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Zeolitic-imidazolate Framework (ZIF)@ZnCo-ZIF Core-shell Template-
derived Co, N-doped Carbon Catalysts for Oxygen Reduction Reaction

Haiyan Yu, Liu Yang, Daojian Cheng® and Dapeng Cao (i}

Exposure of the active sites directly determines the catalytic activity of porous carbon electrocatalysts for oxygen reduction reaction (ORR). How to maximally expose
these active sites in as-synthesized carbons is still a great challenge. Here we propose an efficient strategy to maximally expose the active sites of porous carbon cata-
lysts, in which we use core-shell ZIF-8@ZnCo-ZIF (op-ZnCo-ZIF) as a precursor to synthesize Co, N-doped carbon catalysts (op-ZnCo-950) by pyrolysis. The low
boiling metal Zn in the core-shell template can serve as the activation agent to yield the micropores and mesopores, and the cobalt in the shell is therefore dispersed
well in the surface of as-synthesized carbons during the pyrolysis. As a result, the resultant op-ZnCo-950 exhibits a relatively high catalytic activity towards ORR
with a half-wave potential of 0.846 V (vs RHE), and the higher methanol resistance and better stability than 20% Pt/C. This work provides an efficient core-shell tem-
plate strategy for synthesis of carbon catalysts with highly exposed active sites for electrochemical applications including ORR, hydrogen evolution reaction and oxy-

gen evolution reaction.
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1. Introduction

Fuel cells, as a highly efficient and environmentally friendly technology,
can be considered as a promising solution of the severe energy shortage
and environmental problems caused by traditional fossil fuels.'® How-
ever, the extensive application of fuel cells is impeded by the sluggish
cathodic oxygen reduction reaction (ORR) which is several orders
slower than the anodic hydrogen oxidation reaction (HOR). Although
Pt plays a state-of-the-art role in ORR,”'? it still hinders the large scale
commercialization of fuel cells due to the scarcity, high price and nega-
tive properties (such as, low stability and low tolerance to methanol).
Therefore, it is urgently required to develop highly efficient and cost-
cheap non-noble metal catalysts for ORR. In recent decades, a lot of
improvement has been made in the fields of non-precious ORR cata-
lysts. In particular, Co- and Fe- involved catalysts show more fascinat-
ing potentialities than other transition metals like Zn, Ni, Mn and so on.
Moreover, some Co- and Fe-based catalysts also showed comparable or
even superior activities than commercial PY/C in alkaline electrolyte.''™

Metal-organic frameworks (MOFs), which contain well-distributed
metal nodes and various links,”®*’ have structural diversity and good
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design ability, and were often chosen as ideal self-sacrificed precursors
to prepare porous carbon materials through pyrolysis.”**° During the
pyrolysis, metal nodes can be in-sifu transformed into metal/metal
oxide/metal carbide as active components, and organic ligands are
changed into porous carbons as supporters inheriting the porosity.
In this way, the electronical conductivity and stability can be ensured
by the bonding between active sites and nanocarbons, rather than com-
bining MOFs with a proper support by other methods.** > Among the
MOFs families, zeolitic imidazolate framework (ZIF) is the most shin-
ing series as precursors to prepare porous carbons,®® due to the even
distribution of metal and nitrogen-rich ligands.'>'*2%3*%5 1n previ-
ous work, Zhang et al.*® found that the low boiling point (907 °C)
Zn atoms*** can act as an activation agent to generate porous metal-
free nitrogen-doped porous carbons. During the pyrolysis process, the
reduction and evaporation of Zn species under high temperature can
produce pores and increase the specific surface area (SSA). Neverthe-
less, metal-based catalysts usually exhibit better ORR performance than
metal-free ones due to the formation of metal-N active sites and higher
graphitic degree.*” Accordingly, ZIFs containing Co and Fe metals
have also been considered as templates to synthesize highly efficient
non-precious metallic electrocatalysis,'>***'*¥ where Co species in
ZIF can generate Co-N, moieties, Co nanoparticles (NPs) or CoOy
NPs beneficial for ORR. 3237434651 However, a serious common prob-
lem is the aggregation of metallic species of the samples derived from
Co- or Fe-ZIFs at high temperature, which would lead to low
SSA 373852 Therefore, combining low boiling point metal Zn and high
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activity metal Co or Fe in a precursor is a good strategy to solve the

3 5
13.34.4053 9nd core-shell struc-

problem. As a result, bimetal strategy
ture'**%* were proposed previously. For example, ZnCo-bimetal
MOFs was used as a self-adjusted precursor to synthesize Co-N-C with
little Co sinter.'>* And even single atom cobalt structure with pre-
cise N-coordination can be achieved as superior ORR catalysts.**>78
Moreover, a core-shell structure containing ZnCo bimetal NPs was also
used as an ideal precursor to synthesize an efficient electrocatalyst for
both ORR and OER.'#>° Generally, traditional ZIF core-shell struc-
tures were usually synthesized by epitaxial growth method which
contains collection, clean, dry and dispersion of the core seed crys-

tals before formation of core-shell materials,®*%*

which is a relatively
complex method. Since ORR is an interfacial catalytic reaction, the ac-
cessibility of the active sites is significantly critical. The core-shell pre-
cursors can make the derived catalysts expose more active sites on the
outer layer and therefore improve ORR performance. Thus, it is signifi-
cant to use a facile method and special core-shell template to develop
highly efficient ORR catalysts.

Here, we use a facile one-pot method to prepare a core-shell
template with ZIF-8 as the core and bimetal ZnCo-ZIF as the shell
(marked as op-ZnCo-ZIF), and then the op-ZnCo-ZIF is further adopted
as a precursor to synthesize Co, N-doped porous carbons (marked
as op-ZnCo-950), where the low boiling point metal Zn in the core
and shell would be evaporated and acted as an activating agent to
produce micropores and mesopores in the thermal treatment process,
while the Co species in the shell would be retained in the surface of
samples and maximally exposed as active sites. For comparison, we
also use non-core-shell structure ZIF-67 as a precursor to synthesize
ZIF-67-950 carbon sample in the same conditions. To highlight the
importance of core-shell template, the intrinsic properties and ORR
activities of the two samples of op-ZnCo-950 and ZIF-67-950 are in-
vestigated systematically. Finally, some conclusions are drawn, and
some discussion is addressed.

2. Experimental section

The synthesis strategies of op-ZnCo-ZIF and op-ZnCo-950 were
presented in Scheme 1, where the precursor of op-ZnCo-ZIF was
synthesized by a facile one-pot method at room temperature. First,
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Scheme 1 Synthesis strategy of op-ZnCo-ZIF and op-ZnCo-950.
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ZIF-8 was synthesized at room temperature by mixing Zn(NO3),
and 2-methylimidazole (2-mIM) methanol solution and stirring for
2.5 h. Then, Co(NO3),6H,0 solution and additional 2-mIM solution
were successively added into the previous milky solution containing
ZIF-8 NPs, stirred for another 2.5 h. So, the residual Zn>* ions, the
newly added Co* ions and 2-mIM construct the shell of op-ZnCo-
ZIF. Then, the violet op-ZnCo-ZIF sample can be obtained by filtering
and washing by methanol for several times and dried in an oven of
60 °C for overnight. Finally, op-ZnCo-950 sample was obtained by
the pyrolysis of op-ZnCo-ZIF under Ar flow at 950 °C for 2 hours.
Obviously, the core of op-ZnCo-ZIF is ZIF-8 and its shell is bimetal-
lic ZnCo-ZIF. In the op-ZnCo-ZIF, the special core ZIF-8 provides
abundant Zn as an activating agent to produce micropores and meso-
pores at high temperature while the Co species in the shell would be
retained in the surface of samples and maximally exposed as active
sites. For comparison, a pure ZIF-67 was synthesized and then was
carbonized to prepare ZIF-67-950 sample under Ar flow at 950 °C
for 2 hours. Other detailed descriptions of preparation, characteriza-
tion and electrochemical measurements were displayed in Supporting
Information.

3. Results and discussion

The scanning electron microscope (SEM) image (Figure la) shows
that op-ZnCo-ZIF is thombic dodecahedral shape, and the diameter of
the uniform particles is about 400-500 nm. The transmission electron
microscope (TEM) image of op-ZnCo-ZIF in Figure 1b shows good
correspondence with the SEM image. ZIF-8 and ZIF-67 have the
same topology and structure parameters, which can be determined by
single crystal X-ray diffraction (XRD) studies.®"®® So it is easy for
them to form bimetal structure or core-shell structure via epitaxial
growth, and they will exhibit topological information identical to
both ZIF-8 and ZIF-67 crystals. The well matching peaks of the
wide-angle powder XRD (PXRD) graphs in Figure lc suggested
that op-ZnCo-ZIF definitely has the same topology with ZIF-8 and
ZIF-67. Both elemental mapping and line scan (Figure 1d) show
the complete distribution of Zn in the whole particle and the partial
distribution of Co in the shell layer of the particle. Combining the
results of PXRD and elemental mappings, we can infer that the
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Fig. 1 (a) SEM and (b) TEM images of op-ZnCo-ZIF. (c) Wide-angle PXRD graphs of as-synthesized op-ZnCo-ZIF and simulated ZIF-67 and ZIF-8. (d) HAADF-
STEM image, elemental mapping and line-scanning of the core-shell op-ZnCo-ZIF (blue: Zn, red: Co).

special structure of op-ZnCo-ZIF with ZIF-8 as the core and ZnCo- be seen from the HRTEM images of op-ZnCo-950 in Figure 2b and
ZIF as the shell has been synthesized successfully by one-pot method. 2c that some carbon nanotubes (CNTs) were also formed. These

The SEM image in Figure 2a reveals that the as-prepared op- CNTs were grown under the catalysis of Co NPs during the py-
ZnCo-950 basically remains the initial shape of op-ZnCo-ZIF. It can  rolysis process.®®®* Only a few small metal NPs can be seen in

Co0(2b76)’//

Fig. 2 (a) SEM and (b, ¢, d) HRTEM images and local magnification of op-ZnCo-950 at different scales. (¢€) HAADF-STEM image and elemental mapping of op-
ZnCo-950 (yellow: C, red: Co).
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Figure 2b, c, e. As shown in the high-magnification HRTEM im-
age of the edge area of one metal NP (Figure 2d), the lattice
fringes match with those of Co (111), CoO (200) and C (002), re-
spectively. This reveals that the Co/CoO NPs are embedded in
graphitic carbon layers. Moreover, the elemental mapping images
of op-ZnCo-950 (Figure 2e) show uniform dispersion of cobalt
and carbon as well, with only a few spots that show cobalt gather-
ing. It suggests that cobalt was dispersed well, unlike the serious
gathering status of ZIF-67-950 (Figure S1), which also confirms
the advantages of core-shell template strategy.

To investigate the porosity of the samples, adsorption-desorption
isotherms of N, at 77 K and pore size distribution (PSD) of op-ZnCo-
950, op-ZnCo-ZIF, ZIF-67 and ZIF-67-950 are displayed in Figure 3a.
We can see from the inset of Figure 3a that both op-ZnCo-ZIF and
ZIF-67 have the higher N, adsorption amount than op-ZnCo-950 and
ZIF-67-950. It can be found from Table S1 that after the thermal treat-
ment, the BET SSA of ZIF-67-950 decreases sharply to 133.6 m* g’
due to the shrink and collapse of ZIF-67 framework and aggrega-
tion of Co NPs, while op-ZnCo-950 still keeps a high BET SSA

Research Paper

(1144 m* g) and good hierarchical PSD with sufficient both micro-
pores and mesopores, which are attributed to the special core-shell
structure of op-ZnCo-ZIF, where the evaporation of metallic Zn is
greatly beneficial for the formation of porous carbon materials. Zn spe-
cies in the precursor not only enlarge the distance between two Co
nodes in the shell to prevent Co aggregation, but also largely activate
the whole carbon materials.

The PXRD graph of op-ZnCo-950 (Figure 3b) shows the two
broad diffraction peaks at around 26° and 44°, which are assigned
to the (002) and (101) diffractions of graphitic carbons. The diffrac-
tion peaks located at 44.2° and 51.5° are indexed to the (111) and
(200) facets of Co crystal (PDF#15-0806). And the peaks at 36.5°,
42.4° and 61.5° are identical to the (111), (200) and (220) diffrac-
tions of CoO (PDF#43-1004), respectively. PXRD results are in ac-
cordance with the lattice fringes in Figure 2d.

The X-ray photoelectron spectroscopy (XPS) spectra of op-ZnCo-
950 (Figure 3c) shows the Nls, Cls, Ols and Co2p peaks. The ele-
mental content results of op-ZnCo-950 and ZIF-67-950 from XPS are
summarized in Table S2. Op-ZnCo-950 presents a higher nitrogen
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Fig. 3 (a) Pore size distribution and nitrogen adsorption-desorption isotherms (insert) of op-ZnCo-950, op-ZnCo-ZIF, ZIF-67 and ZIF-67-950. (b) PXRD graphs of op-
ZnCo-950 and standard XRD peaks of Co (PDF#15-0806) and CoO (PDF#43-1004). (c) XPS spectra of op-ZnCo-950, and (d) corresponding deconvoluted N1s XPS
spectrum. () XANES spectra and (f) k*-weighted y(k)-function (Fourier-transformation) of Co K-edge spectra and the fitting curve of op-ZnCo-950 with standard Co-

foil and CoO spectra.

© Engineered Science Publisher LLC 2018

Eng. Sci., 2018, 3, 54-61 | 57



Research Paper

content (4.23 at%) than ZIF-67-950 (1.15 at%), because the special
core-shell structure is beneficial for preventing the loss of nitrogen.
The high-resolution N1s spectrum of op-ZnCo-950 can be decon-
voluted into five types of N (pyridinic N (398.6 eV), Co-N (399.5 eV),
pyrrolic N (400.7 eV), graphitic N (401.2 eV), and oxidized N
(403.9 eV)), as shown in Figure 3d. The contents are 30.5%, 16.3%,
11.0%, 26.0% and 16.2%, respectively.®®” We can find the py-
ridinic N and graphitic N occupy the predominant position. The
contents of the five types of N are summarized in Table S3. On the
contrary, it is hard to finely define the nitrogen types in ZIF-67-950
because of the low content, as shown in Figure S2.

Further metal coordination environment information about the Co/
CoO NPs can be obtained by the X-ray absorption near-edge structure
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(XANES) and extended X-ray absorption fine structure (EXAFS), as
shown in Figure 3e and 3f. The XANES spectrum of op-ZnCo-950 is
located between those of Co foil and CoO because of the coexistence
of Co NPs and CoO in op-ZnCo-950. There are three main peaks in
the EXAFS spectrum of op-ZnCo-950. The first peak at about 1.5 A is
attributed to the isolated Co-N (O) bonds, while it is difficult to further
distinguish the exact contribution from Co-N or Co-O. The second
dominate peak of Co-Co bond appears at 2.16 A, implying the
presence of metallic Co. And the peak at 2.76 A is in coincidence
with Co-O-Co bond in CoO. The peak fitting and quantitative analysis
of the EXAFS data was carried out by the IFEFFIT package with Co-
foil and CoO as models. The fitting curve is shown in Figure S3, and
the fitting results were summarized in Table S4. The coordination
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Fig. 4 (a) CV curves of op-ZnCo-950, ZIF-67-950 and commercial 20 wt% Pt/C in 0.1 M KOH solutions under Ar-saturated (dash line) and O,-saturated (solid line)
status at a sweep rate of 50 mV s 1. (b) LSV curves of op-ZnCo-950, ZIF-67-950 and commercial 20 wt% Pt/C, in 0.1 M KOH, under oxygen bubbling at scan rate of
10 mV s and electrode-rotating speed of 1600 rpm. (c) Corresponding Tafel plots obtained from the RDE polarozation curves. (d) The electron transfer numbers (1;
black, leftside) and the peroxide yield (blue, rightside) of the three samples at potential range of 0.1 V to 0.7 V on the basis of RRDE voltammograms. (e) LSV curves
of op-ZnCo-950 at different rotating speeds (900 rpm-2025 rpm) in O,-saturated 0.1 M KOH. (f) Corresponding Koutecky-Levich plots of op-ZnCo-950 derived from

LSV curves.
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number of Co-N (O) in op-ZnCo-950 is 2.5 with the R factor of 0.014,
revealing the existing possibility of Co-N,, Co-N;3 and Co-O bond in
the materials. Combining EXAFS results and HRTEM images, we be-
lieved that the Co/CoO NPs were coordinated with N-C or directly co-
ordinated with C in graphitic carbon layers.

The above results indicate that the Co-based NPs consist Co and
CoO simultaneously. Although the pyrolysis was carried out under
inert gas atmosphere, slight oxidation may still occur in the mate-
rials after exposure to air. For example, low content of Co30, were
detected after pyrolysis of CoZIF-VXC72.** And CoO/Co CNTs®°
were synthesized by one-step method from ZIF-12 under inert atmo-
sphere. Here, we speculate that the O species come from the post surfi-
cial oxidation of Co NPs under the storage condition.

The ratio (Ip/Ig) of the peaks of D band (1353 em™") and G band
(1588 cm’™) can be used to estimate the defected carbon structure or the
graphitization degree of carbon materials. Raman spectra in Figure S4
shows that op-ZnCo-950 has a higher Ip/lg (1.08) than ZIF-67-950
(1.01), indicating relative lower graphitization degree of op-ZnCo-950.
The absence of 2D and D + G peaks in op-ZnCo-950 indicates more
defects in carbon matrix of op-ZnCo-950, like Co-N-C and N-C.

The electrochemical measurements were carried out to reflect ORR
activities of the samples in 0.1 M KOH aqueous solution at room tem-
perature. In Figure 4a, the obvious cathodic peaks were detected for all
the three samples in O,-saturated solution, compared to the featureless
curves of Ar-saturated solution, meaning their abilities for oxygen re-
duction. As displayed in Figure 4b, ZIF-67-950 shows the worst ORR
activity among the three samples, while op-ZnCo-950 exhibits a com-
parable ORR activity with commercial 20 wt% Pt/C. Both its onset
potential and half-wave potential (0.96 V, 0.846 V vs RHE) are close
to those of 20 wt% Pt/C (0.99 V, 0.867 V vs RHE). In Figure 4c, op-
ZnCo-950 shows a closer Tafel curve to 20 wt% Pt/C than ZIF-67-
950. Both op-ZnCo-950 and ZIF-67-950 show similar Tafel slope with
20 wt% Pt/C, which means they have similar electrochemical kinetics,
but op-ZnCo-950 shows a higher intercept which means a higher cur-
rent density under the same potential than ZIF-67-950. Both the yield
of H,O, and electron transfer number (Figure 4d) derived from RRDE
LSV curves (Figure S5) can reveal the inner electron transfer mecha-
nism of the catalysts. H>O,, as the product of 2-electron reaction, is
detrimental to catalysts. The low H,O, yield (below 10%) of op-
ZnCo-950 suggested that this catalyst possesses a high selectivity for
4-electron transfer pathway. Moreover, both RRDE LSV curves and
K-L curves (derived from RDE LSV curves at different rotating
speeds, Figure 4e) can be used to calculate the electron transfer num-
ber. The results by two methods are coincided with each other, in the
range of 3.77~3.96 (Figure 4d, according to RRDE results) and
3.84~4.0 (Figure 4f, according to K-L plots). This also indicates that
op-ZnCo-950 holds the preferred 4-electron transfer mechanism. For
comparison, the LSV curves in different rotating speeds and the K-L
plots of ZIF-67-950 and 20 wt% Pt/C were displayed in Figure S6.
The electron transfer numbers calculated by K-L plots of op-ZnCo-950
are comparable with those of 20 wt% Pt/C and significant larger than
ZIF-67-950, which well agrees with the results in Figure 4d.

In addition, the current-time chronoamperometric response (i-t
curve) in Figure 5a shows the high stability of op-ZnCo-950 with
nearly 95% retention, which is much higher than 85% retention of
Pt/C after 20000 seconds. It may be attributed to the strong covalent

© Engineered Science Publisher LLC 2018
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bonds between C, N and Co, which can delay the degradation of op-
ZnCo-950 catalysts. Moreover, the methanol tolerance and stability
were also investigated using i-t curve. When methanol (3 mL) was
injected into the electrolyte at 400 s, the i-t curve of Pt/C showed an
obvious drop caused by the methanol oxidation reaction (Figure 5b),
while there was almost no effect on the i-t curve of op-ZnCo-950. This
suggests that op-ZnCo-950 has much higher methanol tolerance and
stability than commercial 20 wt% Pt/C.

Considering the reasons of the high-performance ORR electro-
chemical activity of op-ZnCo-950, we believed that both active sites
and mass transfer were pivotal. Op-ZnCo-950 possesses abundant and
well-dispersed active sites, and hierarchical porous structure, which
guarantees efficient mass transfer in the materials during the electro-
chemical reaction. Benefiting from the proper porous properties, the
mass transport resistance decreased significantly, and the active
sites therefore get exposed fully, which greatly enhances the ORR
activity. On the contrary, the pores in ZIF-67-950 are blocked by
the severe aggregation of Co NPs, which can be confirmed by the
obviously smaller BET SSA (133.6 m” g™'). The small BET SSA
not only limits the mass transfer, but also blocks the exposure of
the active sites.

The high activity of op-ZnCo-950 may be attributed to Co/CoO
NPs, in which NPs connect with N-C bond or C adjacent to N. Previ-
ous investigations indicate that Co0,” CoO"" and Co-N* are positively
beneficial for ORR. In fact, nitrogen content also plays an important
role for ORR. As Nakamura et al.’* claimed that those carbon atoms
adjacent to pyridinic N were proved to be the active sites for ORR.
And the graphitic N was also believed to promote the adsorption of
oxygen atoms.”> Tmportantly, the metal-N species provide most active
sites for ORR.3"#*7* So, the high content of pyridinic N, Co-N and
graphitic N might be another important reason of the high activity of
0p-ZnCo-950 besides the good porous property.

4. Conclusions

In summary, a facile and effective one-pot approach has been pro-
posed to synthesize a special precursor of core-shell ZIF-8 @ZnCo-ZIF
structure, by which we derived Co, N-doped porous carbon catalysts
(op-ZnCo-950) by pyrolysis. The op-ZnCo-950 exhibits excellent
electrocatalytic activity for ORR with a half-wave potential of 0.846 V
(vs RHE). Moreover, op-ZnCo-950 catalyst also shows higher metha-
nol resistance and better stability than commercial 20% Pt/C. The high
electrocatalytic activity of op-ZnCo-950 could be attributed to the high
content of nitrogen (mainly pyridinic N and graphitic N), uniformly
distributed Co-based (including Co, Co-N and CoO) active sites and
hierarchical pore structure and high BET surface area. These excel-
lent properties of op-ZnCo-950 roots in the special core-shell pre-
cursor of op-ZnCo-ZIF, because the reduction and evaporation of
Zn species in op-ZnCo-ZIF can produce the micropores and meso-
pores at high temperature, while the cobalt in the shell is therefore
dispersed well into surface of samples, and maximal exposure of ac-
tive sites can be achieved. It is expected the core-shell template
strategy can provide an avenue to develop new catalysts for energy-
related applications, including fuel cells, water splitting, supercapacitors
or CO, electroreduction.
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Fig. 5 (a) Current-time (i-t) chronoamperometric response of op-ZnCo-950 and 20 wt% Pt/C at -0.4 V (vs SCE) in O,-saturated 0.1 M KOH at a rotating rate of 1000
rpm. (b) i-t chronoamperometric response of op-ZnCo-950 and 20 wt% Pt/C electrodes by adding 3 mL methanol after about 400 s.
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