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Abstract: Efficient reversible oxygen electrodes for both the
oxygen reduction reaction (ORR) and the oxygen evolution
reaction (OER) are vitally important for various energy
conversion devices, such as regenerative fuel cells and metal-
air batteries. However, realization of such electrodes is
impeded by insufficient activity and instability of electro-
catalysts for both water splitting and oxygen reduction. We
report highly active bifunctional electrocatalysts for oxygen
electrodes comprising core—shell Co@Co;0, nanoparticles
embedded in CNT-grafted N-doped
obtained by the pyrolysis of cobalt metal-organic framework
(ZIF-67) in a reductive H, atmosphere and subsequent
controlled oxidative calcination. The catalysts afford 0.85V
reversible overvoltage in 0.Im KOH, surpassing Pt/C, IrO,,
and RuO; and thus ranking them among one of the best non-
precious-metal electrocatalysts for reversible oxygen electro-
des.

carbon-polyhedra

E lectrochemical conversion between oxygen and water has
attracted great attention of the scientific community because
of its potential to provide next generation energy devices such
as regenerative fuel cells.!! A regenerative fuel cell produces
electricity when operating in the galvanic mode and acts as
water electrolyzer, producing hydrogen and oxygen to feed
the fuel cell when operating in the electrolytic mode. Electro-
catalytic reactions involving the oxidation and evolution of H,
are generally efficient, and the main challenge lies in
improving the efficiency of the oxygen reduction reaction
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(ORR) and the oxygen evolution reaction (OER). ORR and
OER proceed through multielectron transfers with different
reaction intermediates and mechanisms. Consequently,
designing an effective bifunctional electrocatalyst for both
processes is difficult.>?! Platinum and its alloys are well-
known ORR electrocatalysts, but are poor OER electro-
catalysts. In contrast, iridium and ruthenium oxide have
extraordinary OER activity, but are poor ORR catalysts.
Also, the high cost and scarcity of these metals severely limits
their wide use in energy conversion systems.

Recently, metal-organic frameworks (MOFs) have been
used as self-sacrificial templates for carbon-based nanostruc-
tured porous materials.”! MOFs are crystalline porous
materials prepared by the self-assembly of metal ions and
organic linkers.® MOF-derived carbon-metal composites
often show large surface area and hierarchical pore structures,
which are necessary for high-performance ORR and OER
processes.”! However, such materials mostly suffer from a low
degree of graphitization and poor contact between carbon
and active metal nanoparticles. As low-cost alternatives,
transition-metal oxides show catalytic activity towards both
ORR and OER.**¥ The poor electronic conductivity of
these oxides, and hence performance, can be improved by
doping with electron donors or supporting them on conduc-
tive materials, such as graphitic multiwalled carbon nanotubes
(CNTs).”M In 2010, we showed that in the presence of H,, Co
nanoparticles can efficiently catalyze the production of CNTs
from ethene.'” Moreover, it is widely accepted that CNTs can
grow on most transition metals provided that a sufficient
partial pressure of H, is present.!""! Such findings inspired us
to work in the direction of reductive carbonization of MOF
with a more graphitic carbon yield. Herein, we report for the
first time a simple, scalable, and novel method for the
synthesis of core-shell spinel Co oxide nanoparticles
(Co@Co0;0,) encapsulated in in situ formed N-doped
carbon nanotube (CNT)-grafted carbon polyhedra by reduc-
tive carbonization of N-containing MOF (ZIF-67), and
subsequent controlled oxidative calcination (Scheme 1). A
metallic Co core with semiconducting Co;0, shell is expected
to improve electrocatalytic activity, as the formation of
a Schottky barrier between them is favorable for charge
separation.”! Because of the intimate contact between the
Co@Co0;0, and the graphitic walls, the obtained samples
showed excellent performance as bifunctional electrocatalysts
for both the ORR and the OER under alkaline conditions.

N-rich ZIF-67, a highly porous zeolite type Co-MOF, was
deliberately chosen as precursor as it can be converted into N-
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Scheme 1. Representation of the formation of core-shell Co@Co,0,
nanoparticles encapsulated in CNT-grafted N-doped carbon polyhedra
by use of reductive carbonization of a N-containing MOF (ZIF-67).

doped carbon and Co nanoparticles. Polyhedral nanocrystals
of ZIF-67 with average sizes of 200-300 nm were synthesized
by slight modification of a reported procedure.'” The syn-
thesis of Co@Co;0, embedded in N-doped CNT-grafted
carbon polyhedra involved two steps. In the first step, ZIF-67
was directly carbonized at 800°C for 2 h in a temperature-
programmed furnace under a flow of H,/He. The resulting
material is denoted as Co/NC. This step was followed by mild
calcination of the product in O, flow at 250°C for 2 h. The
resulting catalyst is hereafter denoted as Co@Co;0,/NC-1.
Similarly, a catalyst prepared in flowing O, at 250°C for 6 h is
labeled Co@Co;0,/NC-2."¥1 During the carbonization pro-
cess, the ZIF-67 structure degrades to form N-doped porous
carbons and metallic Co nanoparticles. Subsequently, the
metallic Co surfaces were partially oxidized generating core—
shell Co@Co;0, nanoparticles. The embedded Co-N, moi-
eties and N-functionalized groups in the carbon framework,
particularly, pyridinic and pyrrolic, act as complementary
ORR catalysts. Furthermore, metallic Co and CNT provide
high conductivity to the Co@Co;0, nanoparticles, thereby
furnishing the catalyst to catalyze both ORR and OER
efficiently.

The scanning electron microscopy (SEM) image of Co/NC
indicates polyhedral morphology (Figure 1a) similar to the
original single polyhedral crystals of ZIF-67 (Supporting
Information, Figure S1). Transmission electron microscopy
(TEM) of a single Co/NC dodecahedron revealed that it has
a porous structure, in which Co nanoparticles with the size of
a few nanometers (black dots) are homogenously embedded
in the carbon framework (gray matrix; Figure 1b). Interest-
ingly, few CNTs with the lengths of 100-200 nm and diameters
of 7-8 nm were seen that are wrapping the polyhedra. The
spot- and ring-like patterns in the selected-area electron
diffraction (SAED) image show that the Co/NC particles are
polycrystalline (Supporting Information, Figure S2). The
sample calcined in O, (Co@Co;0,/NC-1) has similar poly-
hedral morphology as Co/NC confirmed by SEM measure-
ments (Supporting Information, Figure S3). High-resolution
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Figure 1. a) SEM and b) TEM images of Co/NC; high resolution TEM
images of Co@Co;0,/NC-1 showing c) Co@Co;0, nanoparticles
embedded in graphitic layers and d) wrapped CNT.

transmission electron microscopy (HRTEM) studies of
Co@Co0;0,/NC-1 revealed crystalline Co@Co;0, nanoparti-
cles wrapped with highly graphitic carbon composed of few
graphene layers (Figure 1¢). The lattice fringe of the inner
core of Co@Co;0, is consistent with the Co crystal structure
having {111} lattice fringes with an interspacing of 0.204 nm,
and the layers outside the Co core having {311} lattice fringes
with an interspacing of 0.24 nm are found to be cubic
Co;0,.*™ There were also few graphitic CNTs having
Co@Co;0, nanoparticles residing at the tip of the CNTs
(Figure 1d). The formation of such long CNT-grafted poly-
hedra is a very rare example which makes such carbon
materials more graphitic, and hence useful for energy
conversion applications. For comparison, a sample synthe-
sized by the conventional carbonization method using N, as
inert atmosphere led to CNT-free polyhedra as expected
(Supporting Information, Figure S4). Additionally, the high-
resolution TEM image revealed a much lower degree of
graphitization in comparison to Co@Co;0,/NC-1 (Supporting
Information, Figure S5).

X-ray diffraction (XRD) analyses of Co/NC showed
a broad peak with maxima at 26.1° originating from the
(002) planes of graphitic carbon and CNTs (Figure 2a).[*
The peaks appearing at 44.3 and 51.7 were indexed to the
(111) and (200) reflections of face-centered (fcc) Co.l** Extra
peaks appeared in the XRD pattern of Co@Co;0,/NC-
1 assigned to the cubic Co;0, spinel phase.* The sample
Co@Co;0,/NC-2, which was treated longer with O,, showed
more intense Co;0, peaks with lower intensity of metallic Co
peaks. Interestingly, the graphitic peak at 26.1° became more
intense because of the removal of amorphous carbon during
the O, treatment. Such sharp graphitic peaks at 26.1° have not
been observed previously in MOF-derived carbon materials.
Raman spectroscopy revealed the two characteristic bands of
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Figure 2. a) XRD patterns, the peaks labelled I, Il, and Il originate
from graphite, metallic Co, and Co;0O,, respectively; b) Raman spectra
recorded at 661 nm laser excitation; XPS data showing c) Co 2p
spectrum of Co/NC, d) Co 2p spectrum of Co@Co;0,/NC-1, e) N 1s
spectrum of Co/NC, and f) N 1s spectrum of Co@Co;0,/NC-1.

graphite at 1350 cm™' (D-band) and 1580 cm™" (G-band) in all
samples (Figure 2b). Co@Co;0,/NC-1, Co@Co;0,/NC-2
showed additional bands at nearly 193 (F,,) and 480 (E,)
cm ! corresponding to the spinel Co;0, structure.™! These
XRD and Raman studies suggest that Co@Co;0,/NC-1 and
Co@Co;0,/NC-2 have more graphitic carbon than Co/NC,
that is, during the O, treatment some amorphous carbon was
burnt off. Also, the width of the shell (Co;0,) can be tuned by
controlled O, treatment. N, physisorption experiments were
performed at 77 K to examine the specific surface area of
these materials (Supporting Information, Figure S6). The
Brunauer-Emmett-Teller (BET) surface area of Co/C,
Co@Co0;0,/NC-1, and Co@Co;0,/NC-2 were found to be
233,111, and 76 m*g ", respectively.

X-ray photoelectron spectroscopy (XPS) of these samples
revealed the presence of C, N, O, and Co (Supporting
Information, Figure S7). The C 1s peak centered at 285.5 eV
is the typical graphitic carbon peak. The stronger O 1s peak at
529.8 eV in Co@Co;0,/NC-1 confirmed the formation of
metal oxide (Supporting Information, Figure S7). A sharp
metallic Co 2p;, peak of Co/NC appeared at 778.3 eV, while
Co@Co;0,/NC-1 showed a Co 2p;, peak at 780.1 eV typical
of Co;0, in good agreement with well-characterized Co;0,
(Figure 2¢,d).” Deconvolution of the N 1s peak of Co/NC
and Co@Co;0,/NC-1 resulted in a combination of pyridinic,
pyrrolic, and quaternary nitrogen species with maxima
located at 398.6 and 400.9 eV (Figure 2e,f). The surface N

Angew. Chem. Int. Ed. 2016, 55, 4087 —4091

Communications

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internati

content derived from the XPS measurements in Co/NC and
Co@Co;0,/NC-1 was 3.3 and 1.26 at %, respectively. The Co
content in Co/C, Co@Co0,;0,/NC-1 and Co@Co;0,/NC-2 was
determined by inductively coupled plasma optical emission
spectroscopy (ICP-OES) and found to be 31.7, 43.1, and
40.8 wt %, respectively. These results demonstrate the for-
mation of core-shell Co@Co;0, nanoparticles embedded in
CNT-wrapped polyhedra.

The electrocatalytic activities of the as-synthesized cata-
lysts were investigated in O,-saturated KOH (0.1m) with
a catalyst loading of 210 uygecm 2 and compared with com-
mercial state-of-art electrocatalysts Pt/C, IrO,, RuO,.['”l Co/
NC and Co@Co;0,/NC-1 showed very similar ORR activity,
as indicated by the linear sweep voltammograms (LSVs) in
Figure 3a, while Co@Co;0,/NC-2 was less active with 0.06 V
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Figure 3. LSV of different electrocatalysts at 1600 rpm showing RDE

electrocatalysis of a) oxygen reduction and c) water oxidation; b) LSV

of Co/NC at various rotating speeds and d) a comparison of ORR and

OER bifunctional activities of Co@Co;0,/NC-1, Pt/C, IrO,, RuO,. All

the voltammograms were recorded in O,-saturated 0.1m KOH at

a scan rate of 5mVs ™.

more anodic overpotential in comparison to Co@Co;0,/NC-
1 at a current density of 1 mAcm™. On the other hand,
Co@Co;0,/NC-2 showed the highest activity for oxygen-
evolution having a current density of 10 mAcm > at 1.64V,
little better than RuO, (Figure 3¢). As a bifunctional catalyst
for both ORR and OER, rotating disk electrode (RDE)
voltammetry was performed and revealed that Co@Co;0,/
NC-1 is the best catalyst in terms of bifunctional activity, that
is, better OER catalyst than Pt/C, IrO, and very similar
activity to the benchmark OER catalyst (RuO,), and of
comparable activity to the benchmark ORR catalyst (Pt/C).

The overvoltage between ORR and OER translates into
loss in efficiency and is therefore an important parameter for
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Table 1: The bifunctional activity of different catalysts for ORR and OER.

Catalyst Eone/V Eoes/V AENV
half-wave potential 10 mAcm ™ (Eopr—FEorr)
Co/NC 0.83 1.69 0.86
Co@C0,0,/NC-1 0.80 1.65 0.85
Co@Co;0,/NC-2 0.74 1.64 0.90
RuO, 0.37 1.64 1.27
IrO, 0.29 1.70 1.41
Pt/C 0.90 1.90 1.0

evaluating the bifunctional electrocatalytic activity of a given
catalyst (Table 1). The ORR activities of the catalysts were
derived at a potential corresponding to half of the current
density during oxygen reduction, while the OER activities
were calculated as the potential at a current density of
10 mA cm 2, which has been proposed as Jaramillo’s figure-
of-merit for the bifunctional activity of a given catalyst.l*
Strikingly, the low overvoltage between ORR and OER
would translate into energy saving of at least 150 mV and
100 mV, respectively, if instead of Pt/C, the Co@Co;0,/NC-
1 and Co@Co;0,/NC-2 bifunctional electrocatalysts are used.

The catalytic pathway for the ORR on as-synthesized
catalysts was investigated by Koutecky-Levich (KL) plots
obtained from the LSVs at various rotating speeds. Figure 3b
and the Supporting Information, Figure S6 show increasing
cathodic current with increasing rotating speed because of the
improved mass transport at the electrode surface. From the
slopes of the KL plots, the number of electrons transferred
per O, molecule in the ORR was calculated to be 3.72 at
0.75 V (vs. RHE) for Co/NC and 3.78 for Co@Co;0,/NC-1,
suggesting a predominantly four-electron reduction pathway
to produce water as the main product (Supporting Informa-
tion, Figures S9 and S10). In the KL plot (Supporting
Information, Figure S10), all lines have a similar slope to
the theoretical n=4 lines suggesting that Co@Co;0,/NC-
1 reduces O, to water mostly via the four-electron transfer
pathway. Tafel plots for the OER are shown in the Supporting
Information, Figure S11. The Tafel slopes of Co/NC,
Co@Co0;0,/NC-1 and Co@Co;O,/NC-2 in the potential
range between 1.6V and 1.7V were 1253, 91.5, and
54.3mVdec ', respectively. However, RuO,, IrO,, and Pt/C
have 89.6, 86.2, and 354.9 mVdec' in the same potential
window. The Tafel slope of Co@Co,0,/NC-2 was lower than
that of Co@Co;0,/NC-1, indicating that the reaction was
kinetically faster on the former in the potential range between
1.6 V and 1.7 V. The exact onset potential of the OER, to
distinguish between water oxidation and metal oxidation, was
determined using scanning electrochemical microscopy
(SECM) by insitu detection of evolved O,. An increase in
the cathodic current measured at the tip commenced at about
1.56 V vs. RHE representing an overpotential of only 0.33 V
for Co@Co;0,/NC-1 from the theoretical value of 1.23 V
(Supporting Information, Figure S12). On the other hand, the
onset potential for the OER on Co/C and Co@Co;0,/NC-2
was observed at 1.58 and 1.62V vs. RHE, respectively
(Supporting Information, Figure S13 and S14). The SECM
studies revealed Co@Co;0,/NC-1 is the best OER catalyst
with the lowest onset potential. Chronoamperometric (for
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ORR at 0.77 V) and chronopotentiometric (for OER at
10 mA cm?) measurements showed no significant loss in
activity after 25h and 45 h, respectively, indicating that
Co@Co;0,/NC-1 is able to sustain a stable performance
over a long period of time (Supporting Information, Figur-
es S15 and S16).

Compared with our catalyst Co@Co;0,/NC-1, the catalyst
synthesized conventionally using N, as carbonization atmos-
phere, denoted as Co@Co;0,/NC-1(N,), showed lower activ-
ities for both ORR and OER (Supporting Information,
Figure S17). Interestingly, it seems that Co@Co;0,/NC-1 is
more stable and reduces O, more predominately via the 4 e~
oxygen reduction pathway in comparison to previously
reported catalysts synthesized by conventional carbonization
methods."! More importantly, Co@Co;0,/NC-1 showed
stable performance even in concentrated KOH (1.0m)
solution (Supporting Information, Figure S16). However,
ZIF-derived carbons have not been much elaborated for the
OER, as their performances are not as good as in the ORR.

As stated above, the MOF carbonization in H, can lead to
more graphitic CNT-carbon composites. It is generally
accepted that transition-metal nanoparticles work as catalysts
for the growth of graphitic CNTs provided that a sufficient
partial pressure of H, is present.'""'"l Herein, ZIF-67 worked
as source of Co nanoparticles, carbon polyhedra and CNTs.
Initially, ZIF-67 is decomposed into carbon/Co polyhedra and
then Co nanoparticles worked as catalyst for the growth of
graphitic CNTs in the presence of H,. Other than CNT
growth, the role of H, is also to clean the catalyst from the
deposition of amorphous carbon. Furthermore, these CNT-
grafted polyhedra can directly be grown on nickel foam. It is
well-known that a high electroactive support area can
enhance the electrocatalytic performance.”) Depositing ZIF-
67 solvothermally on nickel foam and subsequent carbon-
ization in H, at 800°C led to a three-dimensional (3D)
electrode (Supporting Information, Figure S18). This 3D
electrode is able to show very long OER durability with
1.62 V overpotential in 0.1m KOH at 10 mAcm™? current
density (Supporting Information, Figure S19).

The efficiency of these catalysts, especially Co@Co;0,/
NC-1, can be explained by 1) the highly graphitic nature of
CNT-grafted polyhedra, 2) the presence of nitrogen-contain-
ing functional groups in the carbon framework, 3) the porous
nitrogen-rich carbon shell surrounding the metal nanoparti-
cles, and most importantly 4)the existence of synergy
between conductive metallic Co cores and semiconductive
Co;0, shells. All of these characteristics confer enhanced
conductivity to the particles thus concertedly promoting their
activity as bifunctional catalyst especially for the OER. Also,
the presence of Co-N, or Co;0,-N, units present in the
samples cannot be ignored as these are considered as active
sites for the ORR.P" However, the decrease in the ORR
activities of Co@Co;0,/NC-1 and Co@Co;0,/NC-2 may be
associated with a relatively lower amount of N in these
samples. It would be interesting to design such core—shell
metal nanoparticles with retention of a high quantity of N
functionalities. Furthermore, using a MOF as sacrificial
precursor is advantageous for obtaining such nanostructured
polyhedra having large surface area and high dispersion of
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metal/metal oxide nanoparticles. These results conclusively
demonstrate the huge potential of reductive carbonization of
a MOF for the synthesis of excellent bifunctional catalysts for
oxygen electrodes.

In summary, a simple, easily scalable, and novel method
for the synthesis of core-shell Co@Co;0, nanoparticles
embedded in in situ formed highly graphitic nitrogen-doped
CNT-grafted carbon polyhedra has been developed. Using H,
for reductive carbonization of MOF is a versatile method for
grafting porous carbons with highly graphitic CNTs. These
catalysts showed lower overvoltage between the ORR and
OER compared to the state-of-art electrocatalysts Pt/C, IrO,,
and RuO,. With the great variability of MOF compositions,
pore structures, and coordination space for loading with
dopants, this work shows the potential to design advanced
oxide nanocomposite bifunctional catalysts as a replacement
of expensive metals for reversible electrochemical energy
storage and conversion technologies, such as metal-air
batteries and regenerative fuel cells.
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