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Synthesis of high-efficiency metal catalysts and their application in catalyzing critical chemical processes holds
the key to the sustainable supply of water and energy. However, reaction-induced atomistic modifications of
nanoclusters often result in reduced stability and efficacy. Herein, we report a highly active and multifunctional
transition metal nanocatalysts encapsulated in porous carbon network (M@C where M = Cu, Ni, Fe, Co) pre-
pared by leveraging the sacrificial templating properties of metal-organic frameworks (MOFs). The as-
synthesized M@C nanocatalysts were employed for oxidative degradation of organic pollutants and electro-
catalytic hydrogen generation. Fenton like catalytic studies revealed that the nanocatalysts were highly active
and reusable following the order of Co@C > Fe@C > Cu@C > Ni@C. On the other hand, Ni@C electrocatalyst
displayed superior activity towards hydrogen evolution reaction as compared to others, delivering a low onset
potential of 61 mV, Tafel slope of 82 mV/dec and an overpotential of 286 mV at 10 mA-cm 2. The activity was
essentially unchanged even after 500 cycles, suggesting the long-term stability under acidic conditions. The
impressive multifunctional catalytic performances of M@C nanocatalysts are attributed to their unique porous
carbon matrix doped by transition metal nanoparticles which provide a large number of interconnected cata-
lytically active sites.

serious threat on human health due to their non-biodegradability and
toxicity characteristics [5]. As a result, they must be degraded or

Introduction

Nowadays, the modern society demands for drinking water and clean
energy sources are increasing rapidly due to the industrialization and
fast population growth [1,2]. Heavy agro activities and industrialization
are the primary sources of increased water contamination as a conse-
quence of throwing harmful organic contaminants into the water eco-
systems [3]. Among many water contaminants, the industrial dyes have
been recognized as emerging organic pollutants that are extensively
used not only in the printing, paint, tannery and textile industries but
also widely used in agricultural research and food technology [4,5].
When they are discharged into the domestic water systems, they pose a

removed from wastewater to a satisfactory level before discharging into
natural waters. As of now, different methods such as catalysis, adsorp-
tion and photocatalysis have been employed to remove organic dyes
from wastewater [3,6,7]. Among them, the adsorbents are widely used
to remove the organic dyes from wastewater. But the dye loaded sorbent
materials still carry a possible risk to the ecological environment till they
are removed using reactivation [3]. Among the reported methods,
advanced oxidation processes (AOPs) including electrocatalytic oxida-
tion, photocatalytic oxidation, ultrasonic treatment and ozonation are
considered as easy, environmentally friendly and highly efficient
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techniques to degrade organic compounds completely due to their
ability of forming highly active radicals. The dye molecules can be
oxidized and subsequently, mineralized to CO, and Hy0 by the highly
reactive radicals such as ®OOH, ®OH, 02’, and SO®~ [8,9]. Among
them, the sulfate radical has a longer life time (30-40 ps) and higher
redox potential of 2.5-3.1 eV which makes them best candidate to
decompose the toxic recalcitrant organic contaminants [10]. Perox-
ymonosulfate (PMS) is known to be a strong oxidizing agent that can
generate sulfate radicals when activated by catalysts, UV irradiation,
ultrasound or heating [10,11]. Though they can activate PMS to produce
highly reactive radicals, but these methods are limited in practical ap-
plications because of their high energy input [11]. The alternative effi-
cient way is to use transition metal nanoparticles for the activation of
PMS. But the direct use of the metal nanoparticles in the bulk solution
would certainly cause leaching of metal ions which is a critical
bottle-neck [10]. Also, while considering the drawbacks of homoge-
neous process related to the loss of catalyst and the secondary pollution,
it is therefore needed to develop novel metal based heterogeneous cat-
alysts with a low cost, good stability, high activity and environmental
benignancy.

Metal nanoparticles (MNPs) with superior electron dynamics, high
surface area and excellent catalytic properties are intensely explored to
develop novel technologies for energy and environmental applications
[12,13]. However, MNPs (especially non-noble metal NPs) suffer from
poor air stability as well as they tend to agglomerate owing to their high
intrinsic surface energy and surface reactivity. Encapsulation of the
MNPs in protecting shells can improve the air stability and decrease the
agglomeration without significantly sacrificing catalytic performance
[14]. Among different carbon-based and inorganic candidates; meso-
porous carbon is an excellent protecting material due to their low den-
sity, excellent conductivity and stability [14,15]. While there are
traditional multistep chemical techniques to synthesize supported
nanocatalysts, they are generally expensive procedures and may involve
the use of Ny atmosphere, vacuum, high cost reducing agents and
excessive evolution of gases [15,16]. Hence, significant research efforts
are dedicated to formulate carbon encapsulated MNP catalysts through
simple and cost-efficient pathways with negligible impact on the
environment.

In this direction, recycling or repurposing existing materials and
leveraging them as a precursor for encapsulated MNPs has gained
increasing attention. The recycling of the materials especially through
greener procedures without the use of any additional chemicals is
especially advantageous because such procedure in addition to reducing
the accumulation of the waste, will avoid the entry of new chemicals
during synthesis [17,18]. Metal organic frameworks (MOFs) are a new
class of crystalline and microporous inorganic—organic hybrid material
with excellent potential as adsorbents, heterogeneous catalysts, gas
storage system, as well as energy conversion and storage platforms [19,
20]. The presence of organic linkers and metallic cations renders the
MOF to be a perfect recycled precursor to prepare many carbon
encapsulated metals and metal oxide-based systems [21,22]. While
there are different MOFs, one drawback with MOFs is the requirement of
expensive ligands, toxic organic solvents, high temperature and long
synthesis time [14]. The goal of this work is to use an inexpensive and
readily available ligand namely 1,4-benzene dicarboxylic acid (BDC) for
making M-BDC MOFs (M = Cu, Ni, Fe and Co) MOFs so that they can
used as a template for making M@C nanocatalysts.

The fabrication of renewable and environmentally friendly energy
technologies including water splitting devices, fuel cells and even metal-
air batteries are gaining a significant interest as promising alternatives
towards the development of clean energy sources [23-25]. Electro-
chemical generation of hydrogen from water through the hydrogen
evolution reaction (HER) is one of the most economical, sustainable and
attractive methods for clean, secure and renewable energy source [26].
Currently, noble metal-based catalysts (e.g. Pt) are used as
state-of-the-art catalysts to generate molecular hydrogen as well as to
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construct the efficient energy conversion devices [25,27]. However,
their high cost and low natural abundance limits their wide applicability
and their application to large-scale commercial purposes [26,27].
Recently, research related to the fabrication of inexpensive MNP-based
alternate catalysts using MOFs as self-sacrificial templates is gener-
ating a lot of attention in the materials science community [28]. The
capacity to transform 3D-MOFs into hierarchically nanostructured
functional materials using green methodologies is opening new ways for
the fabrication of green energy storage and conversion technologies. In
this work, following a one-pot and simple carbonization process, we
have synthesized four carbon encapsulated transition metal nano-
particles (Cu@C, Ni@C, Fe@C and Co@C) using MOFs as self-sacrificial
templates. The morphology and composition of the as-synthesized M@C
nanomaterials and their applicability as catalysts for both the degrada-
tion of organic pollutants through Fenton-like reaction and the elec-
trochemical generation of molecular hydrogen were deeply explored.
Hence, this contribution, through systematic variation of process pa-
rameters will engineer the structure, morphology and composition of the
M@C nanocatalysts and study the correlation between the NP charac-
teristics and its catalytic performance. By engineering the process pa-
rameters, we aim to unearth the ideal procedure to transform MOFs to
M@C nanocatalysts with best catalytic performance and identify the
type, morphology and composition of the best catalyst for specific
processes.

Experimental
Materials

All of the reagents were of analytical grade and used as received.
Peroxymonosulfate (PMS), peroxydisulfate (PDS), hydrogen peroxide,
methylene blue (MB), methyl orange (MO), Congo red (CR), Cu
(N03)2.2.5H20, Ni(N03)2.6H20, CO(N03)2.6H20, FE(N03)2.6H20,
benzene-1,4-dicarboxylic acid (BDC), 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO), Nafion solution (5 wt%) methanol (MeOH), tert-butanol, N,N-
Dimethylformamide (DMF) and Pt/C (20 %) were purchased from
Aldrich, Anachemia, Sigma Aldrich, Fisher Scientific and Sigma.
Deionized (DI) water was obtained from the Milli-Q® instrument, Mil-
lipore Corporation.

Synthesis of M-BDC MOFs (M = Cu, Ni, Co and Fe)

Ni-BDC MOF was synthesized through a facile solvothermal tech-
nique by following a reported method with slight modification [29]. Ina
typical process, nickel nitrate (2160 mg) and BDC (396 mg) were dis-
solved separately in 30 mL of water and DMF. A stirring technique was
employed to accelerate the dissolution. Then the two clear solutions
were transferred into a glass vial. The mixture was then stirred for about
15 min. Finally, the glass vial was placed in an oven at 100 °C for 24 h.
The sample was collected by vacuum filtration and washed with DMF
and water for three times. The obtained green crystals were then dried in
a vacuum oven at 70 °C for 12 h. Furthermore, Cu-BDC, Co-BDC and
Fe-BDC MOFs were also prepared individually, following the
above-mentioned procedures.

Synthesis of M@C (M = Cu, Ni, Co and Fe)

The Ni@C nanocomposite was synthesized through a green and
facile carbonization treatment of the as-prepared Ni-BDC MOF. Briefly,
the dried Ni-BDC MOF powders of about 500 mg were placed in a
tubular furnace and heated to 600 °C for 1 h with a heating rate of
5°Cmin~! under Ar atmosphere and subsequently, cooled down to
room temperature to get the Ni@C nanocatalyst sample. Cu@C, Co@C
and Fe@C nanocomposites were also prepared by following the same
method. The schematic diagram for the synthesis of Ni@C nanocatalyst
is presented in Fig. la.
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Fig. 1. (a) Synthesis scheme of Ni@C nanocatalyst; (b-e) XRD patterns, Raman spectra, FT-IR and N, adsorption-desorption isotherms of Cu@C, Ni@C, Fe@C and
Co@C catalysts, respectively; (f-g) XPS survey spectra of Ni@C and Co@C catalysts, respectively; and (h—i) XPS spectra of Ni 2p and Co 2p levels of Ni@C and Co@C

nanocatalysts, respectively.

Sample characterization

Bruker D8 Advance X-ray diffractometer was used to collect the X-ray
diffraction or XRD patterns of the as-synthesized nanocomposite samples
using the radiation of Cu Kal (A =1.5406 f\). Fourier transform infrared
spectroscopic (FT-IR) analysis of the prepared materials was performed on
a Nicolet-6700 FTIR spectrometer. A scanning electron microscopy (SEM)
equipped with an energy-dispersive X-ray spectroscopy (EDS) was used to
collect the morphological images and EDS spectrum of the prepared sam-
ples [Model: Hitachi S-4800]. A Hitachi H-7650 transmission electron
microscope (TEM) was used to obtain TEM images at nanoscale. Bru-
nauer-Emmett-Teller surface area (BET) and pore volume measurements
of the prepared nanocomposites were performed using a Micromeritics
Surface Area and Porosity Analyzer (ASAP-2020). The electron para-
magnetic resonance spectra were obtained using a Bruker ESR A-300
spectrometer having center field at 3516 G. XPS data were obtained using a
Thermo Scientific Escalab 250Xi spectrometer. A monochromatic Al Ka
(1486.68 eV) X-ray source was used to generate photoelectrons.

Catalytic activity tests

All the catalytic experiments were performed in a 50 mL glass vial
with a constant stirring at 300 rpm at room temperature except for the
temperature dependent study. The Cu@C, Ni@C and Co@C nano-
catalysts prepared at 600 °C and the Fe@C nanocatalyst prepared at
800 °C were used in all of the catalytic experiments unless otherwise
stated. At first, 10 mg of nanocatalysts were introduced into the glass
vial having 40 mL of dye solutions with the chosen initial concentra-
tions. Then the reaction mixture was bath sonicated for ten minutes to
obtain a homogeneous mixture. Afterward, a specific amount of an
oxidant (5 mM PMS /PDS /H505) was added to the reaction mixture to
start the catalytic degradation reaction. To monitor the degradation
process, 1 mL of dye solution were collected by a 0.45 pL syringe filter in
every five minutes and quenched with 1 mL of pure methanol. All of the
collected samples from the catalytic degradation experiments were then
analyzed using a UV-Vis spectroscopy at an Apax of 615 nm, 465 nm and
498 nm for MB, MO and CR, respectively. Furthermore, 5 mL of sample



M.A. Ahsan et al.

was also taken out from the glass vial once the degradation process is
complete for the ICP-OES analysis to monitor the concentration of the
total dissolved metal ions. The temperature study was carried out using
40 mL of 50 ppm of MB solution and 10 mg of Co@C nanocatalyst at
different temperature viz.25, 45 and 55 °C in an oil bath. The stability of
the Co@C nanocatalyst was examined by recovering the used solid
catalyst using an external magnet. The recycled sample was washed with
water for several times, dried at 70 °C for 12 h and reused in the suc-
cessive cycles. To identify the reactive species during the batch experi-
ments, several radical scavengers were used to distinguish the hydroxyl
and sulfate radicals. The dye degradation efficiency was calculated by
using the following Eq. 1 [10].

G -G,

Degradation efficiency = x 100(%) 1
The catalytic degradation of MB was evaluated by using a pseudo-
first order kinetic model and the model is expressed by Eq. 2 [10].

In (C/C)) = -Kt 2

Where t is time, K is the rate constant, C; and C; are the concentrations at
time 0 and t, respectively.

Electrochemical measurement

HER experiments were conducted using an electrochemical work-
station (CHI 660D). The set up was consisted of three-electrode system.
Glassy carbon, graphite rod and Ag/AgCl (in 3 M KCl solution) elec-
trodes were used as a working, counter and reference electrode,
respectively. In a typical experiment, 4 mg of nanocatalysts and 30 pL of
Nafion solution were dispersed in 1 mL of ethanol by bath sonicating for
30 min to obtain a homogeneous ink. Then 10 pL of the catalyst ink was
drop casted onto the working electrode with a diameter of 3 mm. A
reversible hydrogen electrode (RHE) was used to calibrate all of the
potentials. The working electrode was always polished before each
experiment with Al;O3 powders (size 0.05 pm). Linear sweep voltam-
metry (LSV) was performed at a scan rate of 2 mV-s—!in 0.5 M sulfuric
acid aqueous solution for HER process. Electrochemical impedance
spectroscopy (EIS) analysis was performed at —0.3 V vs RHE for the HER
reaction in a wide range of frequency of about 0.01 — 10° Hz. The Tafel
equation, as given in Eq. 3 was used to obtain the Tafel slopes [30].

n=a-+b*log (j) 3)

Where b is the Tafel slope (mV-dec'l), j is the current density (mA-cm)
and n is the applied overpotential (mV).

Cyclic voltammetry techniques were employed at different scan rates
(5, 10, 20, 50, 100 and 200 mV-s~ 1) in a narrow potential window (0.1-
0.3 V vs RHE) where there are no faradaic contributions to obtain the
electrochemically active surface area (ECSA) of the M@C catalysts. A
linear relationship was achieved by plotting Janodic-Jcathodic (@t 0.15 V vs
RHE) vs scan rate to estimate the double layer capacitance (Cg;) and then
the ECSA was estimated using the following equation [30].

Ca
ECSA = — 4
C (©)]

s

where C; is specific capacitance and the Cg value is reported to be 0.035
mF-cm ™2 in acidic media for transition metal-based electrocatalysts [7].

The roughness factor (RF) was estimated using the following equa-
tion 5 [30].

RF= (ECSA) / (geometric area of the electrode) 5)
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Results and discussion
Characterization of the M@C nanocatalysts

The transition metal-based MOFs namely Cu-BDC, Ni-BDC, Fe-BDC
and Co-BDC MOFs were synthesized in this study using a facile and
green solvothermal method by simply mixing the corresponding metal
salts with the 1,4-benzene dicarboxylic acid (BDC) ligand. These syn-
thesized MOFs were used as parent materials for making porous carbon
encapsulated transition metal nanoparticles (Cu@C, Ni@C, Fe@C and
Co@C) by employing carbonization method. The as-synthesized mate-
rials were thoroughly characterized using XRD, Raman, TGA, FT-IR,
SEM, TEM, EDS and BET instruments [31,32].

The crystal structure as well as the phase composition of M@C
nanocatalysts were studied using XRD and the collected patterns are
shown in Fig. 1b. As seen, XRD analysis of the Cu@C nanocatalyst
showed three prominent peaks at 43.6, 50.8 and 74.4°, which corre-
sponds to the crystal plane of (111), (200) and (220), respectively. It was
found that the diffraction patterns correspond to JCPDS No. 04-0836
indicating that the structure of the synthesized Cu nanoparticles were
face centered cubic [33]. The XRD pattern of the Ni@C nanocatalyst
showed three distinct peaks at 44.48, 51.28, and 76.35° which corre-
sponds to miller indices of (111), (200) and (220), respectively. The
obtained diffraction patterns of the Ni@C sample are well matched with
JCPDS No. 04-0850 confirming their face centered cubic structure [14].
The Fe-BDC MOF was carbonized at three different temperatures viz.
600, 700 and 800 °C to make Fe@C nanocatalyst. Unfortunately, the
carbonation temperature 600 and 700 °C were not enough to make
Fe@C nanocatalyst from the MOF rather it made iron oxide as confirmed
by the XRD analysis and the results are shown in Fig. S1. As seen in
Fig. 1b for Fe@C sample prepared at 800 °C, the XRD diffraction peaks
centered at 44.8°, 65.1°, and 82.4° could be attributed to the body
centered cubic phase of pure metallic Fe [34]. Also, there are still some
peaks of Fe304 along with the metallic iron at around 30°, 35°, 43°, 57°
and 63°, demonstrating that the carbonization process could not able to
achieve the complete phase transformation. Furthermore, this might
also happen because of the oxidation of the Fe NPs during the exposure
or handling of the Fe@C nanocatalyst to air. A similar result has been
reported earlier [35]. The Co@C nanocatalyst sample also exhibited
three sharp diffraction peaks at around 44.2, 51.5 and 75.9° (JCPDS no.
15-0806) that correspond to the crystal planes of (111), (200) and (220),
respectively indicating the face centered cubic structure of the prepared
Co@C. These XRD results confirmed the successful synthesis of M@C
nanocatalysts [36]. Raman spectroscopic analysis of the prepared M@C
nanocatalysts was further carried out to investigate the degree of
graphitization and the results are presented in Fig. 1c. As seen, all of the
M@C samples showed two broad bands at around 1340 cm™! and
1570 cm~ ! that correspond to D and G band, respectively [37]. These G
and D bands provide important information on the crystallinity and
disorder of the sp2 type carbon materials, respectively [37]. As seen in
Fig., the intensity ratios (Ip/Ig) of the D to G band were found to be 0.88,
0.82, 0.94 and 0.87 for the Cu@C, Ni@C, Fe@C and Co@C nano-
catalysts, respectively indicating the degree of crystallization of the
graphitic or sp? type carbon. These obtained Ip/Ig values for all of the
samples were comparable to the measured Ip/Ig values of GO and rGO
(~1), showing the formation of 3D graphitic type carbon [38].

FTIR experiments were performed to examine the chemical structure
as well as to find the corresponding functional groups of the parent
MOFs along with those MOF derived M@C nanocatalysts, as presented
in Fig. 1d. As seen, two sharp and broad characteristic IR peaks were
observed in all of the prepared MOF samples namely Cu-BDC, Ni-BDC,
Fe-BDC and Co-BDC MOFs.

The first one was observed at ~ 1398 cm™' for the symmetric
vibrational modes of the carboxyl groups in BDC organic linker and
likewise, the second one was observed at ~ 1597 cm™! for the asym-
metric vibrational modes of the same functional group in the BDC linker,
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indicating the presence of BDC linker in the prepared MOF samples [39].
The MOF samples were carbonized at higher temperatures to make
M@C nanocomposites and the organic part of the MOFs were expected
to be decomposed after the carbonization treatment. This was verified
by the FT-IR analysis of the prepared M@C nanocatalyst samples. It is
obvious from the figure that all of the characteristic peaks correspond to
the MOFs are disappeared in the corresponding M@C nanocatalyst
samples as the organic linkers are decomposed at higher temperature.

In order to understand the mesostructure of the M@C nanocatalysts,
Ny adsorption and desorption measurements were performed. The cor-
responding results are presented in Fig. 1e and Table S1. Based on the
BET results, the surface area per gram of these nanocatalysts from
smallest to largest is Fe@C (30.77 m? g’l) < Ni@C (92.27 m? g’l) <
Cu@C (120.32 m? g_l) < Co@C (153.85 m?> g_l). BJH average pore
sizes were also calculated based on the average of adsorption and
desorption pore size values, with average pore diameter from smallest to
largest being Cu@C (9.39 nm) < Co@C (13.98 nm) < Fe@C (15.51 nm)
< Ni@C (23.41 nm) (Table S1). The smaller pore sizes of Cu@C and
Co@C correlate with the overall larger specific surface area of these two
heterogeneous catalysts relative to Fe@C and Ni@C. Surface analysis of
Ni@C and Co@C nanocatalysts was further carried out using X-ray
photoelectron spectroscopy (XPS) measurements. The XPS survey
spectrum (Fig. 1f and g) evidences the coexistence of C, O and Ni ele-
ments in Ni@C sample and C, O and Co elements in Co@C sample,
respectively. A high-resolution Ni (2p) and Co (2p) spectrum were
further recorded to investigate the chemical states of the Ni and Co
active components (Fig. 1h and i). The 2p; /5 and 2ps/» core levels of the
carbon encapsulated metallic nanoparticles were deconvoluted to
elucidate the oxidation states of the metallic nanostructures. The ob-
tained results demonstrated that both of the samples have pure metallic
state (0) along with oxide state (+2) [40,41]. The exposure of Ni and Co
NPs to air could make a thin NiO/CoO shell since the NPs are sensitive to
the aerobic atmosphere. But, the dominant existence of Ni(0) and Co(0)
in the XPS measurements indicated that the metallic nanoparticles are
mainly present in the samples.
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SEM analysis was carried out to determine the morphological
structures of the parent MOFs as well as their derived M@C nano-
composites and the results are presented in Fig. S2. SEM analysis
revealed that the morphologies are looks like needle, cuboid, rectan-
gular and shale-shaped for the Cu-BDC, Ni-BDC, Fe-BDC and Co-BDC
MOFs, respectively (Fig. S2(a, ¢, e and g)). It was also found that the
MOFs particles are micron in size. But after the carbonization, the SEM
images of the MOF derived M@C nanocatalysts showed that the nano-
sized Cu, Ni, Fe and Co particles covered their respective MOF sur-
faces as seen in Fig. S2 (b, d, f and h), respectively and those particles
are highly dispersible all over the surfaces. It can be summarized form
the SEM images of the M@C nanocatalysts that the parent MOF mate-
rials showed their highly stable nature for being a support or self-
sacrificial template to prepare transition metal NPs due to the fact that
a little change has been observed on their morphology though the MOF
surfaces are little distorted after the carbonization process. EDS analysis
was carried out for the elemental analysis of the prepared M@C nano-
composites and the results are presented in Fig. $3. As seen in Fig. S3,
the EDS analysis of Cu@C nanocatalyst showed different peaks corre-
sponding to carbon and copper. It was also found that the EDS peak of
copper is very intense as compared to the carbon peak indicating that
the Cu@C nanocomposite consists of mostly copper metal. Likewise, the
Ni@C, Fe@C and Co@C nanocatalyst samples showed very similar
result having higher quantity of nickel, iron and cobalt, respectively.

The strong Cu, Ni, Fe and Co peaks demonstrate that the nano-
composite samples are highly metallic in nature. TEM and HR-TEM
analysis were further performed to get in depth information about the
morphology and crystalline structure of the as-synthesized M@C
nanocatalysts and the results are illustrated in Fig. 2(a—d). As seen, the
Cu, Ni, Fe and Co nanoparticles are well dispersed and deposited on the
surface of the MOF derived porous carbon matrix. All of the NPs are well
distributed all over the carbon matrix as well as encapsulated by the
porous carbon. This porous carbon wrapping helps them to be stable
even in presence of air and protects them from further oxidation. It was
also found that some kind of agglomeration is happened in the Fe@C

Fig. 2. (a—d) TEM images of Cu@C, Ni@C, Fe@C and Co@C nanocatalysts, respectively [inset: HRTEM images of the corresponding nanocatalysts].
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sample. This is due to the preparation of Fe@C sample at higher
carbonization temperature (800 °C), as the higher temperature favors
faster nucleation which let the particles agglomerate easily. As seen from
the HR-TEM images of M@C nanocatalysts in Fig. 2(a-d: inset), the
calculated atomic lattice fringes are of about ~0.207, 0.20, 0.21 and
0.204 nm approximately for the Cu, Ni, Fe and Co NPs, respectively
corresponding to the Cu (111), Ni (111), Fe (110) and Co (111) lattice
planes. These results confirmed that the nanoparticles are highly crys-
talline in nature [40-42].

Evaluation of the catalytic performance of M@C catalysts for oxidative
degradation of MB via peroxymonosulfate

To investigate the catalytic performance of the prepared M@C
nanocatalysts, the effect of various oxidants such as PMS, PDS and HyO»
on the degradation of methylene blue as a model organic pollutant was
carried out and the results are shown in Fig. 3(a—c). While the MB was
not degraded by either the nanocatalysts or oxidants alone, MB was
significantly removed when the oxidant and M@C nanocatalysts were
used together, demonstrating that M@C nanocatalysts coupled with
oxidants is an efficient method for the decontamination of the organic
contaminants. In case of PMS oxidant, the catalytic performance is fol-
lowed by the order of Co@C > Fe@C > Cu@C > Ni@C as shown in
Fig. 3a. The removal percentages of MB were 96.86 % for Co@C, 83.72
% for Fe@C, 72.95 % for Cu@C and 62.7 % for Ni@C in 30 min,
respectively. The reaction rate constants were also calculated for the
above-mentioned MB degradation reactions by M@C/PMS system and
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the results are shown in Fig. S4a. The Co@C nanocatalyst mediated MB
degradation reaction showed highest rate constant (0.0524 min_l) as
seen in the figure. XRD, TEM, Raman and BET analysis show that all of
the M@C nanocomposites have the similar degree of carbon crystallinity
and structural features, thus the observed difference in PMS activity for
MB degradation can only be attributed to the different metal core
compositions. Also, the results clearly demonstrate that the presence of
metals in the M@C structure strongly influenced the MB degradation,
indicating that there might be a synergistic effect between the C and M
species in the M@C nanocatalyst system. BET and BJH measurements
taken together indicate that the Co@C and Cu@C have both substan-
tially higher surface area and smaller pores, which indicates a more
uniform mesostructure. Given the similarity of mesostructure between
Co@C and Cu@C, the relatively better catalytic performance of Co@C
seems to be primarily due to the nature of Co NP’s vs. Cu NP’s as cat-
alytic particles. Both Fe@C and Ni@C have larger pore sizes and lower
total surface area on average than the other catalysts. While larger pore
sizes may allow easier diffusion of solutes, the relatively lower surface
area may mean fewer interfaces at which reactions can occur.
Afterward, the PDS was employed as an oxidant along with the
nanocatalysts for the degradation of MB dye and the results are shown in
Fig. 3b. It is clear from the figure that the incorporation of the PDS also
caused dye degradation but was slow than the PMS. The observed ac-
tivity was found to be in the order of Ni@C < Cu@C < Fe@C < Co@C
and the degradation efficiencies were found to be 31.86, 26.50, 43.67
and 55.06 % for the Cu@C, Ni@C, Fe@C and Co@C nanocatalysts,
respectively. In addition, the Co@C nanocatalyst also showed highest

(a)*0

(b)10

(c)10

S \M R.\"\H—-
=<+ N
0.8 = PMS o~ Cu@C -4 Ni@C A\ \
\ ~v- Fe@C -« Co@C » Cu@C+PMS 0.84 \\\ -, -
\ —o Ni@C+PMS —e- Fe@C+PMS \o—— . A 0.9 N
061 |\ ~o- Co@C+PMS - o Tt e )
Q \> £ 064 T~ g “
[8) \ o YV v v B~
049 |\ .
~ e 0.8
» <
e > >
— 0.4
0.2 ‘ I e —=— PDS e Cu@C+PDS —4— Cu@C+PDS —=—H,0, —* Cu@C+H,0, 4—Ni@C+H,0,
. . -~ o —v— Cu@C+PDS —<«- Cu@C+PDS —v—Fe@C+H,0, <« Co@C+H,0,
0.0 ; : . : — 0.2 : . : . : : 0.7 : . . : : ;
0 5 10 1? )20 25 30 0 5 10 Ti 15( i )20 25 30 0 5 10 15 ( 20) 25 30
Time (min ime (min Time (min
(d)1.o- —=— Co@C-500| (e) 1.0 —=— 10 ppm MB (f) 1.0 4 ——
—e— Co@C-600 A\ —e— 20 ppm MB —e—6mg
—a— Co@C-700 0.84 \\ —4— 30 ppm MB 0.84 ——8mg
0.8 —v— Co@C-800 N\ —v— 40 ppm MB| - —v— 10 mg|
W\ \ <— 50 ppm MB —<— 12 mg|
0.64 \\\\
- - . s~ 0.6 4
9 0.6- %) o g.
) O oal A
041 W\~ 0.4
0.4+ \
0.2 . 0.2
021 0.0
r . - r r r T o . . , r . . 0.0 . » Y > . -
0 5 1Q|__ 1(5 . )20 25 30 0 5 10 T15 ( 20) 25 30 0 5 10 - 15( )20 25 30
ime (min ime (min ime (min
(g)10 ——wm) (h) 10 (i) 0 ——
\ *-3mM \ o
08 e 5mM o 45°C
: v—6mM 0.8 —4—55°C
0.6- _
3 06
©0.41 el
| .
—®
0.4+
0.2- —
—o—
- o
e .
0.0 —— % — : 0.2 —— S S
0 5 10 25 30 0 5 10 25 30 0 5 10 15 20 25 30

15 20
Time (min)

15 20
Time (min)

Time (min)

Fig. 3. (a-c) Catalytic performance of the prepared nanocatalysts for MB degradation in presence of different oxidants such as PMS, PDS and H,0,, respectively; the
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20 ppm; [nanocatalyst]=10 mg; [PMS]=5 mM and [Temperature]=25 °C.
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rate constant of about 0.0062 min~! as seen in Fig. S4b. Furthermore,
H20; oxidant was also used for the MB degradation and the results are
illustrated in Fig. 3c. The observed degradation performance was very
slow for all the nanocatalysts because of the low oxidizing character of
H0,. The calculated degradation efficiencies were only about 17.78,
14.96, 19.57 and 22.33 % for the as prepared Cu@C, Ni@C, Fe@C and
Co@C nanocatalysts, respectively. Therefore, it is clear from these ex-
periments that the PMS is the best oxidant and Co@C is the best nano-
catalyst than the other three transition metals to activate PMS [43]. The
unsymmetrical nature of PMS seemed to make it more activated than
H20, and PDS which have symmetrical structures [44]. The obtained
results in this study are comparable with the previously reported ho-
mogeneous as well as heterogeneous catalytic oxidation, in which the
PMS exhibited a significant reactivity [45,46].

In these studied catalytic systems, the total dissolved cobalt ion
concentration was detectable but the detected concentration was very
low that is close to the experimental error. This result indicates that the
released ions are not dominant in the catalytic degradation of MB. It can
be summarized that the activation of PMS by M@C is mainly hetero-
geneous type that is happening on the catalyst surface. The Fenton like
oxidative degradation of MB by Co@C/PMS system was monitored using
a UV-vis spectroscopy and the corresponding results are shown in
Fig. S5. It is obvious from the figure that the adsorption bands of MB at
615 nm and 660 nm start to diminish with time after the incorporation
of Co@C nanocatalyst and PMS in MB dye solution and this happens as a
result of the fragmentation of the N—N bonds in MB dye -by the Co@C/
PMS system. The difference in absorption spectrum of the MB dye is
consistent with a clear color change of the MB solution with increasing
time.

To investigate the process parameter such as carbonization temper-
ature on the overall catalytic performance of the Co@C nanocatalyst, we
have also prepared the Co@C nanocatalyst at different carbonization
temperatures viz. 500, 700 and 800 °C along with 600 °C and used them
for the oxidative degradation of 30 ppm of MB solution in presence of
PMS. The results are presented in Fig. 3d. As seen, the catalytic per-
formance of the Co@C nanocatalyst decreases with increasing the
carbonization temperature. To understand this fact, we have conducted
the XRD and TEM analysis of the nanocatalysts and the results are given
in Fig. S6 and Fig. S7 (a—c). XRD analysis confirm the successful syn-
thesis of the metallic cobalt in all samples, whereas, the TEM analysis
shows that the size of the cobalt nanoparticles increases with increasing
carbonization temperature.

At higher temperature, the nucleation of the particles happens faster
resulting higher aggregation of the particles which in turn decreases the
surface are as well as decreases the number of active sites. This could be
the reason for lower catalytic performance of the Co@C nanocatalysts
prepared at higher carbonization temperatures.

The effect of initial MB concentration on its degradation efficiency
was studied and the results are shown in Fig. 3e. As seen in the figure,
the removal efficiency of MB decreased from 96.86 % to 59.62 % while
increasing the initial concentration of MB from 10 ppm to 50 ppm. Also,
it took only 15 min to degrade 99.36 % of 10 ppm MB, while it degraded
only 59.62 % of 50 ppm MB in 30 min. Therefore, the removal of higher
MB initial concentration seems to require more PMS that may cause
secondary pollution due to the release of excess sulfate. The degradation
efficiency of MB with different amount of Co@C nanocatalysts were also
carried out and the results are shown in Fig. 3f. In a catalyst/PMS sys-
tem, the catalyst always plays a vital role due to the synergistic effect
between the PMS and catalyst. More reactive sites can be achieved by
increasing the amount of catalysts, therefore producing more active
radicals [11,47]. As seen from the figure, the degradation efficiency of
MB increased from 43.1%-96.86 % in 30 min as the amount of Co@C
catalyst increased from 2 mg to 10 mg, indicating that the increased
catalyst amount provided more reactive catalytic sites. Thus, this
method is a good way to increase the degradation efficiency of MB. But,
the removal efficiency of MB enhanced slightly from 96.86%-98.71 %,
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while further increasing of the catalyst dosage from 10 mg to 12 mg and
this could be due to the limited PMS concentration. Therefore, the
optimal amount of catalyst was 10 mg in this study.

The removal efficiency of MB with different PMS concentrations
were also studied and the results are shown in Fig. 3g. As seen in the
figure, the removal of MB was increased as the PMS concentration
increased. The removal efficiency of MB was increased from 56.36%-—
96.86 %, when the PMS concentration was increased from 1 mM to
5 mM. Further increase of PMS concentration did not improve the
removal efficiency significantly. The available active sites of the catalyst
could not be efficiently utilized at lower PMS concentration. At this
stage, PMS is the limiting factor. But, as the PMS concentration
increased, the usage of reactive sites on the catalyst surface was grad-
ually saturated. Then again, addition of excessive PMS might lead to the
self-quenching of sulfate and hydroxyl radicals [48,49]. As a result of the
quenching of the active radicals, weaker peroxymonosulfate radicals
(SO®) or hydroperoxyl (HO, ®) are generated or self-reactions between
the sulfate radicals might happen which leads to form S;0%~ before the
degradation of MB. The corresponding reactions are explained by the
following Eq.s (6-10) [48,49]. Based on the obtained results, 5 mM PMS
was used in the catalytic degradation reactions.

HSOs + SO;~ — SOF~ + SO3~ + H* (6)
HSOs + ‘OH — SO5~ + H,0 CO; )
HSOs + SO}~ + H,0 — 2S03~ + HO, "+ HT (8)
HSOs + 'OH — SO}~ + HO, "+ H* ©)
SO~ + SO~ — $,03~ (10)

Furthermore, several organic pollutants such as methylene blue,
methyl orange and congo red were efficiently degraded by the Co@C/
PMS system at more than 96.86 %, 96.38 % and 98.14 % removal effi-
ciencies in 30 min, respectively as seen in Fig. 3h. The degradation rates
varying from each other might be ascribed to the difference in pollutants
molecular structures. Overall, these findings confirmed that the Co@C/
PMS system can be used effectively for the catalytic oxidation of
numerous organic contaminants. We also carried out the temperature
dependent study on the removal efficiency of MB at three different
temperatures and the corresponding results are illustrated in Fig. 3i. It is
cleared from the figure that the catalytic performance of the Co@C
nanocomposite increased sharply at the elevated temperatures. The
degradation efficiencies of MB at 25, 45, and 55 °C were found to be
59.62 %, 72.03 % and 79.31 %, respectively, indicating that the tem-
perature has a great effect on the catalytic activity. This is due to the
formation of more active radicals during the thermal activation of the
PMS oxidant in aqueous solution [48]. Besides, the MB molecules can
easily overcome the activation energy of the reaction at higher
temperatures.

The recyclability and stability of the prepared Co@C which is most
active nanocatalyst in this work was examined by successive tests of MB
degradation using the same reaction conditions and the results are
shown in Fig. 4a. When the freshly prepared Co@C nanocatalyst was
used for the MB degradation, 96.86 % of MB was degraded within
30 min of reaction time. After each cycle, the used catalyst was sepa-
rated by using an external magnet and washed with DI water for several
times. Then the washed samples were vacuum oven dried at 60 °C for
12 h and used for the next cycle. As seen in the figure Fig. 4a, the cat-
alytic performance of the Co@C nanocatalyst decreased slightly and
after fourth cycle, the removal efficiency of MB decreased from 96.86%—
88.76 %. As seen in Fig. 4c, it was found that the rate constant of the MB
degradation reactions also decreased slightly while increasing the usage
of the nanocatalyst and this happens because of the coverage of the
formed intermediates during the MB degradation reactions on the
reactive sites of the Co@C surface. These results recommended that the
prepared Co@C nanocatalyst is an efficient and stable heterogeneous
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catalyst for Fenton-like reactions.

Quenching experiments were performed in order to identify the
contribution of free radicals toward the catalytic degradation of MB, as
well as to know the underlying reaction mechanisms. Sulfate and hy-
droxyl radicals are usually considered as the main radical species that
are generated from the decomposition of PMS mediated by the catalysts.
It is well known that the methanol (MeOH) has the capacity to quench
both ®OH and SO®~ with rate constants of 9.7 x 10% and 3.2 x 10°
M~ s, respectively because of its higher reactivity [50]. Additionally,
tert-butanol (TBA) is mostly utilized to quench only ®0OH, due to its
faster rate constant with ®OH [(3.8-7.6) x 108 M~ 1s71] than with SOy~
[(4-9.1) x 10° M~ s7!] [51]. The catalytic degradation of MB in the
presence of methanol and tert-butanol can be seen in Fig. 4b. As seen,
the adsorption equilibrium of MB using the Co@C nanocatalyst were
reached in 25 min and the removal of MB was less than 15 % through
adsorption. In the Co@C/PMS system, 96.86 % of MB was removed
without the addition of MeOH or TBA. But when the TBA was added in
the Co@C/PMS system for the MB degradation, the removal efficiency of
MB decreased from 96.86 % to 78.47 %, indicating that the influence of
hydroxyl radical in the degradation of MB was limited. On the other
hand, the removal efficiency of MB decreased from 96.86 % to 44.36 %
after the addition of MeOH to the Co@C/PMS system. These findings
suggested that the sulfate radical played a vital role in the MB degra-
dation process. Similar results also found in case of obtained reaction
rate constants as seen in Fig. 4d. According to the above-mentioned
findings and the previously reported literatures [50-52], a possible re-
action mechanism is proposed for the Co@C/PMS system. In this present
study, zerovalent cobalt was utilized as an alternative source of Co (II)
for the oxidative degradation of MB by activating PMS. Co (II) can be
released via zerovalent cobalt corrosion. under the aerobic conditions.
In the process, the released OH™ ions upon the oxidation of zerovalent
cobalt could neutralize the generated H" ions during the PMS decom-
position [50]. Also, the PMS could directly react with the zerovalent
cobalt to release Co (II) [50]. Afterwards, HSOs is activated by the Co
(I to produce sulfate radicals (SOz ), however HSOs can also be

activated by Co (III) to produce SOs. It is well known that the oxidation
capacity of SO5 is much lower than SO% . Therefore, the degradation of
MB was mainly because of the contribution of SO3 . Moreover, the
sulfate radicals could react with HO to generate "OH. The correspond-
ing reactions are presented in Eq. (11-17) [50-53]. The proposed
mechanism of the MB degradation by PMS/Co@C system is shown in
Fig. 4e.

Co (0) = Co (I) 4 2¢~ 1)
Co (0) + 05 + 2H,0 — Co (II) + 4 OH a2)
Co (0) + 2HSOs — Co (I) 4 2SO}~ + 20H 13)
HSOs + Co (II) = Co (IIl) + SO;~ + OH 14
HSOs + Co (III) = Co (1) + SO5~ + HT (15)
S03~ + H,0 — SO3~ + H + "OH (16)
SO~ /"OH + MB — Intermediates — CO; + H,O a7

Electrocatalytic performances of the MOF derived M@C nanocatalysts

In recent years, MOF-derived transition metal nanoparticles have
sparked a lot of attention as highly efficient energy-related materials due
to the desirable properties for electrocatalysis of the resulting hierar-
chical porous carbon matrix as well as its synergistic interaction with the
metal cores [54-56]. The as-synthesized carbon encapsulated transition
metal nanoparticles were tested for the electrochemical production of
molecular hydrogen. The HER activity was evaluated under acidic
conditions (0.5 M HSO4) using linear sweep voltammetry (LSV) mea-
surements as shown in Fig. 5a. The obtained onset potential values were
found to be - 0.061 V, -0.540 V, -0.570 V and -0.635 V for Ni@C, Co@C,
Fe@C and Cu@C nanocatalysts, respectively (Table S2). As shown in
Fig. 5a, Ni@C nanocatalyst substantially surpassed the HER
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Fig. 5. (a) HER polarization curves; (b) Tafel plots; (c) Nyquist plots of the as prepared nanocatalysts; (d) Chronocoulometric measurements of M@C nanocatalysts;
(e) plots of difference of anodic and cathodic current densities vs scan rate for the MOF-derived metal nanoparticles; (f) LSV polarization curves normalized by ECSA
for Cu@C, Ni@C, Fe@C and Co@C; (g) Mass activity (MA) and specific activity (SA) values for all nanocatalysts; (h) LSV polarization curves of HER by the Ni@C
nanocatalysts prepared at different carbonization temperatures at a scan rate of 2 mV/s in 0.5 M HSO4 solution and (i) chronoamperometric measurements of the
Ni@C nanocatalyst within 20 h at 0.5 V (inset: HER polarization curves of the Ni@C nanocatalyst initially and after 500 cycles).

performances of other nanoparticles delivering a low onset potential of
-0.061 V vs. RHE and an overpotential of 286 mV vs. RHE at a current
density of 10 mA-cm ™2, which is comparable or even better than those of
the recently reported transition metal-based electrocatalysts (Table S3).
The high electrocatalytic activity of Ni@C was also demonstrated by
comparing the Tafel plots of the as-synthesized nanoparticles (Fig. 5b).
A Tafel slope of 82 mV/dec was observed for Ni@C nanoparticles while
the Tafel slopes of other nanocatalysts (Co@C, Cu@C and Fe@C) vary
from 96 to 215 mV/dec, suggesting that Ni@C followed the most effi-
cient electrocatalytic HER kinetic pathways, leading to a Vol-
mer—Heyrovsky mechanism, in which the desorption of hydrogen is the
rate limiting step. Importantly, the proposed HER mechanism in acidic
media can be explained by three possible reaction steps [57,58]. The

first Volmer step is electrochemical hydrogen adsorption:
H;0" + e + M — MHyy + H,O (18)

This is followed either by Heyrovsky step (electrochemical
desorption)

MH,gs + ¢~ + H" - M+H, (19)
or Tafel step (chemical desorption)
2MH,gs — 2M+H; (20)

Where M donates an empty metal active site and MH,qs represents an

adsorbed H intermediate.

To further illustrate the superior HER performance of Ni@C nano-
particles, we have conducted electrochemical impedance spectroscopy
(EIS) measurements of the MOF-derived carbon encapsulated nano-
particles (Fig. 5¢). The observed semicircle at higher frequency corre-
sponds to the charge transfer resistance (R.) between the
electrocatalyst/electrolyte interfaces which in turn is associated with
HER kinetics [59-61]. The charge transfer resistance (R.;) is mainly
determined by the diameter of the half circle, and it is evident that the
Rt value for Ni@C is much smaller compared to the another MOF
derived metal nanoparticles indicating that the ions transport at the
Ni@C catalytic surfaces is by far the fastest ET process, which is defi-
nitely contributing to the improvement of the Ni@C HER activity.
Furthermore, the bulk electrolysis data was obtained by measuring total
charge generated as a function of time as presented in Fig. 5d. The trend
reinforces the observed HER activity in LSV with Ni@C showing the best
catalytic performance.

It is well-known that the double layer capacitance (Cq;) is propor-
tional to the real electrochemical surface area (ECSA) and, in turn, to the
number of electrocatalytic active sites [62]. To gain insights on the
intrinsic catalytic activity of the MOF-derived nanoparticles, we have
plotted the difference of anodic and cathodic current density against the
scan rate at a non-faradaic potential of 0.15 V vs RHE as seen in Fig. Se.
The slope (Cqp) as well as the ECSA obtained for the Ni@C nanoparticles
is almost twice times higher compared with the rest of the nanoparticles
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revealing the larger number of catalytic active centers at the Ni elec-
trochemical interfaces as well as its superior intrinsic catalytic perfor-
mance (Table S2). In this sense, although the BET surface area of the
Ni@cC is lower compared with Co@C and even Cu@C, the TEM images
have shown that Ni particles are well-dispersed into the carbon matrix
while the other metals are forming agglomerated clusters at some extent
(See Fig. 2(a-d)), which could facilitate the migration of reactants and
electrolytes from the porous carbon network toward the active sites at
the metal/carbon interfaces, thus boosting the HER electrocatalytic
intrinsic yields. These findings were also supported by both the larger RF
value and the smaller onset potential of the ECSA-normalized LSV of the
Ni@C nanoparticles (Fig. 5f and Table S2). Additionally, mass activity
and specific activity constitute a key performance metric to compare
different catalysts [63]. In this sense, Ni@C catalyst significantly sur-
passed the other samples in both mass and specific activities (Fig. 5g),
demonstrating that the HER catalytic processes are most efficient on
Ni@C active sites.

To unravel the influence of the carbonization temperatures over the
HER electrocatalytic behavior of the as-synthesized Ni@C we have ob-
tained the polarization curves of the Ni@C nanocatalysts obtained at
500 °C, 700 °C and 800 °C using the same experimental conditions as
seen Fig. 5h. The onset potential of the Ni@C nanocatalyst prepared at
600 °C (-0.087 V) outperformed the values of -0.159 V, -0.237 V and
-0.270 V obtained for the nanomaterials synthesized at 500 °C, 700 °C
and 800 °C, respectively. To understand this phenomenon, we have
carried out the XRD and TEM analysis of the nanocatalysts and the re-
sults are presented in Fig. S8 and Fig. S9 (a-c). XRD analysis confirmed
the presence of metallic nickel in the samples. Furthermore, TEM
analysis revealed that the particle size increases with increasing
carbonization temperature and this is due to the fact that the higher
temperature favors faster nucleation of the particles resulting higher
agglomeration of the particles. The decreased activity might be attrib-
uted to both the agglomeration of the metallic nanoparticles as well as
the appearance of ineffective interconnected carbon network pathways
that can negatively influence the ion transport processes across the
framework and in turn suppress the number of the active sites.

The stability of the as-prepared Ni@C in acidic medium was further
investigated using chronoamperometric measurements. As observed in
Fig. 5i, the Ni@C nanocatalyst was found to be electrocatalytically
active even after 20 h of operation indicating its excellent long-term
stabilities properties. It can be significantly attributed to the protec-
tive action of the carbon shell which avoid the degradation and the
aggregation of the Ni nanoparticles preserving their HER activity for a
long time. Also, the cyclic stability of Ni@C electrocatalyst was inves-
tigated by LSV after 500 scans. It can be seen that there is only a
negligible change in the current densities between the initial scan and
the scan after 500 cycles (Fig. 5i: inset). In summary, the impressive
HER catalytic performance of Ni@C nanoparticles is strongly connected
with their unique structural properties which provide a large number of
electrocatalytically active sites and fast mass transport channels to speed
up the kinetic of the electrocatalytic reactions.

Conclusion

In this work, MOF derived transition metal nanoparticles (Cu, Ni, Fe
and Co) embedded on porous carbon were successfully synthesized from
MOF precursors using a facile carbonization method. The as-synthesized
MOF derived M@C nanocatalysts were used for the first time as a
Fenton-like catalyst to activate peroxymonosulfate for the degradation
of organic pollutants as well as electrocatalysts for HER reaction. The
Co@C was found to be the best, environmentally benign and effective
heterogeneous nanocatalyst for the degradation of methylene blue via
PMS activation. Radical quenching tests demonstrated that the sulfate
radicals are the main reactive radical species for the MB degradation by
PMS/Co@C system. Mechanistic study demonstrated that the cycle of Co
(ID-Co(II1)-Co(II) was mainly responsible for producing active radicals
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through PMS activation for the dye degradation confirming that the
outstanding catalytic activity of the M@C nanocatalysts could be
ascribed to the synergetic effect rising from the metal nanoparticles and
the porous carbon network. Finally, the as-prepared Co@C nanocatalyst
displayed superior catalytic activity and stability after four cycles. As
energy-conversion material, the as-synthesized Ni@C catalysts demon-
strated promising HER performances. They exhibited a remarkable
electrocatalytic activity toward the electrochemical generation of Hy
rendering an onset overpotential of 61 mV, Tafel slope of 82 mV-dec™}
and a longtime stability of about 20 h, which is comparable with the
most efficient Ni-based HER catalysts. This remarkable behavior is
mainly attributed to the large number of electrocatalytically active sites
and fast mass transport channels along the porous carbon encapsulated
metal nanoparticles framework, which significantly improved the ki-
netic of the electrocatalytic reactions. In brief, this work opens up new
avenues for the design and fabrication of novel and low-cost multi-
functional carbon encapsulated transition metal nanocatalysts for both
environmental and energy applications.
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