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Cobalt nanoparticles incorporated into hollow
doped porous carbon capsules as a highly efficient
oxygen reduction electrocatalyst
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Platinum-based materials have been the dominant and best electrocatalysts for promoting the oxygen re-
duction reaction (ORR). However, going beyond state-of-the-art catalysts remains a great challenge. Re-
cently, nanostructured composites of conductive carbons and earth-abundant metals have emerged as
promising electrocatalysts. Herein, we report a facile and practical approach for the synthesis of cobalt
nanoparticles embedded into hollow nitrogen/cobalt-doped porous carbon capsules (Co@NPCC). The fab-
rication of this material was achieved via the thermal decomposition of sacrificial metal-organic framework
nanocrystals coated with a metal-tannic acid coordination polymer shell, upon pyrolysis, which delivers
zerovalent cobalt nanoparticles embedded in the walls of hollow capsules. Co@NPCC proved to be a
superb catalyst for the electrochemical ORR, showing a highly positive onset potential (~1.02 V vs. RHE)
and current density (~5.2 mA cm™) in 0.1 M KOH electrolyte. These values are in excellent agreement with
those reported for the state-of-the-art Pt/C catalyst. Significantly, materials produced via this approach can
be manufactured on a large scale, thereby providing access to next-generation catalysts for important
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Introduction

The electrochemical oxygen reduction reaction (ORR) is the
heart of fuel cells and lithium-air batteries. In general,
platinum-based materials are the most active and stable cata-
lysts for the ORR.'” However, the scarcity and high cost of
platinum limits their practical utility in large-scale applica-
tions. To overcome these drawbacks while maintaining or im-
proving the catalytic activity, exploring cheap, efficient, and
durable alternatives to platinum is crucial to facilitate the
global scalability of such potential clean energy technology.*™®

Recently, as newly developed -catalysts, metal species
supported nitrogen-doped carbon materials have emerged as
one of the most promising alternatives to ORR catalysts."®™°
Since the attractive functional properties of these catalysts
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primarily rest in their chemical components and porous ge-
ometries, small and monodisperse metal nanoparticles (NPs)
are highly desirable."®'*">2° However, it remains a challenge
to prepare such materials while avoiding the sintering or ag-
gregation of the NPs. Support materials, particularly those
based on carbon, have been used to address this issue. A
highly desirable feature in these carbon supports is their dis-
crete and hollow character, which gives rise to the formation
of hollow porous carbon capsules (PCCs). The attractive
structural features of hollow porous carbon capsules include
uniform size/shape, large surface area, large interior void
spaces, and highly porous walls, which expose the active sites
of the catalyst to the reaction environment and help acceler-
ate mass transfer processes during chemical reactions. Fur-
thermore, heteroatom doping (e.g., B, S, N, P, etc.) within
these porous materials has been demonstrated as an effective
strategy to improve their activity in the aforementioned
applications.”*®° To achieve this substitution, a few metal-
organic framework (MOF)-derived porous carbon support
non-precious metal catalysts®>*°>* have been synthesized.
However, it is still a prime challenge to achieve large-scale
preparation of non-precious nanoparticles embedded in
heteroatom-doped hollow carbon capsules at the cutting edge
of this field of research.

In this work, we report a generic approach for the large-
scale synthesis of cobalt nanoparticles embedded in hollow

This journal is © The Royal Society of Chemistry 2018
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cobalt-nitrogen-doped porous carbon capsules (Co@NPCC).
Our methodology for achieving this is summarized in
Scheme 1. MOF nanocrystals are employed to define the
shape and size for the hollow structure. Here, the MOF is
ZIF-8CoZn. A uniform layer of a potassium-tannic acid
polymer is then deposited around the ZIF nanocrystals
from soluble precursors (step I). This produces a ZIF-
8CoZn@K-TA composite material. Pyrolysis of this composite
yields hollow cobalt-nitrogen-doped carbon capsules that
support cobalt nanoparticles (Co@NPCC) (step II). This
material presents many attractive structural features for
electrocatalysis, including uniformly dispersed cobalt nano-
particles in graphitic layers, exposed Co-N, active sites, and
excellent permeability to incoming gases. Benefitting from
the structure, Co@NPCC demonstrates outstanding oxygen
reduction reaction (ORR) performance with low onset poten-
tial, high current density, four-electron transfer, and long-
term durability in alkaline media. Our results provide a use-
ful platform for the design and fabrication of economical
and efficient large-scale electrocatalysts.

Experimental section
Martials

All starting compounds and solvents were used as obtained
from commercial sources without further purification unless
otherwise noted.

Synthesis of ZIF-8CoZn. ZIF-8CoZn nanocrystals were pre-
pared using a reported procedure with a slight modifica-
tion.** In a typical synthesis, 4 g of 2-methylimidazole was
dissolved in 60 mL of MeOH to form a clear solution. 1.65 g
of Zn(NO3),-6H,0 and 0.03 g of Co(NO;),-6H,O in 20 mL
MeOH were added into the above solution with vigorous stir-
ring for 1 h. The mixture was then incubated at room temper-
ature without stirring. After 24 h, the product was isolated as
a light purple powder by centrifugation and washed several
times with MeOH, and finally dried overnight under vacuum.

Synthesis of ZIF-8CoZn@K-TA. In a typical synthesis, 10 g
of ZIF-8CoZn nanocrystals were dispersed in 200 mL of de-
ionized water. Separately, a freshly prepared tannic acid solu-
tion (24 mM, 100 mL) was adjusted to pH 8 by the addition
of aqueous KOH solution (6 M). Subsequently, the suspen-
sion of ZIF-8CoZn nanocrystals was added to the tannic acid
solution. After stirring for 10 min, ZIF-8CoZn@K-TA was col-
lected by centrifugation, washed several times with deionized
water and methanol, and dried overnight under vacuum.

KOH/
tannic acid l pyrolysis
| 1]

ZIF-8CoZn ZIF-8CoZn@K-TA
Co@NPCC

nanocrystal core-shell composite

Scheme 1 Schematic illustration showing the synthetic route to
cobalt nanoparticles embedded in hollow doped porous carbon
capsules.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

Large-scale synthesis of CoO@NPCC

10 g of ZIF-8CoZn®@XK-TA was placed in a furnace under a dry
nitrogen flow and heated from room temperature to 900 °C
over a period of 100 min. After reaching the target tempera-
ture, the sample was calcined for a further 3 h at 900 °C then
cooled to room temperature to give CO@NPCC (NPCC = hol-
low nitrogen-doped porous carbon capsule), which was
washed with 0.2 M HNO;, deionized water and methanol,
then dried overnight under vacuum. Yield: 3.63 g of
Co@NPCC.

Instrumentation

Powder X-ray diffraction (PXRD) was performed on a Rigaku
X-ray diffractometer with a Cu Ko source. BET surface areas
were determined from N, adsorption/desorption isotherms
at 77 K using automatic volumetric adsorption equipment
(ASAP 2020) after pre-treatment under vacuum at 100 °C for
12 h. Scanning electron microscopy (SEM) images and en-
ergy dispersive spectra (EDS) were recorded on a FEI Quanta
200 environmental scanning electron microscope. Transmis-
sion electron microscope (TEM) images were recorded on
an FEI Tecnai G*> BioTwin transmission electron microscope
operating at an accelerating voltage of 100 kv. High resolu-
tion transmission electron microscopic (HRTEM) analysis
was carried out with a TECNAI F20 transmission electron
microscope operating at an accelerating voltage of 200 kV.
STEM images, EDS mapping and electron energy loss
spectroscopy (EELS) profile were obtained on a JEOL 2100F
microscope operating at 200 kV accelerating voltage. EELS
was performed in STEM mode. Multiple EELS spectra were
recorded as a line profile along the particle surface to vali-
date the absence of oxygen in cobalt particles. Inductively
coupled plasma atomic emission spectroscopy (ICP-AES) was
conducted on a Jobin Yvon Horiba-Ultima 2 spectrometer
system. Elemental analyses (EA) were performed on a Vario
MICRO analysis system. Raman spectra were measured from
powder samples with a Cobalt Samba single-mode 532 nm
diode laser on quartz substrates. X-ray photoelectron
spectroscopy (XPS) analyses of Co@NPCC were performed
using a Kratos Axis DLD spectrometer. And the XPS mea-
surements of ZIF-8@CoZn-TA were performed on a K-alpha
spectrometer (Thermo Scientific) using a monochromatic Al-
Ko (1486.7 eV) radiation source at room temperature under
ultra-high vacuum (10-8 Pa). Fourier transform infrared
spectra (FTIR) were recorded on a ThermoElectron Nicolet
high-resolution FT-MIR/FT-FarIR. The ORR tests were
performed with a pine electrochemical analyser (AFMSRCE
Electrode Rotator WaveDriver 20 Bipotentiostat/Galvanostat
System, USA).

Electrochemical measurements

The ORR tests were performed with a Pine electrochemical
analyser (AFMSRCE Electrode Rotator WaveDriver 20
Bipotentiostat/Galvanostat System, USA) in an aqueous 0.1 M
KOH or 0.05 M H,SO, electrolyte at room temperature. All
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electrochemical measurements were conducted in a stan-
dard three-electrode system completed with a platinum
counter electrode and an Ag/AgCl (3.5 M KCI) reference
electrode. A glassy carbon (GC) rotating disk electrode
(RDE, 5.0 mm in diameter, 0.196 cm?, Pine, USA) or a rotat-
ing ring disk electrode (RRDE) supported the as-synthesized
materials on the working electrode with the rotation rate
varying from 300 to 2200 rpm. 5 mg of Co@NPCC, Co/NC,
or Pt/C (20 wt% of Pt) was dispersed in 1.1 mL of ethanol
and 100 pL of deionized water (containing 100 pL of 5.0
wt% Nafion) solution under ultrasonic agitation to form an
electrocatalyst ink. The ink was dropped on the surface of
the pre-cleaned rotating disk working electrode and dried at
room temperature. The catalyst loading was determined to
be 0.1 mg cm™. CVs were recorded in nitrogen (or oxygen)
saturated aqueous (0.1 M KOH or 0.05 M H,S0,) electrolytes
using a scan rate of 20 mV s '. The LSV curves were
recorded at a scan rate of 5 mV s'. Commercial Pt/C (20
wt% of Pt) was employed for comparison. Long-term stabil-
ity tests for the Co@NPCC catalyst were accomplished by
conducting 10000 CV cycles in 0.1 M KOH (5000 cycles in
0.05 M H,S0,) at a scan rate of 50 mV s

a
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Results and discussion
Synthesis and characterization of the Co@NPCC catalyst

ZIF-8CoZn nanocrystals were first prepared via a facile syn-
thetic route in aqueous solution at room temperature.*® The
morphologies of the ZIF-8CoZn nanocrystals were examined
by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), and found to be dodecahedral
with edge lengths of 50 to 350 nm (Fig. S1 and S2t). When
coated with a coordination polymer comprising potassium-
tannic acid (K-TA), a ZIF-8CoZn@XK-TA core-shell composite
was obtained (Fig. S1, $3, $4 and S51).”* Here, abundant hy-
droxyl and galloyl groups of TA have strong chelating ability
with potassium cations and zinc/cobalt(i) metal cations on the
surface of ZIF-8CoZn. The FTIR spectrum of ZIF-8CoZn@XK-TA
exhibits peaks attributable to both the TA and ZIF-8CoZn
components (Fig. S41). This is further confirmed by X-ray
photoelectron spectroscopy (XPS) (Fig. S5T). The organic com-
ponents of the composite form a hollow capsule upon pyroly-
sis (Fig. 1 and S77). The tannic acid coordination polymer
shell plays a crucial role in directing the formation of the hol-
low capsules; dense particles form in its absence (Fig. S67).

|—— pyridinic N
I—— pyrollic N and Co-N | ——Co 2p,,(Co")
|— graphitic N ——Co-N,

= Co@NPCC

Binding Energy (eV)

——Co 2p_,(Co’) o Co@NPCC
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-
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Fig. 1 (a) PXRD pattern of materials. (b) TEM image of Co@NPCC. (c) HRTEM image of an individual CoNP. (d-g) STEM image and elemental
mapping of Co@NPCC. XPS spectra of (h) N 1s and (i) Co 2p of Co@NPCC. (j) N, adsorption (filled symbols) and desorption (open symbols)

isotherms measured at 77 K.
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The cobalt ions are reduced to cobalt metal during the pyrol-
ysis step. The PXRD pattern of the Co@NPCC composite
(Fig. 1a) correlates with that of fcc Co (Powder Diffraction File
no. 89-4307, Joint Committee on Powder Diffraction Stan-
dards, 2013). No diffraction peaks from CoO or Coz;0, were
detected, which indicates that the cobalt exists exclusively in
its zerovalent state. The SEM image reveals the dodecahedral
capsule morphology observed for Co0@NPCC (Fig. S7at). TEM
images confirm the hollow nature of the Co@NPCC hosts
and the localization of the CoNPs on the capsule walls
(Fig. 1b and S7bf). No sintering of the nanoparticles into
large aggregates was evident, and no nanoparticles were ob-
served on the exterior of the carbon shell. The average diame-
ter of the CoNPs in CoO@NPCC is ~4.3 nm (Fig. S81). HRTEM
images of individual CoNPs clearly reveal lattice fringes with
an interplanar spacing of 2.04 A, corresponding to contrast
profiles of the cubic Co (111) planes (Fig. 1c). The peaks in
the selected area electron diffraction (SAED) pattern of
Co@NPCC can be indexed to the (111), (200), (220), and (311)
planes of the Co nanoparticles (Fig. S97). STEM imaging and
EDS mapping confirm that the Co, C, and N components are
uniformly distributed (Fig. 1d-g). Electron energy loss
spectroscopy (EELS) and line scan analysis exhibited a uni-
form distribution of the metallic cobalt. No oxygen element
was observed (Fig. S107).

X-ray photoelectron spectroscopy (XPS) was applied to elu-
cidate the details of the chemical composition and the
electronic states of C, N and Co in Co@NPCC. The XPS
spectra of CoO@NPCC demonstrate the presence of cobalt, car-
bon, and nitrogen (Fig. 1h, i and S117). The high-resolution
C 1s XPS spectrum of Co@NPCC presents five characteristic
peaks, where the peak at 284.6 eV corresponds to the sp’/sp’
hybridized graphitic carbon, the peak around 283.7 eV is con-
sistent with cobalt carbide, and the peaks at 285.9 and 288.1
eV are assigned to carbon in C-N and C—=O bonds, respec-
tively (Fig. S117). The N 1s high-resolution spectrum suggests
the existence of N dopants in the carbon of the capsules, with
three peaks corresponding to pyridine-like N (398.1 eV),
pyrrole-like N (399.8 eV), graphitic N (401.5 eV), and N-O
pyridine-like (403.7 eV) moieties (Fig. 1h). All of these dopant
sites promote the ORR catalytic performance, which is of rel-
evance to electrocatalytic oxygen reduction tests discussed be-
low. Co 2p,,, and Co 2p;,, bands were observed at 779.2 and
795.1 eV, respectively, which are in agreement with values
reported for zero-valent cobalt (Fig. 1i).>**® Furthermore, two
shoulder peaks were observed at 784.3 and 803.2 eV corre-
sponding to Co-N, and satellites, respectively.>*® It has been
previously confirmed that both Co-N, active sites and Co
nanoparticles have been previously proved to merit the
ORR.****%> The Raman spectra exhibit the D (1350 cm™") and
G (1590 em™) bands expected for graphitic carbon; therefore
the carbon capsules are anticipated to possess good electrical
conductivity (Fig. S127). Co@NPCC contains 2.7 wt% nitro-
gen and 2.8 wt% cobalt by elemental analysis and inductively
coupled plasma atomic emission spectroscopy (ICP-AES),
respectively.

This journal is © The Royal Society of Chemistry 2018
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The N, gas sorption isotherms of Co@NPCC were mea-
sured at 77 K. The isotherms of this material showed a sharp
uptake of N, at low relative pressures (P < 0.1) and a hystere-
sis isotherm loop at higher relative pressures (0.4 < P <
0.95), indicating the existence of both micro- and mesopores
(Fig. 1j). The calculated BET (Brunauer-Emmett-Teller) sur-
face area is 540 m” g ', while the total pore volume is 0.8
em® g' at 0.95 bar. The pore size distribution, calculated
from the experimental isotherm based on a DFT model, con-
firms the hierarchical pore structure with the void diameters
predominantly distributing around 9 A, 22 A, and 33 A (Fig.
S137). Such textural properties of this material are antici-
pated to facilitate the accessibility of active sites and promote
substrate diffusion during electrocatalytic processes.

ORR activity evaluation

Pt-group materials are the most active and catalytically stable
catalysts for the oxygen reduction reaction. However, due to
the terrestrial scarcity and high cost, these catalysts are still
somewhat limited in practical catalytic applications." One ap-
proach to reducing the costs while maintaining activity and
stability is the implementation of noble-metal-free catalysts.
In this context, the as-prepared Co@NPCC is evaluated as
an electrocatalyst for the ORR in alkaline solution. For com-
parison, here, commercial Pt/C (20% Pt) and Co/NC derived
from the direct pyrolysis of ZIF-8CoZn were also measured
for comparison purposes. To test CO@NPCC as an ORR cata-
lyst, we first performed cyclic voltammetry (CV) measure-
ments using a conventional three-electrode electrochemical
cell in an O,-saturated aqueous KOH solution at room tem-
perature (Fig. 2a). Compared with the CV curve measured in
N,-saturated 0.1 M KOH, a more prominent cathodic peak at
~0.9 V corresponding to the reduction of O, is observed in
an O,-saturated 0.1 M KOH solution (Fig. 2a), highlighting
the effective ORR activity of Co@NPCC. Then, the ORR mea-
surements are performed in 0.1 M KOH by using the rotating
disk electrode (RDE) technique. The onset potential, half-
wave potential and ultimate current densities estimated from
these measurements are listed in Table S1.f Co@NPCC shows
a more positive onset potential (~1.02 V, vs. RHE), half-wave
potential (~0.9 V, vs. RHE), and higher diffusion-limiting cur-
rent density (~5.2 mA cm ), which are comparable to those
(onsetpotential ~1.01 V; half-wave potential ~0.91, vs. RHE
and ~4.8 mA cm™) of commercial Pt/C. Significantly, our
obtained results mimic those of the best performing mate-
rials reported in the literature (Table S17). The lower onset
and half-wave potentials measured for Co/NC highlight the
beneficial impact of generating the hollow nitrogen-doped
porous carbon shell, which is easily enabled by our synthetic
methodology (Fig. 2b and Table S1}). Additionally, linear
sweep voltammograms (LSV) measured at different rotation
speeds are obtained to produce the Koutecky-Levich plots of
Co@NPCC (Fig. 2¢). The fact that these LSVs displayed good
linearity and parallelism, under different potentials, estab-
lishes that the reaction kinetics toward the dissolved oxygen
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Fig. 2 (a) Cyclic voltammograms of Co@NPCC in N,-/or O,-saturated 0.1 M KOH, and an O,-saturated 0.1 M KOH/1 M MeOH mixture. (b) ORR
polarization curves for the various electrocatalysts at a rotation speed of 1600 rpm. (c) LSVs of Co@NPCC under different rotating rates of the disk
electrode and (d) the corresponding Koutecky-Levich plots at different potentials. (e) Electron-transfer number of Co@NPCC by the RRDE tech-
nique. (f) LSV curves of Co@NPCC before and after 10 000 cycles in an O,-saturated 0.1 M KOH solution.

are first-order. The number of electrons transferred was de-
termined in the potential range of 0.4 to 0.7 V and found to
be 3.97. This value confirms that a four-electron pathway pre-
dominates and that H,O, production is minimal (Fig. 2d).
The reaction pathway was further probed using the rotating
ring-disk electrode (RRDE) technique. CO@NPCC shows an n
value higher than 3.98 in alkaline medium, with HO,™ forma-
tion being lower than 5% over the whole range of potentials,
thereby demonstrating its excellent electrocatalytic selectivity
(Fig. 2e, S15 and S167). The long-term stability and durability
of the Co@NPCC catalyst was retained after accomplishing
10000 consecutive CV cycles and a chronoamperometric test
(Fig. 2f and S17%). The TEM and HRTEM images and SAED
pattern (Fig. S187) show that the morphology of the Co nano-
particles embedded in the hollow nanostructure is retained
after the stability test, indicating a high level of structural sta-
bility Importantly, to examine the fuel crossover effect,
Co@NPCC was cycled in an O,-saturated 0.1 M KOH/1.0 M
methanol mixture. Apparently, there was no distinct change
in the current density of Co@NPCC after injecting 1.0 M
methanol into the solution (Fig. 2a). This behavior demon-
strates that Co@NPCC has excellent tolerance to methanol
crossover.

The ORR performance of Co@NPCC was further evaluated
in an O,-saturated 0.05 M H,SO, solution with the same
electrode configuration as that used under alkaline condi-
tions. The polarization curve (RRDE) of Co@NPCC shows
that the onset and half-wave potentials are 0.85 V and 0.71 V,
respectively (Fig. S19t). The RRDE test results revealed that
the H,0, yield over Co@NPCC remained below 3% and the
number of electrons transferred was determined to be 3.86

5248 | Catal. Sci. Technol., 2018, 8, 5244-5250

(Fig. S20 and S217). These results demonstrated that the cata-
Iytic process at the Co@NPCC electrode underwent a four-
electron ORR pathway in H,SO, solution. Co/NC showed
lower activity.

Taken together, these performance metrics place
Co@NPCC in the top tier of oxygen reduction electrocatalysts.
The exceptional electrocatalytic activity of this composite can
be ascribed to: (i) the electrical conductivity, porosity, and
hollow morphology of the nitrogen-doped carbon capsules,
which have excellent permeability that facilitates access of
the substrates as well as electrons to the catalytic sites; (ii)
isolated CoNPs provide a large number of exposed active
sites, which are known to improve the electronic interaction
between carbon and CoNPs and enhance the electrocatalytic
activity; (iii) Co-N, active sites embedded into the carbon ma-
trix reduce the binding energy for both O, adsorption and
0=0 dissociation.>>*

Conclusions

In summary, this study reported the synthesis and fabrica-
tion of hollow nitrogen/cobalt -doped porous carbon capsule
supported cobalt nanoparticles (Co@NPCC). The practical
application of Co@NPCC has been demonstrated by its
use as a highly-efficient electrocatalyst toward the ORR,
which significantly surpasses most of the reported non-noble
metal catalysts, as well as the commercial Pt/C catalyst. Addi-
tionally, the Co@NPCC catalyst at the gram level is easily pro-
duced. The strategy presented here to fabricate this catalyst
is amenable and scalable. Ultimately, this study is expected
to open a new avenue for designing a wide variety of solid

This journal is © The Royal Society of Chemistry 2018
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catalysts with tailored morphologies that are of interest for a
broad range of applications.
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