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High dispersibility and rapid electron transfer are required for a highly efficient catalyst. In this work, such
materials have been designed using a scalable hydrothermal method from graphene oxide and a metal-
organic framework. A cross-linked three-dimensional graphene (3DGraphene) material loaded with
mono-dispersed nitrogen-doped carbon-coated metallic Co (NC@Co) nanoparticles with uniform size
of 122 nm (3DGraphene/NC@Co) has been obtained and exhibits excellent activity for catalytic
reduction of 4-nitrophenol to 4-aminophenol. Such high catalytic activity can be assigned to the highly
energetic hot/free electrons arising from 3DGraphene under light illumination and the synergistic effect
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Accepted 11th November 2020 between 3DGraphene and NC@Co nanoparticles. The catalytic reaction can be finished in 240 s with
NaBH4 as the reducing agent, and the corresponding rate constant (k) is 1.5 x 1072572 comparable to

DO 10.1039/d0ra07146¢ that of reported noble metal catalysts. Furthermore, the magnetic 3DGraphene/NC@Co materials are
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Introduction

Catalytic reduction of 4-nitrophenol (4-NP) to 4-aminophenol
(4-AP) is considered as one of the most important reactions for
the conversion of hazardous chemical materials. The design
and preparation of catalysts with high activity have attracted
considerable research interest.'”® Noble metal-based materials,
such as Pt, Au and their composites are effective catalysts
because of their high catalytic activity.*” However, the limited
supply, high cost of these noble metal-based catalysts severely
hinders their widespread implementation in their applications.
Development of low-cost and durable functional non-precious
transition metals and/or their oxides based catalysts, such as
Co/Co,0/Co,S,, Ni/NiO, Fe,O, etc., with efficient catalytic
activity, is thus highly demanded.®™*

The catalytic performance of a heterogeneous catalyst
depends on its ability to bind with target molecules and facili-
tate electron transport or hydride transport for the reduction
reactions.” Thus, it is critical to rationally design catalysts with
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beneficial for the separation from the mixture after reaction and exhibit excellent cycling stability.

abundant active centers, depending on the smaller size, high
dispersibility and stability, as well as the desired high electron
transport ability of the catalysts.*>** Coating a layer of carbon
materials on the metal nanoparticles surface has become
a promising method to obtain smaller and highly dispersive
catalyst nanoparticles.'*> Owing to their high specific surface
area, excellent electronic conductivity and structural flexibility,
porous carbons have been widely explored.'®'® Metal-organic
frameworks (MOFs), with metal moieties and organic linkers,
are also promising precursors for building porous carbons
coated metal nanoparticles through carbonization.'*"” With
their high exposure of the active sites and the fast rate of mass
transfer, these MOFs derived metal-porous carbon hybrids have
shown improved catalytic activities."®'* However, the metal
atoms in MOFs may aggregate easily during high temperature
pyrolysis process, and the relatively low electronic conductivity
also limits their catalytic activities.* A facile method to prevent
the aggregation of the nanoparticles and at the same time to
improve the conductivity is to grow MOFs on conductive carbon
materials, and there have been tremendous studies about two-
dimensional (2D) graphene sheets as support materials for
MOFs.>*> However, the intrinsic and robust intention of
restacking of 2D graphene sheets due to their strong w-7
interaction between the sheets severely limit the efficient
exposure of all the open metal-based active sites.

Monolithic three-dimensional (3D) cross-linked graphene
(3DGraphene) bulk materials have attracted increasing interest
as a support to load catalyst nanoparticles.**** Such these
composites could not only preserve the small size, high

This journal is © The Royal Society of Chemistry 2020
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dispersibility and exposure of the active catalytic sites, but also
possess suitable pore networks. Simultaneously, the multidi-
mensional electron transport path-ways deliver an extraordi-
nary electronic transport property in catalytic reactions.>****”
More importantly, 3DGraphene materials have an unique
property of emitting hot/free electrons under light illumination,
which could exhibit highly efficient catalytic properties.?**°
Furthermore, with magnetic nanoparticles, the 3DGraphene
based composites can be easily recycled, which is imperative to
the development of high-performance catalysts for cost-effective
industrial process.

In the previous works, 3DGraphene loaded metal/metal
oxide particles using as catalysts for the reduction of 4-NP
were studied. The preparation procedures include template®* or
hydrothermal®*** methods using the corresponding metal salt
as the precursors. These preparation processes have severe
limitations for highly active catalyst, including the inferior
dispersibility, insufficient size controlling, and more impor-
tantly, defective 3DGraphene structures abandoned the excel-
lent intrinsic properties.

Herein, using a designed structure of cobalt-based zeolitic
imidazolate framework-67 (ZIF-67) as an effective precursor and
template, 3DGraphene loaded porous nitrogen-doped carbon-
coated cobalt nanoparticles (3DGraphene/NC@Co)
prepared. ZIF-67, composed of cobalt nodes and 2-methyl-
imidazole ligands, can be converted to porous carbon with an
abundance of Co-N-C active sites.?” Thus, 3DGraphene/NC@Co
possess highly exposed active sites and an extraordinary prop-
erties, which arise from the synergistic effect between 3DGra-
phene and the nitrogen-doped carbon-coated cobalt
nanoparticles (NC@Co). This composite catalyst exhibits high
catalytic activity and efficiency toward catalytic reduction of 4-
NP to 4-AP, with a completed reduction time of 240 s and
a corresponding high rate constant (k) of 1.5 x 1072 s,
comparable to the widely used noble metal catalysts.

were

Experimental section
Material synthesis

All chemicals used in this work are analytical grade and used
directly without further treatment unless otherwise noted.
Deionized (DI) water was used in all experiments. Graphene
oxide (GO) was synthesized by the oxidation of natural graphite
powder using a modified Hummers' method according to our
previous procedures.>*?®

Synthesis of ZIF-67. Cobaltous nitrate hexahydrate
(Co(NO3),-6H,0, 1 mmol, 291 mg) and 2-methylimidazole
(4 mmol, 328 mg) were first dissolved in 25 mL of methanol,
respectively. Then, the solution of 2-methylimidazole was
quickly added into the solution of cobaltous nitrate, and the
resultant mixed solution was kept ageing for 24 h at room
temperature.** The resulting ZIF-67 crystals with purple color
were collected by centrifugation, washed with methanol for
several times, and then dried in a vacuum oven at 70 °C for 6 h.

Synthesis of 3DGraphene/ZIF-67. The 3DGraphene sup-
ported ZIF-67 composites were prepared through a sol-
vothermal process. Typically, the prepared ZIF-67 crystals
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(120 mg) was added to a GO ethanol dispersion (30 mL, 1.0 mg
mL~") and stirred for 30 min to mix uniformly. The mixture was
then sealed in a 50 mL Teflon-lined autoclave, heated to 180 °C
and maintained for 12 h. After the autoclave was cooled to the
room temperature, the ethanol-filled products were carefully
transferred to a beaker and had a slow and gradually solvent
exchange with water. The water wholly filled products were
freeze-dried and then dried in a vacuum oven at 120 °C for 12 h.

Synthesis of 3DGraphene/NC@Co. The previous
3DGraphene/ZIF-67 composites were annealed at 600 °C for 2 h
in Ar to obtain the final 3DGraphene loaded porous nitrogen-
doped carbon frameworks embedded with cobalt nanoparticle
material.

As control catalysts to compare, 3DGraphene and ZIF-67
were also annealed at the same conditions as that for
3DGraphene/NC@Co, and the final samples were named as
3DGraphene-annealing and ZIF-67-annealing, respectively.
They were also tested for their catalytic activity for comparison.

Characterization

The structures of the samples were investigated by X-ray
diffraction (XRD) performed on a Rigaku D/Max-2500 diffrac-
tometer with Cu Ka radiation. Raman spectrum was performed
with a Renishaw InVia Raman spectrometer using laser excita-
tion at 514.5 nm. Lorentzian fitting was carried out to confirm
the positions and widths of the D and G bands. I;; and I are the
intensities of the D and G bands, respectively. X-ray photo-
electron spectroscopy (XPS) analysis was performed using AXIS
HIS 165 spectrometer (Kratos Analytical) with a mono-
chromatized Al Ko X-ray source (1486.7 eV). Scanning electron
microscopy (SEM) images were obtained on an FEI NanoSem
430 field emission scanning electron microscope using an
accelerating voltage of 20 kV. Transmission electron microscopy
(TEM) and high-resolution transmission electron microscopy
(HR-TEM) were conducted in an FEI Tecnai G2 F20 electron
microscope using an acceleration voltage of 200 kVv.

Catalytic reduction of 4-nitrophenol

The catalytic reduction process was carried out under ambient
conditions, and the light comes from the sunlight and the
excitation light of the UV-vis spectra. Typically, NaBH, (1.0 mL,
0.25 M), 4-nitrophenol (1.0 mL, 0.5 mM) and DI water (1.0 mL)
were mixed in a colorimeter cell. Then, an aqueous suspension
of 3DGraphene/NC@Co (0.1 mL, 0.5 mg mL~ ") was added to the
solution. After adding the catalyst, the color of the 4-NP and
NaBH, solution gradually faded from yellow-green to colorless
with the reaction proceeded. The reduction process of 4-NP to 4-
AP was monitored by recording the UV-vis spectra at short
intervals in the range of 250-500 nm. With the change in the
spectral intensity at A = 400 nm as a function of time, the rate
constants (k) for the catalytic reduction of 4-NP was examined.*
The rate constants of the catalytic reaction at 0, 15, 25 and 35 °C
were studied. Based on the series of rate constants, the activa-
tion energy (E,) was calculated according to the Arrhenius
equation.
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For comparison, the catalytic activity of the control catalysts,
ZIF-67-annealing and 3DGraphene-annealing were also inves-
tigated under the same condition. At the same time, the control
reaction without any catalyst under the same conditions was
also carried out.

Results and discussion
Design and synthesis of 3DGraphene/NC@Co

As discussed above, to obtain the catalysts with high activity, it
is critical to achieve the active metal nanoparticles with smaller
size as well as high dispersibility. This requires not only proper
design of the support structure but also precise control of the
morphology of the active metal particles. Here, ZIF-67 crystals
(Fig. S1, ESIt) are chosen as the precursor of NC@Co to control
the dispersion of metal particles during the inVia construction
of 3DGraphene with GO as the precursor using a solvothermal
process. The schematic synthesis process of 3DGraphene/
NC®@Co is illustrated in Scheme 1. During this solvothermal
process, the 3DGraphene network can be constructed via the
covalent cross-linking of the functional groups such as OH,
COOH, and epoxy groups mainly located on the GO sheets
edges.*»* Simultaneously, the dispersed ZIF-67 crystals are
spontaneously self-assembled on the surface of GO sheets
through the non-covalent bond, such as hydrogen bonding
between the H atoms of ZIF-67 and the -OH/-COOH of gra-
phene sheets. The following freeze-drying process can keep the
cross-linked 3D porous structure of the composites. The final
carbonization process under Ar can not only convert the ZIF-67
crystals to nitrogen-doped carbon-coated cobalt nanoparticles,
but also partly reduce GO to graphene. Thus, the 3DGraphene
loaded porous nitrogen-doped carbon-coated cobalt nano-
particles will be prepared.

Structure and morphology characterization

The morphologies of the prepared 3DGraphene/NC@Co
composite are shown in Fig. 1. The SEM images (Fig. 1a and
b) exhibit the cross-linked 3DGraphene skeleton structures,
originated from the efficient assembly of the wrinkled GO
sheets during the hydrothermal process,***® which is beneficial
for the formation of highly dispersed cobalt nanoparticles. As

2 solvothermal
reaction

ZIF-67

2D graphene sheets

3DGraphene/ZIF-67
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shown in the high magnified SEM image (Fig. 1b), the catalyst
particles are uniformly dispersed on the surface of GO sheets in
the interconnected 3D structures. TEM is further employed to
evaluate the nanostructures of the 3DGraphene/NC@Co
composite. Fig. 1c shows the catalyst nanoparticles, with an
average diameter of about 12.2 nm (inset of Fig. 1c), are
uniformly dispersed on the graphene network, which agrees
well with the SEM results. In the HR-TEM, as shown in Fig. 1d,
cobalt nanoparticles encapsulated in carbon skeletons are
clearly observed. Notably, the carbon shell is derived from the
annealing of ZIF-67 under high temperature.

The structural properties of 3DGraphene/NC@Co compos-
ites were further investigated using XRD and Raman analysis.
As shown in Fig. 2a, all the diffraction peaks in the XRD patterns
of the prepared ZIF-67 in the 26 range of 5-30° match well with
the reported results.>?*® In the XRD pattern of 3DGraphene/
NC@Co composite, the broad peak at 26.2° corresponds to
the (002) diffraction of the graphene material. The peak at 44° is
indexed to the (111) crystal plane of face-centered (fcc) Co
(PDF#15-0806)," indicating that ZIF-67 deposited on 3DGra-
phene has been partially transformed into metallic Co. The
more structure characteristic of cobalt and the disordered
structure of 3DGraphene can also be supported by the Raman
spectrum. In Fig. 2b, the D band for the disordered carbon
crystallites at 1356 and G band for crystalline graphite at
1592 cm ' are shown. The large value of the full width at half
maximum of D and G bands (~144.2 and 68.4, respectively) and
the high ratio of integrated intensities of D and G bands (Ip/Ig =
2.10) demonstrate a high degree of structural disorder of
3DGraphene. Such highly disordered structures could provide
abundant active sites for accelerating charge transfer rate and
stabilizing the nanoparticles.”” The characteristic peak at
675 cm™ ! can be observed, corresponding to the existence of
cobalt oxide.*® The XRD result, combined with Raman analysis,
show that the metal nanoparticles derived from ZIF-67 on
3DGraphene consist of metallic cobalt and cobalt oxide. It is
noted that, in the XRD result, due to the hump of carbon, the
peaks of cobalt oxide is not noticeable.

XPS analysis is usually employed to confirm the surface
composition and chemical state of the catalysts. The XPS survey
spectrum of 3DGraphene/NC@Co composite (Fig. 3a) reveals
the presence of C, O, N, and Co in the composites and the

freeze ‘
drying annealing
——— E—— N-doped
Carbon
3DGraphene/NC@Co

Scheme 1 Schematic illustration of the preparation process of 3DGraphene/NC@Co composite.
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Fig. 1 The morphologies of 3DGraphene/NC@Co. (a and b) SEM, (c) TEM and (d) HR-TEM images. Inset in (c) is the statistical diameter distri-

bution charts of ~280 particles.

atomic ratio is 86.84%, 10.28%, 0.79% and 2.09%, respectively.
The high-resolution C 1s spectrum (Fig. 3b) is deconvoluted
into sp” carbon (284.2 eV), C-N (285.8 €V), and C-O (287.9 eV)."*
The presence of the C-N bond confirms the successful doping
of N in the process of ZIF-67 forming the carbon layer. The
corresponding high-resolution XPS spectrum of N 1s (Fig. 3c)
shows the existence of two types of N configuration, Co-N, and
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graphitic-N at the binding energies of 399.2 and 401.2 eV,
respectively.””*” The high-resolution spectrum of Co 2p, as
shown in Fig. 3d, reveals the peaks corresponding to metallic Co
at 779.5 and 794.5 eV,*** Co-N-C at 780.7 eV and Co-N species
at 796.2 eV." The satellite band at 784.5 eV come from the
cobalt oxide.*® The XPS analyses display the coexistence of
metallic cobalt and cobalt oxide, corresponding to the XRD and

(b)
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Fig. 2 Structure analysis of prepared materials. (a) XRD results of ZIF-67 and 3DGraphene/NC@Co. (b) Raman spectrum of 3DGraphene/

NC@Co.
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Fig. 3 XPS spectra of 3DGraphene/NC@Co. (a) Survey spectrum, and high-resolution spectra of (b) C 1s, (c) N 1s, and (d) Co 2p.

Raman results. Notably, the existence of Co-N-C and Co-N
species indicates the presence of M-N-C bonds, which can be
highly active toward catalysis reaction.™

Catalytic activity for the reduction of 4-nitrophenol

The catalytic activity of 3DGraphene/NC@Co composite and the
control samples (ZIF-67-annealing and 3DGraphene-annealing,
prepared under the same conditions) were evaluated using the
reduction reaction of 4-NP to 4-AP as a model system. The 4-NP
solution shows a strong absorption peak at 317 nm under
neutral or acidic conditions. After addition of NaBH, solution,
the absorption peak of 4-NP changed from 317 to 400 nm
immediately (Fig. S2, ESIt), correspondingly, the color changed
from light yellow to yellow-green due to the formation of the 4-
nitrophenolate ion in basic medium.* With the addition of the
3DGraphene/NC@Co catalyst, the color of the 4-nitrophenolate
ions gradually faded away and became colorless finally. Mean-
while, the absorbance at A,,,x = 400 nm decreased, and a new
peak emerged at A,a.x = 300 nm, corresponding to the forma-
tion of 4-AP. Notably, without any catalyst, the reaction rate of
reduction of 4-NP by NaBH, was relatively slow, which can be
reflected from the negligible decrease of the absorption peak at
Amax = 400 nm over a period of time (Fig. S3, ESIf). Fig. 4
demonstrates the catalytic activities of 3DGraphene/NC@Co
and the control -catalysts of ZIF-67-annealing and
3DGraphene-annealing for the reduction reaction of 4-NP to 4-
AP. 3DGraphene/NC@Co shows the best and significantly
enhanced catalytic activity, which lead to the solution
completely colorless in 240 s (Fig. 4a), indicating a complete

42058 | RSC Adv,, 2020, 10, 42054-42061

reduction of 4-NP to 4-AP. As a contrast, the retention of the
corresponding  absorbance of ZIF-67-annealing and
3DGraphene-annealing is 43% and 94% at 240 s (Fig. 4b and c),
respectively. Based on above comparison and analyses, the
much enhanced catalytic activities of the 3DGraphene/NC@Co
could be attributed to the excellent structure and charge
transfer ability of the composites.

Consider that the catalytic reaction follows the pseudo-first-
order kinetics with respect to the concentration of 4-NP with
excess NaBH,, the apparent rate constant (k) can be calculated
followed the kinetic equation given as:"**

In Ct/C() = —kt

where, Cy and C; are the initial concentration (¢ = 0) of 4-NP and
that at time ¢, respectively. The data of In(C,/C,) versus time (¢)
were linearly fitted, and the slope of the plots was the rate
constant (k). The rate activity parameter (k') of the rate constant
normalized with the mass of catalyst used in the reaction was
also calculated. Among the series of catalysts, 3DGraphene/
NC@Co materials exhibit the maximum rate constant k of 1.5
x 10" 2s tand ¥ of 3.0 x 10"* s~ mg~*, which are more than
twice of that of ZIF-67-annealing (Fig. 4d and e). Note that the
rate constant for 3DGraphene/NC@Co is higher than the sum of
ZIF-67-annealing and 3DGraphene-annealing under the same
conditions. These results indicate that there must be some
synergistic effect for this composite catalyst, and this will be
discussed later. Furthermore, the rate constant obtained in this
study is by far much higher than several noble/non-precious
metal/metal oxide catalysts, as shown in Table 1.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Catalytic activity of 3DGraphene/NC@Co and the control catalysts. (a—c) Successive UV-vis spectra for the reduction reaction of 4-NP by
NaBH,4 with catalysts of (a) 3DGraphene/NCa@Co, (b) ZIF-67-annealing and (c) 3DGraphene-annealing. (d) The plot of In(C/Co) versus time t and
(e) the comparison of the rate constants for the reduction of 4-NP with the three kinds of catalysts. (f) The fitting line of In k versus 1/T. (g—i)
Cycling stabilities of 3DGraphene/NC@Co catalyst for the reduction of 4-NP at 25, 0 and 35 °C, respectively.

Table 1 Comparison of rate constants k and activity parameter k' of
3DGraphene/NC@Co with the reported catalysts for the reduction of
4-NP to 4-AP

kx107? K x107?
Catalyst (s (s7'mg™) Ref.
FeCo-NCNS/TRGO- 4.00 0.80 9
0.050
Ni/rGO@Au 8.73 97.0 43
AuNRs/GO 28.2 8.56 12
COFe,0,-2.0 340 34.0 44
3DG@CS@AUNSs 6.33 — 31
Ru/H,MoO;_, (100) 1.05 — 45
Au/PEI/GO 9.87 1.97 46
CuO-MnO, NPs 5.20 5.20 47
Au/g-C3N, 7.90 7.90 48
CuO nanorods 6.70 6.70 32
Au/CoFe,0, 5.4 — 49
3DGraphene/NC@Co 15.0 300 This
work

To further study the catalytic performance of 3DGraphene/
NC@Co catalyst for the reduction of 4-NP, the thermody-
namic parameter of activation energy E, were investigated by
carrying out the reaction at 0, 15, 25 and 35 °C respectively. The

This journal is © The Royal Society of Chemistry 2020

apparent rate constants at each temperature was obtained.
Then the activation energy was calculated using the Arrhenius
equation, as shown in Fig. 4f. The low E, of 48.34 kJ mol !,
similar to the data reported in the literature,® demonstrate the
high activities of 3DGraphene/NC@Co catalyst.

The cycling stability and reusability is a critical feature for
the evaluation of heterogeneous catalyst. Thus, 3DGraphene/
NC@Co catalyst was recycled and used in a new reaction to
test the catalytic activity for seven cycles and the corresponding
rate constants testing at 0, 25 and 35 °C are shown in Fig. 4g-i.
The detailed rate constants for each cycle of catalytic reaction at
different temperature are exhibited in Tables S1-S3 (ESIt). For
the series of cycling experiments, the k value decreases slightly
after each cycle, indicating a good recycling ability of
3DGraphene/NC@Co catalyst at each temperature in the range
of 0-35 °C. Notably, due to the magnetic characteristics of the
3DGraphene/NC@Co catalyst, it can be recycled easily from the
solution, which 1is another critical issue in practical
applications.

Catalytic mechanism

Based on the results above, especially for the 3DGraphene/
NC@Co material, noticeable catalytic activity was observed.
The much enhanced catalytic activity of the composite should
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Fig. 5 The reaction mechanism of photocatalytic reduction of 4-NP
to 4-AP with 3DGraphene/NC@Co catalyst.

contribute to the synergistic catalytic effect from 3DGraphene®®
and the embedded cobalt nanoparticles.”'® As observed
before,”** 3DGraphene itself can efficiently generates a high
density of hot/free electrons under full-spectrum (including UV,
visible and IR) light illumination, and such highly energetic hot/
free electrons can be ejected from 3DGgraphene into free space
via an Auger-like mechanism. These hot/free electrons,
behaving as massless Dirac fermions, can act as powerful
reducing agents for driving the initial photo-reduction reaction.
Thus, under the illumination of visible light and the UV-vis light
from the ultraviolet spectrometer, the catalytic process of
3DGraphene/NC@Co composite for reduction of 4-NP to 4-AP in
this study can be envisaged that it performs through two
pathways, as illustrated in Fig. 5. In one way (path I), 3DGra-
phene in the composite can work as a bare photocatalyst itself,
where highly energetic hot/free electrons generated under illu-
mination could effectively reduce the 4-NP molecules directly
adsorbed on the surface of the graphene sheets. In the other
way (path II), on the contact surface of graphene sheets and
cobalt nanoparticles, due to a lower work function of 3DGrah-
phene than that of cobalt, the hot/free electrons ejected from
3DGraphene under light illumination can quickly and effi-
ciently transfer to metallic cobalt, resulting in an electron-
enriched region surrounding the cobalt nanoparticles. These
highly energetic hot/free electrons can significantly facilitate
the reduction reaction of the 4-NP molecules assembled near
the active cobalt centers.* Thus, these electron transfer via hot/
free electron mechanisms would cause a higher catalytic activity
than that of the sum of individual ZIF-67-annealing and
3DGraphene-annealing (Fig. 4e), indicating a synergetic effect
between 3DGraphene and the cobalt nanoparticles.

Conclusions

In summary, a novel composite catalyst with nano Co particles
embedded in 3DGraphene has been constructed through
a simple solvothermal reaction. With a hot/free electron
mechanism and the synergetic effect between 3DGraphene and
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the embedded cobalt nanoparticles, 3DGraphene/NC@Co
exhibits excellent and much enhanced catalytic activity and
cycling stability for the reduction of 4-NP to 4-AP by NaBH, in an
aqueous solution. The reduction conversion of 4-NP can achieve
nearly 100% within 240 s, and the corresponding rate constant k
can reach 1.5 x 107> s™'. For the cycling stability, after seven
successive recycles of the catalyst, it still retains significant
conversion efficiencies, even at 0 and 35 °C. Moreover, the
freestanding cross-linked 3DGraphene bulk material could
improve the catalyst's performance in separation and reuse.
This work might provide some guidelines to develop novel non-
precious metal catalyst through a facile, environment-friendly
approach.
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