [Co (TCNQ]CI, complex

A coordination complex of Co and TCNQ was synthesized for
the comparison of catalytic activity. TCNQ (1.2 mmol, 250 mg)
dissolved in 20 mL ethanol was heated with constant stirring at
45 °C followed by the introduction of trimethylamine (2.4 mmol,
350 plb) dissolved in 10 mL ethanol. Subsequently, CoCl,-6H,0
(2.4 mmol, 103.87 mg) dissolved in 20 mL ethanol in a glass
container was added to the previously prepared solution. This
solution was refluxed for 5 h and then washed with ethanol and
acetonitrile and vacuum dried at 50°C for 10h. This as-
synthesized complex was further annealed in a tube furnace at
800°C under constant N, flow, which is labelled as Co(TCNQ)-
800.

Synthesis of Co (Il)-HMTA complex

Co (I)-HMTA complex was synthesized based on reported
method.®® HMTA (0.195 mol, 2.73 g) dissolved in 30 mL ethanol
was sonicated with slight heating and then magnetically stirred.
Then CoCl,-6H,0 (2.4 mmol, 0.3168 g) dissolved in 20 mL
ethanol was subjected to HMTA solution. The mixture was left
to stir for 3 h. The product was obtained in the form of pink
precipitates, which were vacuum filtered and washed and dried
at 50°C for 5h in a vacuum oven. The obtained complex was
subjected to annealing in a tube furnace at 800°C while

ChemNanoMat 2022, 8, €202100428 (15 of 17)

keeping N, flow constant. The obtained product was named
Co(I)HMTA-800 for further discussion.

Catalytic reduction of 4-Nitrophenol

The catalytic activity of the synthesized nanocomposites was
evaluated against a well-known model reaction to selectively
reduce the 4-Nitrophenol (4-NP) to 4-Aminophenol (4-AP) in the
presence of sodium borohydride (NaBH,). The catalytic runs
were observed by UV-Vis spectroscopy. Nitrophenol solution
(0.3 mM, 104 mg) was prepared in a volumetric flask in
deionized water (250 mL). Subsequently, excess NaBH, (1 M,
1.89 g) dissolved in deionized water (50 mL) was added to the
4-NP solution, and the color of the solution immediately turned
bright yellow from pale yellow. This solution was poured into a
3mL quartz cell, followed by adding different amounts of
composites for different catalytic runs. The synthesized catalysts
(Co4 N/C) were magnetically active; the used catalysts in the
reaction system were collected magnetically and washed three
times with deionized water to analyze their reusability and
recyclability.

Characterization

FTIR spectra of coordination polymer were recorded for
structural analysis by between 500 and 4000 cm™' with a ATR-
FTIR Alpha IlI, Bruker Scientific LLC (Billerica, MA 01821, USA).
Crystalline phases of resulting nitrides were characterized by
powder X-ray powder diffraction (pXRD) profiles using a
Bourevestnik Dron-8, (Saint-Petersburg 190900, Russia) instru-
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ment with a Cu Ka (A=1.5418 A) X-ray source, a step size of
0.05, and exposure time 5°/min. X-ray photoelectron spectro-
scopy (XPS) was carried out with ESCALAB 250Xi, Thermo
Scientific, UK instrument using AlKa radiation, to evaluate
prepared catalysts’ electronic and chemical states. Further
chemical bonding states and graphitization process was
illustrated through Raman Spectroscopy using a Renishaw in
Via™Reflex micro spectrometer (Gloucestershire, United King-
dom, GL12 8JR) with a 532 nm laser excitation. Nitrogen
adsorption and desorption isotherms for determining surface
area and porosity were recorded on micromeritics Gemini VI
2390 surface analyzer (PA-18936 Montgomeryville, United
States). The samples were degassed before the adsorption
experiment at 500 °C for 5 h, and the p/p° was kept within the
range of 0.05-1 (Sample degas system: micromeritics Vac
Prep061). The Brunauer Emmett Teller (BET) was used to
calculate specific surface area, and pore volume was measured
from the adsorbed amount at p/p° 0.05-1. Scanning electron
microscopy (SEM), elemental mapping and energy dispersive
surface (EDS) analysis were carried out with a Nova NanoSEM
instrument (Hillsboro, Oregon 97123, US) and transmission
electron microscope of JEOL 2100 F (Joel USA Inc Peabody, MA
01960, USA) was used for studying high-resolution morphology
and inter-planar distances. The thermal decomposition rate of
coordination polymer was determined by TGA 5500 Discovery
instrument (Thermal Analysis Company, TA Instruments, New
Castle, DE 19720, USA) under an inert atmosphere. X-ray
photoelectron spectroscopy was carried out utilizing the
Thermos Scientific (Waltham, MA USA 02451) Escalab 250Xi
spectrometer fitted with Al Ko (1486.6 eV) X-ray source. The X-
ray absorption fine structure (XAFS) spectra were measured on
the XAFS/XRF beamline, Synchrotron-Light for Experimental
Science and Applications in the Middle East (SESAME), operat-
ing at 2.5GeV in “decay” mode with a maximum electron
current of 250 mA. XAFS spectra were acquired in fluorescence
mode with a Silicon Drift Detectors (SDD), KETEK GmbH at room
temperature, in the spectral range of Co K-edge (7709 eV) for
the Co,N thin film. X-ray beam intensity before and after the
sample was also measured by two ionization chambers filled
with a mixture of noble gases and XAFS data were acquired
with a double-crystal Si (220) monochromator. The energy was
calibrated according to the absorption K-edge of Co metallic
foil. The already prepared Co,N thin film was directly used for
XAFS data measurement.

The absorbance of nitrophenolate ion solution was recorded
on a UV-Vis Spectrophotometer, UV-1700 Pharma Spec Shimad-
zu (Santa Clara, CA 95051, United States), equipped with a
quartz cuvette.

Associated Content

Supporting Information: pXRD of pristine [Co (TCNQ)] Cl,] and
[Co (TCNQ)] Cl,] annealed at 800°C, pXRD of pristine Co (Il)
HMTA and Co (ll) HMTA annealed at 800°. Absorption spectra
of 4-Nitrophenol before and after the addition of NaBH,
Absorption spectra of nitrophenolate ions without the addition
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of catalyst. UV-Vis Absorption spectrum of selective reduction
of 4-NP in the presence of Co,N/C-600 and Co,N/C-400 in (a)
and (b), respectively. UV-Vis absorption spectra of catalyst
loadings of (a) 1.5 mg (b) 1 mg and (c) 0.5 mg of Co,N/C-800.
UV-Vis absorption spectra of selective reduction of 4-NP in the
presence of (a) Co(TCNQ)-800 and (b) Co(ll) HMTA-800. Time
dependent (a) C/C, and (b) In C/C, plots for the selective
conversion of 4-NP with different catalyst loadings of Co,N/C-
800. Activation energy by Arrhenius plot for Co,N/C-800.
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