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We report a nanostructured electrocatalyst engineered from molecular design and morphology evolution.

A typical Co-based metal-organic frameworks, ZIF-67 nanocrystals were precisely synthesized with

tunable size and morphology. Nitrogen doped carbon nano polyhedrons decorated with cobalt

nanoparticles were fabricated via pyrolysis of ZIF-67 and the carbonized products inherited the nano-size

and shape of the MOF precursor. The intense effect of size on the electrocatalytic activity and transport

properties was systematically investigated. Catalyst derived from the smallest MOF (300nm), exhibited

superior performance towards oxygen reduction with an onset potential of 0.86 V and half-wave potential

of 0.71 V in acidic solution, which are comparable to the best carbon-based ORR catalysts. This work

will pave the way for the development of MOF-derived energy materials in various fields such as fuel

cells and Li-air batteries, and opens new avenues for the design of MOFs in electrochemical application.

Introduction

Developing highly efficient electrocatalysts for oxygen reduction
reaction (ORR) has long been a hot topic in developing fuel cells
and Li-air batteries.'> To date, Pt and its alloys are still the most
efficient catalyst.>* However, due to the high cost and scarcity,
large-scale application of platinum based catalysts is prohibited.’
As alternatives, nanostructured carbon-based materials have
emerged and attracted great attention.*” For example, N- and O-
doped mesoporous carbons,® nitrogen-doped nanotubes arrays,’
C0304/N-doped graphene hybrid'® and carbon nanotube-graphene
complexes,'' have been reported to offer good ORR activities and
some are almost comparable to platinum based catalysts in
alkaline media. However, in acidic environment, the performance
and especially the stability of most of the carbon-based catalysts
is poor. Addition of some metal species into the nitrogen doped
carbons was found to improve the activity. Wu et al. reported
polyaniline derived catalyst incorporating iron and cobalt,'
which showed small ORR overpotential and good stability.
Lefévre et al. prepared microporous carbon-supported Fe-based
catalysts with improved ORR activity."> Although there are still
some performance gap between those catalysts and Pt/C, these
works revealed new prospect to achieve highly active non-
precious ORR catalysts by increasing the active sites on surface.
It is profitable to prepare nanostructured catalyst from
morphology evolution and molecular design.

On the other side, metal-organic frameworks (MOFs), built
from the coordination of metal ions and organic ligands, possess
defined and tunable structures at a molecular level. Owing to
their properties unique like high surface areas, tunable pore sizes
and multi functionalities,"*'® MOFs have been widely studied
and utilized in areas such as gas storage/separation,'” catalysis,'®
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magnetic ma‘[erial,19 and luminescence.?’ Recently, MOFs were
used as novel self-sacrificed templates to prepare nanostructured
materials like porous carbons and metal oxides.?!*° This strategy
is fascinating because carbons or metal oxides with extremely
porous structures can be obtained directly from MOFs without
extra templates. These MOFs derived materials are promising
candidates in hydrogen storage,”** sensor,?* electrochemical
capacitor’® and lithium ion battery.””* However, only a few
works on MOF derived materials for ORR catalysis have just
been published.*'** MOFs with high contents of nitrogen like Co-
ZIF, Fe-ZIF and ZIF-8 were applied in this investigation.
Moreover, to the best of our knowledge, the reported works were
based on the selection of due type of MOF. There was no
investigation about the size effect of MOFs on the catalytic
performance.

In this study, we developed a new ORR electrocatalyst from
metal-organic frameworks (MOFs). This is the first report of the
MOF-derived nanomaterials with catalytic performance highly
dependent on the size of the MOF precursors. Uniform ZIF-67
precursors of various crystalline sizes ranging from 300 nm to
micrometers well-controlled  synthesized.
Comparison between these MOF-derived catalysts leads us to the
conclusion that the ORR activity and stability increases as the
size of the precursor decreases. Carbon polyhedrons prepared
from the smallest nano-MOF exhibits the highest ORR activity
with an onset potential of 0.86 V and a half-wave potential of
0.71 V, which are superior to those of the larger MOF derived
catalysts and are among the highest values for non-precious
catalysts reported so far.

several were

Experimental Section
Synthesis of ZIF-67 and ZIF-67 derived catalysts
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Bulk ZIF-67: Bulk ZIF-67 was synthesized through the following
solvothermal procedure: Co(Ac),"4H,0 (3.321 g, 40/3 mmol) and
2-methylimidazole (3.284 g, 40 mmol) were dissolved in 100 mL
ethanol in a 125 mL Teflon-lined steel autoclave. The autoclave
was sealed, heated up to 120 °C and kept at this temperature for 3
days. The as-made crystals were filtered out and washed by
ethanol, finally dried under vacuum at 150 °C for 8 hours. The
products were dark purple crystals.

1.7 um ZIF-67: 0.450 g of Co(NOj3),'6H,0 was dissolved in 12
mL deionized water, and 5.500 g of 2-methylimidazole was
dissolved in 80 mL deionized water. Then they were mixed under
vigorous stirring at 60 °C. The mixture gradually turned to milky
colloidal dispersion. After 12 minutes, stirring was stopped and
the mixture was kept for 20 hours. After that, the dispersion was
centrifuged and washed with methanol for three times. Then the
product was vacuum dried at 150 °C for 8 hours.

800 nm ZIF-67: Typically, 1.436 g of Co(NOj3),6H,O and
3.244 g of 2-methylimidazole were each dissolved in 100 mL
methanol at 60 °C. The former salt solution was poured into the
latter ligand solution under vigorous stirring. The mixture was
stirred for 12 minutes and kept for 20 hours. Solid product was
separated by centrifugation and washed with methanol for three
times, followed by vacuum drying at 150 °C for 8 hours.

300 nm ZIF-67: The procedure was similar to that described
above for 800 nm ZIF-67, instead, the reaction temperature was
reduced to 25 °C.

For the preparation of ZIF-67 derived carbons, the above
prepared ZIF-67 precursors were pyrolyzed at temperatures
ranged from 600-900 °C for 2 hours under an argon gas flow and
cooled down to room temperature naturally.

Characterization

Powder X-ray diffraction patterns were collected on a Bruker D8
Advanced diffractometer at 40 KV and 40 mA and using Ka
radiation (A = 1.5406 A). Thermogravimetric analyses (TGA)
were carried out on a TA Instruments SDT Q600 analyzer under
nitrogen flow. Scanning electron microscopy (SEM) images were
recorded on a Hitachi S-4800. Transmission electron microscopy
(TEM) images and selected area electron diffraction (SAED)
were taken on a FEI Tecnai T20 microscope. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a Kratos
Axis Ultra Imaging Photoelectron Spectrometer using
monochromatic Al Ko line (1486.7 eV). Nitrogen sorption
measurements at 77 K were carried out by a Quantachrome
Autosorb-IQ gas adsorption analyzer. Before the sorption tests,
samples were degassed at 250 °C for 8 h under dynamic vacuum.
The resulting BET surface areas were calculated from the
adsorption branches. Pore size distributions were fitted from
Quenched Solid Density Functional Theory (QSDFT) based on
the desorption branches.

Electrochemical measurements

For the preparation of working electrodes, 2 mg of catalyst was
dispersed in 2 mL of ethanol under sonication for 1 h to form a
homogeneous catalyst ink. Then 80 pL of this catalyst ink was
loaded onto a glassy carbon rotating disk electrode (diameter 5
mm), resulting in the catalyst loading of 0.4 mg cm? The
electrode was dried under atmospheric condition, followed by
dropping 5 pL of 0.1 wt% Nafion suspension in ethanol as a
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binder.
Cyclic voltammetry (CV) and rotating disk electrode (RDE)

s measurements were conducted on a CHI electrochemical

workstation (Model 760C) with a standard three-electrode system.
The catalyst coated glassy carbon electrode was used as the
working electrode, an Ag/AgCl electrode in saturated KCI
solution and Pt foil work as the reference and counter electrodes,
respectively. All initially measured potentials were converted to a
RHE scale. The electrolyte was 0.1 M perchloric acid (HCIOy).
All electrochemical measurements were performed at room
temperature.

Koutechy-Levich plots were analyzed at different potentials.
The number of electrons transferred (n) during the oxygen
reduction reaction (ORR) were calculated from the slopes of their
linear fit lines based on the Koutechy-Levich equation:

1 1 1 1 1
TR R TR M
B = 0.62nFCy(D,)?/3v1' )
Jk = nFkC,y 3)

Where ] is the measured current density, J; and Jg are the
diffusion- and kinetic limiting current densities, w is the rotation
speed (rad s™), nis transferred electron number, F is the Faraday
constant (96485 C mol™), Cyis the O, concentration in the
electrolyte (1.26 x 10 mol cm™), Dy is the diffusion coefficient
of O, in the electrolyte (1.93 x 10~ cm® s™"), and v is the kinetic
viscosity of 0.1 M perchloric acid (0.01009 cm?* s™).

Results and Discussion

Our studies are based on nano zeolitic imidazolate frameworks
(ZIFs), a subclass of MOFs that possess exceptional
chemical/thermal stability and high surface area.*>° Specifically,
ZIF-67 was chosen for the target investigation. In this MOF, each
cobalt cation is bridged with four nitrogen atoms from the 2-
methylimidazolate anions into tetrahedral frameworks and further
assembles into a sodalite (SOD) topology. Although it is
challenging to define the resolved structure of the ORR active
sites in non-precious catalysts after so many works, M-N-C (M:
Fe and/or Co) structure has been proved to be closely related to
the ORR active site.>! Given the abundant Co-N4 moieties and
high surface area of ZIF-67, we expected to obtain a porous
carbon with high content of Co-N and high surface area.
Meanwhile, by reducing the size of the MOF precursor to nano
size, we hoped to improve the mass and electron transfer
efficiency from the derived nanoscale structured catalytic system.

In the preparation of size controlled nanoparticles, modulators
such as polymers or surfactant are often used, which is also
applicable in MOF synthesis.”’*®* However, in further
applications, complete removal of those modulators is essential
but hard to achieve. Other methods, such as microwave™ and
ultrasound*® were also applied to produce small size MOFs,
however, the process is still complicated and requiring high
energy consumption. Here, by simply altering the solvent and
reaction temperature, we achieved well-defined monodisperse
ZIF-67 crystals with different sizes (Fig. 1). The smallest ZIF-67

1o crystals with an average particle size of 300 nm were synthesized

at room temperature using methanol solvent (Fig. S1,S2). By
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Fig.1 Synthesis of ZIF-67 with various sizes. (a) Schematic showing the synthetic procedures. (b) Structure information of the ZIF-67 crystal.

slightly elevating the reaction temperature to 60 °C to accelerate
crystal growth, we obtained larger particle sizes of 800 nm (Fig.

5 S3,S4). The increase in particle size may result from further
growth via aggregation of the initially formed nuclei at the higher
temperature. Replacing methanol by more polar solvent like
water, the particle size was further increased to an average size of
1.7 pm (Fig. S5,S6). For comparison, bulk ZIF-67 crystals were

10 synthesized through a solvothermal procedure. The resulting
products have a wide size distribution from several micrometers
to several hundred micrometers (Fig. S7). Powder X-ray
diffraction (PXRD) shows that all products are ZIF-67 crystals
without any detectable by-products (Fig. S8).

15 For the preparation of ORR catalyst, the above ZIF-67 nano-
and microcrystals were subjected to heat treatment under argon
atmosphere. The morphologies of samples after heat treatment
were characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) (Fig. 2a-f and Fig. S9-

20 12). The rhombic dodecahedral shape of the MOF precursor is
well preserved in the MOF derived catalyst (denoted as MDC). It
can be seen that in the carbon polyhedrons, darker dots with the
size of ~10 nm are well dispersed in the matrixes (Fig. 2f,g).
These dots were further proved to be cobalt nanoparticles by

25 selected area electron diffraction (SAED) (Fig. 2h) and PXRD
(Fig. 2i) analyses. Magnification of the cobalt nanoparticles
shows that they are wrapped by a few layers carbon sheets (Fig.
2g), which are in-situ generated under the catalytic effect of
cobalt metal at high temperature.

30  Nitrogen sorption experiments were conducted to investigate
the pore textures of MDCs. Before heat treatment, the MOF

S
o

w
=

precursor exhibits typical type-I isotherms (Fig. 3a) implying the
microporous structure in the precursor. The Brunauer-Emmett —
Teller (BET) surface area was found to be 1512 m” g”'. After heat
treatment at 750 °C, the product displayed a bit similar isotherms
to those of the precursor (Fig. 3a). The high uptake at low relative
pressure suggests the dominating micropores in the sample. The
slight hysteresis loops between the adsorption and desorption
branches and vertical tails at around 1.0 relative pressure reveal
the presence of certain portion of meso- and macropores.
Although the BET surface area decreases drastically after heat
treatment, the resultant MDC keep a high surface area of 386 m?
g The detail of the pore structure changes after heat treatment is
displayed by the pore size distributions (PSD) (Fig. S13). The
ZIF precursor has a narrow PSD mainly focused on 0.9 nm. After
heat treatment, mesopores with the ranges of 2.0 nm to 5.0 nm
and pores larger than 26 nm were formed. For the MDC samples
prepared from different sized MOFs, the surface areas were also
examined by nitrogen sorption experiments (Fig. S14). As the
size increases, the BET surface area decreases. The value was
found to be 326 m> g"' for MDC from the 800 nm crystal, and
233 m* g for 1.7 um sample. The bulk sample has the lowest
BET surface area of 165 m* g”'. However, the corresponding pore
size distributions are very similar (Fig. S15).

The oxygen reduction properties of the MDCs were evaluated
by cyclic voltammetry (CV) and rotating disk electrode (RDE)
measurements in 0.1 M HCI1O,4. Each material with the same mass
was loaded onto a glassy carbon electrode (0.4 mg cm™). In CV
tests, featureless voltammetric currents in the selected potential

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 (a) SEM image of the as-prepared 300 nm ZIF-67. (b,c) TEM images of the ZIF-67 at different magnifications. (d) SEM image of ZIF-67 after heat
treatment at 750 °C. (e-g) TEM images of the 750 °C treated ZIF-67. (h,i) SAED (h) and XRD (i) patterns of the ZIF-67 treated at 750 °C.

ranges are obtained for all samples in Ar. In contrast, they
s displayed well-defined cathodic peaks in O, (see Fig. 3b and
Supplementary information). Insight of the ORR kinetics was
revealed by RDE tests. Fig. 3c shows the RDE polarization
curves at different potential for 300 nm MDC prepared at 750 °C.
The ORR onset and half-wave potential are as high as 0.86 V and
10 0.71 V relative to the reversible hydrogen electrode (RHE). These
rank the 300 nm MDC among the best non-precious ORR
catalysts reported so far (see Table S1).*' The corresponding
Koutecky-Levich plots exhibits good linearity and near
parallelism at various potentials (Fig. 3d), which suggested first-
15 order reaction kinetics to the dissolved oxygen concentration.
The effect of the size to the catalysis performance was studied.
As shown in Fig. 4a, the RDE polarization plots at 1600 rpm
were recorded for all MDC samples. As the size of the precursor
decrease, the derived catalysts show increased ORR catalytic
20 activity. Catalyst prepared from bulk ZIF-67 crystal showed some
ORR activity with an onset potential of 0.80 V, and very limited
kinetic current density J,. As the size decreases, the onset
potential and kinetic current density increase. The smallest MDC
(300 nm) exhibited markedly higher ORR than those of the larger
»s MDCs, with a much higher ORR onset potential and well-defined
plateau representing diffusion-limiting currents in the RDE

4

4

&

=

o

polarization plots. Remarkably, the kinetic current densities J, for
300 nm MDC are significantly higher than the larger samples at
the same loading (Fig. 4c). Currents normalized to the weight are
showed in Fig. S24.

The electron transfer number (n) for the different samples
provides a direct evidence of the size effect on catalyst
performance. Fig. 4b compares the electron transfer number for
the MDC with various sizes at different potentials. In ORR
system, oxygen can be reduced via two pathways, four- and two-
electron transfer processes, in which four-electron transfer
process is preferred.*> Here, 300 nm MDC gave the highest and
nearly stable electron transfer number with an average value of
3.7 in the potential range of 0-0.7 V, implying a dominative four-
electron pathway. When the size comes to a larger 800 nm, the
corresponding catalyst gave decreased electron transfer numbers
with an average value of 3.5 in the potential range. Further
increasing the particle size to 1.7 pm leads to a lower n value of
3.2. As expected, bulk crystal derived catalyst gave the lowest n
value of 2.8. Notice that the high amount of loaded catalyst on the
electrode will influence of the detection of the produced peroxide
and thus the higher n value.*’ Test of the 300 nm sample with a
low loading of 0.1 mg cm™ was performed under the same
condition (Fig. S25). It also exhibits high electron transfer

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Gas sorption and ORR performances of 300 nm MDC prepared at 750 °C. (a) Nitrogen sorption isotherms at 77 K of 300 nm ZIF-67 and its derived
catalyst. (b) CV curves in O, saturated (red line) or Ar-saturated (black line) 0.1 M HCIO, with a sweep rate of 50 mV s™. (c) RDE polarization curves in
O, saturated (solid line) or Ar-saturated (dash line) 0.1 M HCIO; at various rotation rates. (d) Koutecky-Levich plots at different potentials.
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transfer number as a function of potential for MDCs with various sizes.
10 (¢) Specific activities at various potentials for MDCs of different sizes. (d)
Stability evaluation of Pt/C (black) and 300 nm MDC (red) in an O»-
saturated 0.1 M HCIO4 at 0.65 V and rotation speed of 1600 rpm.
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numbers over the potentials. The superior ORR catalytic activity
of the 300 nm MDC suggests that the smaller structure could
15 provide more active and easily accessible catalytic centers and

thus promote a faster mass and electron transfer process. This
will be helpful for developing highly efficient catalysts from
structure design in the future.
Particularly, M-N/C catalysts are known for the instability in
2 acidic media and their practical application suffers from this
limitation.** Surprisingly, MDC shows good stability. Tests were
performed at 0.65 V in an O,-saturated 0.1 M HCIO, solution
(Fig. 4 d). The commercial Pt/C catalyst shows a drastic current
loss of approximately 87 % after 15000 seconds. However, MDC
25 exhibited a very low attenuation after a 58 % loss indicating a
superior stability than Pt/C in acid medium. It is interesting to
find that the cobalt nanoparticles in our catalysts are stable in
both acid medium and air. It is known that small sized metal
particles like iron and cobalt are rather active and can burn in air.
30 Here, the stability of the cobalt metal in the carbon matrix is due
to the protection from the graphene-like carbon shells around the
cobalt nanoparticles.
In catalyst preparation, the heat activation temperature is a key
factor that directly affects the catalytic activity. Fig. 5a shows the
35 results from RDE measurement of the MDC prepared at different
temperature. The activity of the catalyst synthesized at 600 °C is
very low in view of ORR onset and half-wave potentials.
However, the activity increases as the heat treatment temperature
rises, and comes to a peak at 750 °C. Then the activity drops
40 down upon raising the temperature. The chemical surface

This journal is © The Royal Society of Chemistry [year]
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analysis by X-ray photoelectron spectroscopy (XPS) helped to
reveal the changes over the temperatures. The full spectra of
those samples show the presence of C, Co, N and O species (Fig.

S34). The contents of each element were summarized in Table S2.

The results show that, as the pyrolysis temperature increased, the
content of carbon in the catalyst increased while the nitrogen
content declined drastically. That’s because of the instability of
nitrogen doped in carbons at elevated temperatures. A slight
decrease in the content of the surface cobalt species was also
observed from the XPS result, which may result from the
aggregation of cobalt species at high temperatures. Specially,
nitrogen has been view as n-type carbon dopant, which can
facilitate the ORR.'? Thus nitrogen content and species in catalyst
is critical in controlling the activity.*> High-resolution N 1s XPS
spectra were collected to obtain insight into the nitrogen species
in these catalysts (Fig. 5b-d). Results show subtle differences in
the nitrogen species controlled by the heat activation temperature.
The spectra can be deconvoluted into four peaks, which
correspond to pyridinic (398.9 eV), pyrrolic (400.4 eV), graphitic
(401.3 eV) and oxidized (403.8 eV) nitrogen species,
respectively.*® Pyridinic N was found to be the prominent species
at 600 °C together with a few pyrrolic N and less graphitic N. As
the temperature increases, the unstable pyrrolic nitrogen atom
gradually turns to graphitic nitrogen atom,*” which has been
proposed to promote four-electron process in ORR.® For the
sample prepared at 900 °C, although it contains a high content of
graphitic N, the overall nitrogen content is quite low and the
pyridinic N is significantly reduced. Thus the ORR catalitic
activity is quite low for the sample activated at 900 °C.
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Fig. 5 (a) RDE polarization curves of 300 nm MDC prepared at various
temperatures. (b-d) N 1s XPS spectra of MDC prepared at 600 °C (b), 750
°C (c) and 900 °C (d).

There are two important features rendering nano MDC with
superior ORR activity. Firstly, the usage of MOF ensures the
abundant Co-N, moieties which would be further converted to
active site and the high surface area in the derived catalyst.
Compared to the previous best performed catalyst precursors,'>!?
mixtures of carbon supports, nitrogen precursors and transition-
metal salts, MOF has the nature of molecular defined 3D-
structure, which means not only the abundant desired moieties
but also the uniform distribution of such sites. Moreover, the
porous character of the MOF is handed down to MDC. Therefore
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an open catalytic system with abundant and uniform active site
was achieved through the MOF precursors. Secondly, the small
size of the nano catalyst improves the mass-transport property.
Oxygen reduction reaction involves a triple-phase system, the
solid catalyst, the liquid electrolyte and the oxygen gas. So
efficient transport of O,, protons and H,O these ORR-related
species in the triple-phase boundary is beneficial. Here, our
catalyst has the ideal structure for this purpose. The catalytic sites
are uniformly distributed on the fully exposed walls of the carbon
polyhedron, which accelerates mass exchange rate, hence further
improving the ORR activity.

Conclusions

We have for the first time employed nano MOFs to fabricate
promising ORR electrocatalyst. Size effects of the MOF
precursor on the catalytic properties are systematically revealed
in this work. As the particle size decreases, the catalytic activity
increases markedly. The best electrocatalysts evolved from the
smallest MOF precursor (300nm) exhibits novel activity and
superior stability in acidic solution. The high activity of the nano-
electrocatalyst is attributed to the fully exposed nanostructure
with good mass- and electron-transport properties. The present
work demonstrates that small MOFs can impressively make a big
difference, which opens new avenues for the flourishing
application of MOFs.
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