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ABSTRACT: With cobalt oxides as promising catalysts for hydrogen generation, 2D network
polymer-supported cobalt-oxide catalysts with good crystallinity are highly anticipated to enhance
catalytic performance. Here we report the fabrication of a 2D nitrogenated network polymer-
encapsulated cobalt-oxide (Co@C2N) catalyst via an in situ solvothermal synthesis. Co@C2N
exhibits outstanding catalytic activities for hydrogen (H2) generation from the hydrolysis of alkaline
sodium borohydride (NaBH4) solutions. The rate of maximum hydrogen generation is comparable
to the best reported values for catalysts containing other noble metals in alkaline solutions.
Furthermore, Co@C2N can also catalyze the in situ reduction of a nitro group into an amino group
(4-nitrophenol to 4-aminophenol) in the presence of NaBH4. The origin of high catalytic activity
with enhanced stability could be due to the strong interaction between the cobalt-oxide
nanoparticle and the C2N framework, which contains a large portion of nitrogen.

■ INTRODUCTION

Hydrogen is a clean and efficient fuel and can serve as an
excellent alternative to fossil fuels. In fuel cell systems,
hydrogen is the most eco-friendly anodic fuel for the generation
of electricity. However, many problems are associated with the
safe and convenient utilization of hydrogen fuel. One of the
foremost issues is related to hydrogen storage, which must be
efficient while also safely controlling the storage and release
processes. Although sodium borohydride (NaBH4) is currently
regarded as a convenient way to store hydrogen at high
densities, it is crucial to develop efficient catalysts for the release
of hydrogen.1 The catalytic decomposition of sodium
borohydride in water is an easy method by which to obtain
clean hydrogen, where the catalysts perform a vital role in
controlling the speed and extent of hydrogen generation. The
hydrogen evolution reaction of NaBH4 on the surface of a
suitable catalyst under an ambient condition can be expressed
by the following eq 1.2

+ ⎯ →⎯⎯⎯⎯⎯⎯ −NaBH 2H O NaBO 4H4 2
Catalyst

2 2 (1)

The most popular catalysts for obtaining hydrogen from
hydrides are mainly based on noble metals such as ruthenium
(Ru) and platinum (Pt).3,4 However, due to the very high cost
and limited supply of noble metals, many efforts have gone into
looking for alternative catalysts composed of inexpensive
materials.5 Nonprecious transition metal oxides are broadly
studied as catalysts due to their diversity of oxidation states for
efficient redox charge transfers.6 Cobalt oxides have been
recognized for their nontoxicity, high stability, and low cost.7−14

They are also used as catalysts for the oxygen reduction
reaction (ORR) in fuel cells and for the oxygen evolution
reaction (OER) necessary for water splitting.15,16 In addition,
cobalt oxides can serve as efficient catalytic precursors for
NaBH4 hydrolysis, as they can be reduced in situ to form active
CoxB catalysts.17,18 Crystalline cobalt oxides with a high surface
area are conducive to NaBH4 hydrolysis on the surface of the
catalyst.19,20 Hence, cobalt oxides with high crystallinity and a
large surface area are desirable for efficient catalysis. By
implanting the crystalline metal oxide on a carbon support, the
crystallinity and surface area can be enhanced. A number of
techniques, such as electrochemical deposition,21 the hydro-
thermal process,22 thermal decomposition,6 thermal oxida-
tion,23 and spray pyrolysis24 have been applied in the
production of nanostructured cobalt oxides.25−27 Recently,
porous single-crystal and ordered mesoporous cobalt-oxide
structures were developed using templates.28,29 However,
cobalt oxide encapsulated in a two-dimensional (2D) network
polymer framework has not been reported as catalyst for
hydrogen evolution and heterogeneous reduction of nitro
groups into amino groups at the same time.
This study undertakes the in situ synthesis of a 2D network

polymer in the presence of cobalt chloride (CoCl2) and thus
the production of highly crystalline cobalt-oxide nanoparticles
encapsulated in a 2D porous network polymer. The
encapsulated cobalt-oxide nanoparticles in the 2D porous
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network polymer show outstanding catalytic activity for NaBH4
hydrolysis in alkaline solutions relative to those of the other
reported catalysts based on pure precious metals. The material
was also evaluated as a catalyst for the in situ reduction of 4-
nitrophenol into 4-aminophenol in the presence of NaBH4.

■ EXPERIMENTAL SECTION
Chemicals. All solvents, chemicals, and reagents were purchased

from Aldrich Chemical Inc., unless otherwise stated. Solvents were
degassed with nitrogen purging prior to use. All the reactions were
carried out under nitrogen atmosphere using oven-dried glassware.
1,2,3,4,5,6-Hexaaminobenzene was synthesized according to literature
procedure.30

Characterization. Thermogravimetric analysis (TGA) were
conducted in air and nitrogen atmosphere at a heating rate of 10
°C/min using a Thermogravimetric Analyzer Q200 TA Instrument,
U.S.A. The surface area was calculated by nitrogen adsorption−
desorption isotherms using the Brunauer−Emmett−Teller (BET)
method on BELSORP-max (BEL Japan Inc.). Scanning electron
microscope (SEM) images were taken on Field Emission Scanning
Electron Microscope Nanonova 230 FEI, U.S.A. X-ray photoelectron
spectroscopy (XPS) was performed on Thermo Fisher K-alpha
Spectrometer (UK). X-ray diffraction (XRD) patterns were taken on
High Power X-ray Diffractometer D/MAZX 2500 V/PC (Cu Kα
radiation, 35 kV, 20 mA, λ = 1.5418 Å) Rigaku, Japan. High resolution
transmission electron microscopy (HR-TEM) was performed by using
JEM-2100F (JEOL, Japan) under an operating voltage of 200 keV.
The samples for TEM were prepared by drop casting N-methyl-2-
pyrrolidone (NMP) dispersion on Quantifoil holey carbon TEM grid
and dried in oven at 80 °C. Elemental analysis was conducted with
Thermo Scientific Flash 2000. Nuclear magnetic resonance (NMR)
spectra were taken using a FT-NMR 400 MHz Agilent Spectrometer
in DMSO-d6 as a solvent, and mass spectra were measured on Bruker
Mass Spectrometer (Germany).
Synthesis of Co@C2N. CoCl2 (1.15 g) was first dissolved in

anhydrous NMP (80 mL) on the ice bath in round-bottom flask and
then added 1.68 g (5.403 mmol) of hexaketocyclohexane (HKH)
followed by 1.5 g (5.403 mmol) of 1,2,3,4,5,6-hexaaminobenzene
(HAB) trihydrochloride under the nitrogen atmosphere and refluxed
for 8 h. The reaction mixture was then cooled to room temperature
and sodium borohydride (NaBH4) solution (10 wt %, 40 mL NMP)
was slowly added into the reaction mixture and refluxed for additional
5 h. After the mixture was cooled, it was poured into water, and the
precipitates were collected by filtration using PTFE membrane (0.45
μm). The product was further purified by Soxhlet extraction with
methanol and water for 24 h each. After freeze-drying, the black
powder was annealed at 450 °C under argon atmosphere for 2 h.
Catalytic Hydrogen Evolution Test. In a typical experimental

setup, an oven-dried flask containing the Co@C2N (10 mg) catalyst
was flushed with nitrogen. Then, an aqueous mixture of NaBH4 (10 wt
%, 3 mL) solution and NaOH solution (5 wt %, 3 mL) was injected
through the rubber plug sealed flask by a syringe. The volume of the
H2 generated was measured using water displacement method. The
reaction temperature was controlled by immersing the flask in a
temperature controlled oil bath.
Catalytic Reduction Reaction. In a two-neck flask, Co@C2N (10

mg) catalyst and deionized water (30 mL) were charged. Then, 4-
nitrophenol (2.0 g, 14.4 mmol) and aqueous NaBH4 (10 wt %, 20 mL)
solution were added. The mixture was stirred at room temperature
until the yellowish solution completely disappeared after 30−60 min.
After reaction completed, the reaction mixture was filtered through
PTFE membrane (0.45 μm) to recover the Co@C2N catalyst. The
filtrate was dried to give quantitative yield of 4-aminophenol. The
product was characterized without further purification.

■ RESULTS AND DISCUSSION

The cobalt oxide encapsulated in C2N holey two-dimensional
network polymer (Co@C2N) material was simply synthesized

by a condensation reaction between HKH) and HAB30 in N-
methyl-2-pyrrolidone (NMP)31 in the presence of cobalt
chloride (CoCl2) (Figure 1a; detailed synthesis and workup

procedures are described in the Experimental Section). The
resultant black powder was annealed at 450 °C for 2 h under an
argon atmosphere. Interestingly, the material shows strong
attraction toward an external magnet (Figure 1b). The network
polymer has empirical formula of C2N for the repeating unit in
the basal plane (Figure 1a); thus, the cobalt-oxide nanoparticles
embedded in the C2N structure are denoted as Co@C2N. A
scanning electron microscope (SEM) and a high-resolution
transmission electron microscope (HR-TEM) were used to
study the morphology of the Co@C2N structure. The SEM
image of the Co@C2N shows granule-type morphology (Figure
1c). The HR-TEM image of the Co@C2N reveals the presence
of well-distributed particles in the C2N matrix (Figure 1d). The
average diameter of the cobalt-oxide particles is in the range of
10−20 nm (Figure S1a). The high-resolution TEM (HR-TEM)
image also shows that cobalt-oxide nanoparticles are very

Figure 1. (a) Schematic presentation of the Co@C2N synthesis; (b)
the behavior of Co@C2N in the magnetic field. Co@C2N in a vial
without a magnetic field (left); Co@C2N in the vial with a magnetic
field (right), revealing the magnetic attraction of the black Co@C2N
powder toward a magnet, with the material accumulated on the side of
the glass wall of the vial; (c) SEM image of Co@C2N; (d) low-
magnification HR-TEM image, showing a uniform distribution of
cobalt-oxide nanoparticles in the C2N framework; (e) high-
magnification HR-TEM image disclosing the Co nanoparticles tightly
encapsulated by the C2N framework.
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tightly encapsulated with a well-defined C2N framework
(Figure 1e). The number of coated C2N layers varies from 2
to 12 in the Co@C2N (Figures S1b and S2). The average
number of C2N layers encapsulating nanoparticles is approx-
imately 3, and the average size of nanoparticles is approximately
6 nm. The Fast Fourier Transform (FFT) image of the Co@
C2N can be assigned to the diffraction planes of the crystalline
structure of the nanoparticles coated with C2N layers (Figure
1e, inset). The C2N layers can easily be identified around the
outer surface of the cobalt-oxide nanoparticles with an
interlayer spacing of 0.327 nm (Figure S3), which is very
close to that of the parent C2N-h2D.

31 These results suggest
that the encapsulation of the cobalt-oxide nanoparticles inside
the well-defined C2N framework efficiently protects the cobalt-
oxide nanoparticles and thus enhances the catalytic activity with
long-term stability.
An elemental analysis (EA) further revealed that the Co@

C2N contains ∼28.5 wt % cobalt oxide with 71.05 wt % C2N
framework. A thermogravimetric analysis (TGA) also supports
the EA results (Table S1, Figure S4); organic C2N should be
completely decomposed in air without leaving residue at
temperatures above 400 °C, but Co@C2N displayed approx-
imately 40 wt % of residue. The higher weight content (∼40 wt
%) from the TGA as compared to that (∼28 wt %) from the
EA is due to the further oxidation of cobalt into cobalt oxide in
air at an elevated temperature.
SEM coupled energy-dispersive spectroscopy (SEM-EDS)

(Figures S5) and TEM elemental mapping (Figure S6) were
also used to confirm the elemental composition of Co@C2N. A
uniform distribution of cobalt-oxide nanoparticles in the Co@
C2N framework was detected by elemental mappings in the
SEM-EDS analysis. In addition to SEM-EDS, the XPS survey
spectra of the Co@C2N show the presence of C, N, O, and Co
(Figure 2a). Detailed data are summarized in Table S1.

The deconvoluted Co peak (Figure 2) reveals that the
oxidation state of Co in the Co@C2N is mainly the Co3+ state
with small amount of Co2+ (inset, Figure 2a).32 The powder X-
ray diffraction (XRD) pattern of the Co@C2N after annealing
at 450 °C reveals that its structure is highly crystalline (Figure
2b). The diffraction peaks marked with pink spots at 2θ values
of 19.02°, 31.23°, 36.72°, 38.05°, 44.52°, 55.50°, 59.40°, and

65.06° for the crystal can be assigned to the (111), (220),
(311), (222), (400), (422), (511), and (440) planes of cobalt-
oxide (Co3O4) crystal, respectively, whereas the peaks spotted
with cyan at 2θ values of 42.40° and 61.52° for the cobalt-oxide
(CoO) crystal can be assigned to the (200) and (220) planes of
the CoO crystals, respectively. The XRD profile indicates
mainly the presence of Co3O4 and CoO in the material as an
active catalyst for hydrogen evolution (JCPDS 78-0431). From
the XRD spectrum, it is clear that the population of Co3O4 is
greater than that of CoO.
After annealing at 450 °C, the Co@C2N was used as a

catalyst for hydrogen production by means of NaBH4
hydrolysis in alkaline media. Plots of the H2 generation volume
as a function of time at different temperatures are shown in
Figure 3a. The H2 generation rate clearly increases with respect

to the temperature due to the accelerated movement of the
NaBH4 molecules.

19 It can also be seen that the volume of the
total H2 generated always approaches 1500 mL, which
corresponds to the maximum theoretical value for a NaBH4
dosage.19 Furthermore, the Co@C2N reaches a maximum H2
generation rate of 8903 mL min−1 g−1 at 303 K (ambient
condition). For comparison, the maximum H2 generation rates
of different metal catalysts are summarized in the Table S3. As
Co@C2N contains 30 wt % catalytic cobalt oxide, the actual H2
generation rate must be much higher than the reported value.20

These results indicate that Co@C2N has very high catalytic
activity and that it can serve as an excellent alternative to the
noble metal catalysts currently used during the catalytic
generation of H2 via the hydrolysis of NaBH4. The Arrhenius
activation energy (Ea) of the catalytic reaction can be calculated
using the following eq 2:

= −⎜ ⎟⎛
⎝

⎞
⎠r k

E
RT

expo
a

(2)

Here r denotes the reaction rate, R is the ideal gas constant, k0
represents the reaction constant, and T is the reaction
temperature. The values of the rate constant k at different
temperatures are calculated from the slope of the initial linear
part of each plot. From the slope of the Arrhenius plot shown
in Figure 3b, the Arrhenius activation energy of Co@C2N was
determined to be approximately 66.174 kJ mol−1. The low
Arrhenius activation energy may be due to the synergic effect of
Co nanoparticles and the two-dimensional (2D) C2N structure.
The stability of Co@C2N was explored during the hydrolysis of
NaBH4. The result revealed good stability, nearly maintaining
its activity up to five runs (Figure 4a). The efficient catalytic
properties may have two possible causes. The first may be the
high surface area, which provides more active sites for catalytic
reactions, and the second stems from the 2D C2N polymer,

Figure 2. XPS survey spectra: (a) full XPS survey spectrum. The inset
shows the deconvoluted Co peak; deconvoluted survey spectra of (b)
C 1s, (c) N 1s; (d) powder HP-XRD pattern of Co@C2N.

Figure 3. Catalytic hydrogen generation of Co@C2N: (a) Hydrogen
generation rate for Co@C2N at different temperature; (b)
corresponding Arrhenius plot obtained from the data in (a).
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which protects the cobalt-oxide nanoparticles. The holey C2N
coating on the cobalt-oxide nanoparticles imparts a synergic
effect by providing not only a large surface but also good
isolation of the cobalt-oxide nanoparticles in the C2N matrix
(see Figure 1d).
To prove this scenario, the Brunauer−Emmett−Teller

(BET) surface area was measured through a nitrogen
adsorption−desorption analysis of Co@C2N (Figure 4b). The
specific surface area was measured to be 231 m2 g−1 with an
average pore diameter 4.54 nm. To further understand the
interaction between cobalt-oxide nanoparticle and C2N frame-
work, the magnetic properties of Co@C2N were recorded using
a Quantum Design SQUID-VSM. Figure S7 displays the
hysteresis loop of the sample measured at 5 and 300 K. As
shown in the inset of Figure S7, the magnetization of the
sample clearly displays strong ferromagnetic behavior with
nonzero coercivity and remanence even at 300 K. Indeed, this
strong ferromagnetic behavior is somewhat surprising, as XRD
indicates that the cobalt in our sample mostly presents as
cobalt-oxide (Co3O4) crystal, which is a well-known anti-
ferromagnet in the bulk form. Nanoparticles of Co3O4 have
been shown to be weak ferromagnets due to uncompensated
surface spins.33 Based on ∼28.5 wt % cobalt in the sample
(Table S1), the saturation of the magnetization at 5 K and 7 T
reaches ∼0.8 μB. Unlike typical Co3O4 nanoparticles, nearly all
of the spins in the Co2+ in our sample were involved in collinear
ordering. In general, the electronic and magnetic configurations
of nanosized particles can be dramatically influenced by the
chemisorbed surface ligand. Such a ligand field can induce
strong pinning of the surface spins, which even can be
transferred into the core of the particles via exchange
interactions.34,35 The remarkable change of magnetic config-
uration in our sample reflects strong interaction between the
valence electrons in the Co ions and π-conjugated electrons in
the C2N layer, which may lead to enhanced performance as a
catalyst.
Furthermore, 4-nitrophenol is widely present in wastewater,

originating from agricultural and industrial sources. It is
regarded to be one of the most widespread organic pollutants.36

Hence, the transformation from the nitro to the amino forms
has great potential industrial value in, for instance, aniline and
paracetamol production.34 The catalytic reduction of 4-
nitrophenol into 4-aminophenol by NaBH4 was initially
reported by Pal in 2002 using silver nanoparticles as a
catalyst.37 The reduction reaction is a commonly used reaction
to test the catalytic activity of an aqueous solution under mild
conditions.38 Co@C2N was also used as a heterogeneous
catalyst to catalyze the hydrogenation of 4-nitrophenol into 4-
aminophenol. The product, 4-aminophenol, is an important
synthon for the chemical and pharmaceutical industries. It is
mainly produced by the hydrogenation of nitrobenzene over

precious metals in the presence of hydrogen under relatively
high pressure.39 Interestingly, Co@C2N itself can catalyze very
efficiently the reduction of 4-nitrophenol into 4-aminophenol at
room temperature in the presence of NaBH4 with an almost
quantitative yield. The product was characterized by NMR and
mass spectrometry without purification (Figure S8−S11, Table
S2), indicating that the yield is indeed quantitative.

■ CONCLUSIONS
In summary, a facile and scalable method is reported for the
synthesis of cobalt oxide encapsulated in 2D network polymer
(Co@C2N). The synthesized Co@C2N was used as a catalyst
for hydrogen evolution of NaBH4, exhibiting outstanding
catalytic activity. The maximum H2 evolution rate of the Co@
C2N catalyst exceeds most reported values of catalysts
containing transition metals and/or noble metals carried out
under similar conditions. Thus, the hydrolysis of NaBH4 can be
achieved in an ambient condition and hydrogen gas can be
evolved at an appreciable rate. Co@C2N also has great
potential to be used as a novel catalyst for the reduction of
nitro groups in organic compounds. The results here suggest
that Co@C2N is a promising candidate to replace noble metal-
based catalysts for the hydrogen evolution of NaBH4 and the
reduction of nitro groups into amino groups at the same time.
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