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ABSTRACT

Electrocatalysts for oxygen reduction reaction (ORR) play a key role in renewable energy technologies
including metal-air batteries and fuel cells. Despite tremendous efforts, the development of ORR elec-
trocatalysts with high activity and low cost remains a great challenge. Here, we report the fabrication of
well-defined carbon network with honeycomb-like structure as a high-performance catalyst toward
ORR, via pyrolysis of bimetallic Co, Zn-zeolitic imidazolate (Co, Zn-ZIF) crystal arrays grown on the
surface of layered double hydroxide nanoplatelets (LDHs@Co, Zn-ZIF). The concentration of doped-het-
eroatoms (N, Co), the graphitic degree as well as the surface porosity of the resulting carbon network can
be finely controlled by tuning the Co/Zn molar ratio in the LDHs@Co, Zn-ZIF precursors. The optimal
carbon catalyst (CoZn-2) exhibits excellent ORR activity with an onset potential of 0.976 V vs. RHE and a
limited current density of 5.8 mA cm 2, which is superior to commercial Pt/C catalyst. In addition, both
an extraordinary long-term stability (~99.5% current retention over 20,000 s) and a strong tolerance
against methanol corrosion are also obtained. This work demonstrates an effective strategy to artificially

regulate the nanostructure and intrinsic active site of carbon-based ORR electrocatalysts.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The design of highly active and cost-effective catalysts for en-
ergy storage and conversion applications is a critical strategy in
the pursuit of sustainable energy [1-3]. The oxygen reduction re-
action (ORR) in particular is an enabling process for many energy
storage options, such as fuel cells and metal-air batteries [4-6]. So
far, Pt based materials have been the dominant and efficient
electrocatalysts toward ORR [7-9], but the scarcity, high cost and
low stability of Pt largely limit its practical applications. In this
regard, a broad range of alternative catalysts have been actively
pursued including nonprecious metals (Fe, Co, etc.) [10,11], me-
tallic compounds (e.g., oxides, chalcogenides, nitrides and oxyni-
trides) [12-15] as well as heteroatoms-doped carbon materials
[16-18]. However, for a given catalyst, high activity and long-time
durability are practically hard to be achieved simultaneously as a
consequence of some intrinsic limitations of individual constitu-
tion. To promote the performance of ORR catalysts, many efforts
have been developed by tuning the intrinsic active site for catalytic
reactions or constructing nanostructures to enhance mass

* Corresponding authors.
E-mail addresses: shaomf@mail.buct.edu.cn (M. Shao),
weimin@mail.buct.edu.cn (M. Wei).

http://dx.doi.org/10.1016/j.nanoen.2016.04.041
2211-2855/© 2016 Elsevier Ltd. All rights reserved.

transport and facilitate the active site exposure [19,20]. In spite of
all these progresses, how to achieve satisfactory ORR catalysts by
virtue of material exploration and fabrication strategy is still a
huge challenge.

Recently, heteroatoms-doped carbon materials have been
emerging as promising and cost-effective alternatives for pro-
moting the ORR [21-23]. Aiming to discover highly active carbon-
based materials, high graphitized carbon, uniformly doped het-
eroatoms (especially N, for the formation of C-N bonding as active
site) as well as porous nanostructure are widely explored as ORR
activity descriptors [24-26]. However, the well-graphitized carbon
with efficient dopants (e.g., N and Co) is practically hard to be
satisfied due to the more favorable formation of C-C bond than C-
N or C—Co bond in a pyrolysis process [27,28]. Moreover, the pyr-
olysis process usually leads to a serious fusion and aggregation of
carbon nanoparticles, giving rise to a limited active site exposure
and blocking the tunnels of mass transfer [29,30]. Consequently, it
is urgent to precisely optimize the active sites and porous struc-
tures simultaneously over carbon-based catalysts for better guid-
ing the design of advanced ORR catalysts.

In our previous work, carbon-based network has been prepared
via directed growth of metal-organic framework (MOF) crystal
arrays on the surface of layered double hydroxides (LDHs) fol-
lowed by a pyrolysis treatment, which shows good ORR properties
[31]. Although the introduction of LDHs as a directing agent
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guarantees the formation of well-organized carbon, a precise
control over the active sites (i.e., the doped heteroatoms: Co, N)
and the porous network is not achieved yet. Herein, we further
fabricate a well-defined two dimensional (2D) carbon-based ar-
chitecture with simultaneously fine control over active sites and
porosity by pyrolysis of bimetallic Co, Zn-zeolitic imidazolate (Co,
Zn-ZIF) framework grown on the surface of LDHs nanoplatelets,
which exhibits significantly enhanced electrocatalytic ORR per-
formances. It is found that the Co species in the Co, Zn-ZIF pre-
cursor provides highly graphitized carbon with good conductivity;
while the Zn element is helpful to form high-surface-area carbon
with N-doping. By tuning the Co/Zn molar ratio, the optimal car-
bon network gives a decisive contribution to the excellent ORR
activity (with an onset potential of 0.976 V vs. RHE and ~99.5%
current retention over 20,000 s), which is superior to the com-
mercial Pt/C catalyst and among the best in all of the MOF-derived
ORR catalysts reported to date.

2. Experimental section
2.1. Preparation of CoAl-LDH template

The sample of CoAl-LDH with well-defined hexagonal mor-
phology was prepared in a three-neck flask equipped with a reflux
condenser under a nitrogen flow. Typically, CoCl, - 6H,0 (10 mM),
AlCl5-6H,0 (5 mM) and urea (35 mM) were dissolved in 400 mL
of deionized water. The solution was then heated at 97 °C under
refluxing with continuous stirring for 48 h. The resulting product
was filtered, washed with deionized water and ethanol for several
times, and finally dried at ambient temperature in air.

2.2. Preparation of LDHs@Co,Zn-ZIF precursors

As a typical representative, the synthesis of LDHs@Co, Zn-ZIF
with a Co/Zn molar ratio of 2 was performed as follows: a 100 mL
of methanol solution containing CoAl-LDH (0.1 g), Co(NOs), - 6H,0
(0.1 M) and Zn(NOs), - 6H,0 (0.05 M) was firstly prepared. Then a
2-methylimidazole (MeIM) methanol solution (50 mL, 0.8 M) was
rapidly poured into the above solution under magnetic stirring at
room temperature for 15 min. The product was collected by cen-
trifugation (3000 rpm, 5 min) and washed several times by me-
thanol. Other LDHs@Co, Zn-ZIF precursors with different Co/Zn
molar ratios were obtained by changing the concentration of
Zn(NOs), - 6H,0 to 0.4 M (Co/Zn=0.25), 0.2 M (Co/Zn=0.5), 0.1 M
(Co/Zn=1), 0.033 M (Co/Zn=3) and 0.025 M (Co/Zn=4), respec-
tively. The resulting LDHs@Co, Zn-ZIF precursors in this stage are
denoted as LDH@ZIF-CoZn-x (x=0.25, 0.5, 1, 2, 3 and 4).

2.3. Preparation of carbon-based ORR electrocatalysts

The as-prepared LDHs@Co, Zn-ZIF precursors were placed in a
ceramic boat and transferred into a temperature-programmed fur-
nace. The pyrolysis treatment was performed at 600 —800 °C for 2 h
with a heating rate of 5°C min~! in N, atmosphere; the final pyr-
olysis products are denoted as CoZn-x (x=0.25, 0.5, 1, 2, 3, 4).

2.4. Characterizations

X-ray diffraction patterns were collected on a Shimadzu XRD-
6000 diffractometer using a Cu Ka source, with a scan step of 0.02°
and a scan range between 3° and 70°. FTIR spectra were recorded
on a NICOLET NEXUS470 Fourier transform infrared spectrometer.
X-ray photoelectron spectra (XPS) were performed on a Thermo
VG ESCALAB 250 X-ray photoelectron spectrometer at a pressure
of about 2 x 10 Pa using Al Ko X-rays as the excitation source.

Raman measurements were carried out with 532 nm of excitation
by using a confocal Raman microspectrometer (Renishaw, inVia-
Reflex, 532 nm). The specific surface area determination, pore size
analysis were performed by Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) method, respectively, using a
Quantachrome Autosorb-1CVP analyzer. Prior to the measure-
ments, the samples were degassed at 150 °C for 8 h. The mor-
phology was investigated using a scanning electron microscope
(SEM; Zeiss SUPRA 55) with an accelerating voltage of 20 kV,
combined with energy dispersive X-ray spectroscopy (EDX) for the
determination of carbon-based materials. Transmission electron
microscope (TEM) images were recorded using a Philips Tecnai 20
and JEOL JEM-2010 high-resolution transmission electron micro-
scopes with an accelerating voltage of 200kV in each case. A
Tecnai G2 F30 S-TWIN microscope operated at 300 kV was em-
ployed to reveal the honeycomb-like structure using the scanning
transmission electron microscope (STEM).

2.5. Electrochemical measurements

All the electrochemical experiments were performed by using a
CHI660E electrochemical workstation (Shanghai Chenhua Instru-
ment Co., China) at room temperature in 0.1 M KOH solution or
0.1 M HClO4 solution with a conventional three-electrode cell. The
reference electrode is a saturated Ag/AgCl electrode in 0.1 M KOH
solution or a saturated calomel electrode (SCE) in 0.1 M HClO4
solution. The counter electrode is a platinum wire. A rotating disk
electrode (RDE) of 3.0 mm in diameter and rotating ring-disk
electrode (RRDE) of 5.61 mm in diameter were used as the sub-
strate for the working electrode. Prior to use, RDE and RRDE were
polished by aqueous alumina suspensions on felt polishing pads,
and washed with deionized water and ethanol. To prepare the
working electrode, the catalyst (2 mg) was dispersed in the solu-
tion containing 780 pL of deionized water, 200 pL of ethanol and
20 pL of 5 wt% Nafion solution, followed by a strong ultrasonic
treatment to form a uniform black ink. 7 pL of the catalyst ink was
dripped onto the glassy carbon surface with a loading of
0.2 mg cm~2 for all samples including commercial Pt/C catalyst
(20 wt% of Pt). Before test, a N, or O, flow was used for the elec-
trolyte in the cell for 30 min to give a saturation state. The cyclic
voltammetry (CV) experiments were performed in N,- and
0O,-saturated 0.1 M KOH solution or 0.1 M HCIO,4 solution at a scan
rate of 10 mV s~ 1. RDE tests were measured in O,-saturated 0.1 M
KOH solution or 0.1 M HClIO4 solution at different speed rates (625,
900, 1225, 1600, 2025, 2500 rpm) with a sweep rate of 10 mV s~ .
RRDE measurements were also conducted in O,-saturated 0.1 M
KOH solution or 0.1 M HCIO4 solution at room temperature. The
disk potential was cycled from 0—1.1 V vs. RHE at a scan rate of
5mV s~ ! and the ring potential was set at 1.3 V vs. RHE. The sta-
bility tests were carried out at 0.5 V vs. RHE in O,-saturated 0.1 M
KOH (w=1600 rpm) by the chronoamperometric method. During
the crossover tests, 2 M methanol was added into O,-saturated
0.1 M KOH within ~200 s

The Koutecky-Levich equation was used to calculate the ki-
netics parameters:

1 1 1 1 1

=T+ - =—5+ -
Joi gk Bo'2 g
B = 0.62nFCy(Dg)?/3v-1/6

Jx = nFkCo

where j is the measured current density; jx and j; are the kinetic-
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and diffusion-limiting current density; w is the electrode rotating
rate; F is the Faraday constant (F=96,485 C mol~!); G, is the bulk
concentration of O, (1.20 x 10~® mol cm~3 for both 0.1 M KOH
and 0.1 M HCIO4 solution); Dy is the diffusion coefficient of
0, (190x10">cm?s~! for 01M KOH solution and
1.93 x 107> cm?s~! for 0.1 M HCIO, solution); v is the kinematic
viscosity of the electrolyte (0.01 cm?s~! for both 0.1 M KOH and
0.1 M HCIO4 solution), and k is the electron transfer rate constant.

The electron transfer number and the peroxide percentage can
be calculated by the following equations:

iq
n:4xf
ir/N + ig

%HO; = 200 x —rIN__
ir/N + ig

where iy is the disk current; i, is the ring current and N is the

current collection efficiency of the Pt ring (N=0.37).

ECSA values of CoZn-x samples and Pt/C catalyst were de-
termined by measuring the capacitive current associated with
double-layer charging from the scan-rate dependence of CVs. The
ECSA was measured on the same working electrode and electro-
lyte (0.1 M KOH). The potential window of CVs was 1-1.1 V vs. RHE,
and the scan rates were 20, 40, 60, 80 and 100 mV/s. The double
layer capacitance (Cy) was estimated by plotting the Aj (j,—j.) at
1.05 V vs. RHE against the scan rate. The slope is twice of Cy,.

For the Tafel plot, the kinetic current was calculated from the
mass-transport correction of RDE by

Ix
J-I
The measured potential vs. the reference electrode was con-

verted to the reversible hydrogen electrode (RHE) scale via the
Nernst equation:

Erue = ERef + 0059pH + E}gef

J =

where Egye is the converted potential vs. RHE; Eg.r is the experi-
mental potential measured against the reference electrode, and
Egef is the standard potential of the reference electrode at 25 °C.

For the electrochemical measurements carried out in 0.1 M
KOH, the conversion from Ag/AgCl to RHE is

Erue = Eagjaga + 0.964 V

As for SCE in 0.1 M HClO4 solution, the conversion from SCE to
RHE is

Erye = Esce + 0304V

3. Results and discussion
3.1. Materials preparation and characterization

The carbon-based architecture is fabricated via a two-step
procedure (Scheme 1): in situ growth of Co, Zn-ZIF crystal arrays
on the surface of CoAl-LDH nanoplatelets, followed by a sub-
sequent pyrolysis treatment. Firstly, CoAl-LDH nanoplatelet with
well-defined hexagonal morphology (~6 um in lateral size; Fig. S1)
was synthesized via a hydrothermal method. Then, the LDH sup-
ported Co, Zn-ZIF crystal arrays with various Co/Zn molar ratios
were prepared by an in situ growth method at room temperature.
The obtained precursors in this stage with sandwich-like structure
are denoted as LDH@ZIF-CoZn-x (x is the molar ratio of
Co?*[Zn?*in Co, Zn-ZIF; x=0.25, 0.5, 1, 2, 3 and 4, respectively), in
which Co, Zn-ZIF crystals uniformly grow on both sides of CoAl-
LDH nanoplatelet (Figs. S2 and S3). The molar ratios of Co/Zn are
determined by the X-ray spectroscopy (EDX), which is close to the
feed ratios (Fig. S4 and Table S1). Then, the LDH@ZIF-CoZn-x were
pyrolyzed in a temperature-programmed furnace with nitrogen
gas flow at 800 °C for 2 h and the final products are denoted as
CoZn-x. SEM image (Fig. 1(a)) shows some irregular carbon na-
noparticles stacking on the surface of the pyrolysis product for
CoZn-0.25. With the increase of Co/Zn molar ratio from 0.25 to 1,

— —>
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X=0.25 Irregular carboh
nanoparticles/
— & — 9
/ .
Zn2+ ' \’J/‘
® X=0.5
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% ®
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| ? | . —
| MelM  COAMLDH | AR
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v v
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Scheme 1. A schematic illustration for the synthesis of LDH@ZIF-CoZn-x precursors and the resulting carbon-based architectures.
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Fig. 1. SEM images of (a) CoZn-0.25, (b) CoZn-0.5, (c¢) CoZn-1 and (d) CoZn-2. (e) STEM images of CoZn-2. (f) HRTEM image of CoZn-2 and (g) corresponding particle size
distribution of Co nanoparticles. (h) Magnified HRTEM image of CoZn-2 and (i) corresponding SAED pattern.

the carbon nanoparticles in the pyrolysis product disappear at first
(Fig. 1(b), CoZn-0.5) and then honeycomb-like nanostructure is
observed on the surface of nanoplatelet (Fig. 1(c), CoZn-1). As x
increases to 2, a typical 2D porous structure comes into formation
with continuous honeycomb-like carbon framework (Fig. 1(d),
CoZn-2); this structure can be well maintained with further in-
crease of x to 4 (Fig. S5a for CoZn-3 and Fig. S5b for CoZn-4). This
verifies that the cobalt species in Co, Zn-ZIF crystal arrays is
helpful for the formation of 2D ordered carbon architecture.

STEM images of CoZn-2 reveals a 2D porous morphology with a
lateral particle size of ~6 um, close to the size of CoAl-LDH tem-
plate (Fig. 1(e), inset). The obtained honeycomb holes are
~200nm in diameter, also corresponding to the original ZIF
crystals. The more detailed nanostructure of CoZn-2 was in-
vestigated by HRTEM. As shown in Fig. 1(f), well-dispersed nano-
particles with a narrow particle size centered at ~7 nm in dia-
meter are observed (Fig. 1(g)). Around the nanoparticles, graphite-
like layers can be easily identified with an interlayer spacing of
0.334 nm, corresponding to the (002) plane of graphitic carbon
(Fig. 1(h)) [32]. The HRTEM image combined with SAED pattern
further demonstrates the existence of metallic Co nanoparticles
with well-resolved (111) lattice fringe of 0.204 nm (Fig. 1(h) and
(1)) [33]. The detailed nanostructure and graphitic degree for other
carbon products were also demonstrated by HRTEM. As shown in
Fig. S6, the carbon-based network derived from LDH@ZIF-CoZn-
0.5 gives a smaller Co nanoparticles (1-2 nm in diameter) sur-
rounded by amorphous carbon, indicating that a lower Co content
inhibits the formation of well-graphitized carbon.

Fig. 2(a) shows the XRD patterns of LDH@ZIF-CoZn-x derived
carbon-based materials. All these samples display clear (111) and
(200) crystal planes of face-centered-cubic (fcc) Co diffraction at 20
44° and 51° [34], and the intensities of the two peaks enhances
gradually with the increase of Co content in the LDHs@Co, Zn-ZIF
precursors (Co/Zn molar ratio: from 0.25 to 4). However, no dif-
fraction related to Zn is found in all these samples, owing to the facile

evaporation of Zn in the pyrolysis process [35]. This is also proved by
the EDX spectra (Fig. S7 and Table S2) and the full XPS spectra (Fig.
S8 and Table S3), in which signals of C, N, O and Co element are
observed while only trace Zn is detected in the pyrolysis products.
The chemical compositions and surface properties for CoZn-x ma-
terials are further studied. Based on the Raman spectra (Fig. S9), the
intensity ratio of G band to D band (Ig/Ip) for CoZn-x increases from
0.69 to 0.97 along with the enhancement of x from 0.25 to 4 (Fig. 2
(b)), indicating a gradually increased graphitization degree [36]. In
contrast, the content of N gives an inverse trend: CoZn-0.25
(8.66 at%) > CoZn-0.5 (8.49 at%) > CoZn-1 (7.58 at%) > CoZn-2
(6.94 at%) > CoZn-3 (6.35 at%) > CoZn-4 (5.58 at%). The result shows
that Co element in the Co, Zn-ZIF precursors facilitate the formation
of graphitic carbons; while Zn is helpful to improve the N-doping in
the obtained carbon nanostructure.

The surface area and pore-size distribution of CoZn-x are in-
vestigated by Nj-adsorption/desorption measurements. Typical
IV-type isotherms with sharp uptakes at low relative pressure
(<0.05) and H3-type hysteresis loops (uptakes at a relative
pressure ranging from 0.45 to 1.0) are observed for all the pyrolysis
samples (Fig. S10), indicating the coexistence of micropore and
mesopore [37]. According to the Barrett—Joyner —Halenda (BJH)
model, Fig. 2(c) shows that all these CoZn-x materials have a re-
latively broad pore diameter with a maximum frequency at ~2
and 85 nm, respectively. In addition, a new pore size (centered at
~12 nm) appears along with the formation of honeycomb-like
structure (Fig. 2(c)). The specific surface area (Sper) of CoZn-x
materials, which is determined by the Brunauer-Emmett-Teller
(BET) method (Fig. 2(d)), increases significantly from 185 m? g~!
(CoZn-0.25) to 429 m? g~ ! (CoZn-2), but decreases to 385 m? g~!
(CoZn-3) and 306 m? g~ ! (CoZn-4). This result demonstrates that a
suitable Co/Zn molar ratio can effectively improve the specific
surface area and pore distribution of pyrolyzed carbon-based
materials; while an excess of Co/Zn molar ratio leads to a decrease
of Sper, which may result from a dense packing of graphitized
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spectra. (c) Pore-size distribution and (d) specific surface area of CoZn-x determined by N,-adsorption/desorption measurements.

carbon nanoparticles. It is believed that an unique hierarchical
porous structure with enhanced mass transport and active site
exposure can accelerate the catalytic reaction process [38], which
will be discussed in the next section.

3.2. Enhanced ORR performance

We found that the pyrolysis temperature of 800 °C is the op-
timum parameter for obtaining the maximum ORR catalytic per-
formance for CoZn-x (Figs. S11-S13). The cyclic voltammetry (CV)
curves for all these CoZn-x materials exhibit a more obvious and
well-defined cathodic peak in O,-saturated electrolyte than that in
N,-saturated solution, indicating their electrocatalytic activities for
ORR (Fig. S14). Among them, CoZn-2 shows the most positive re-
duction peak, predicting its superior ORR activity. Fig. 3(a) displays
the linear sweep voltammetry (LSV) curves of these CoZn-x

materials, in which a typical oxygen reduction process with a
sharply increased current at the mixed kinetic- and diffusion-
controlled zone and an obvious platform at the diffusion con-
trolled zone are observed. Remarkably, CoZn-2 presents the
highest diffusion-limited current density (5.8 mA cm~2) among
these catalysts derived from LDH@ZIF-CoZn-x (Figs. 3(a), S15 and
S16); it also possesses the most positive onset potential (0.976 V
vs. RHE) and half-wave potential (0.849 V vs. RHE; Fig. 3(b)), much
higher than that of commercial Pt/C catalyst (Fig. S17; Table S4). In
addition, the ORR performance of CoZn-2 is also significantly su-
perior to that of pure CoAl-LDH template, LDH@MOF precursor
(LDH@ZIF-CoZn-2) as well as CoAl-LDH calcinated at 800 °C in N,
atmosphere (denoted as CoAI-LDH-800) (Fig. S18). It is worth
mention that this performance of CoZn-2 is among the best in all
of the reported MOF-derived ORR catalysts and other noble-metal
free materials reported to date (see Table S5 for comparison).
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methanol.

The ORR electron-transfer process of CoZn-x is studied by RDE
experiments at various rotating speeds at a scan rate of 10 mV s~ !
under O,-saturated system (Fig. 3(c)), and the Koutecky-Levich
(K-L) equation is used to analyze the kinetic parameters. As shown
in Fig. S19 and Table S6, CoZn-x catalysts derived from the
LDH@ZIF-CoZn-x precursors with a high Zn content (x=0.25 and

0.5) show a mixed two or four electron oxygen reduction process.
The calculated results reveal an electron transfer number of ~2.76
for CoZn-0.25 and ~3.25 for CoZn-0.5 (0.2-0.7 V vs. RHE), mostly
owing to the poor activity of catalysts with low graphitization
degree. With the increase of Co/Zn molar ratio, the electron
transfer number is elevated and a more immediate four electron
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Fig. 4. (a) Percentage of various nitrogen species for CoZn-x obtained from XPS spectra. (b) Tafel slope values in low and high overpotential regions for CoZn-x and Pt/C
catalyst. (c) EIS spectra of CoZn-x. (d) The double layer capacitance Cy4 of CoZn-x, which is used to represent the ECSA. (e) Schematic illustration of the ORR process catalyzed
by CoZn-x materials with different Co/Zn molar ratios and nanostructures (I: an excess Zn content; II: an excess Co content; III: an optimal Co/Zn molar ratio).

oxygen reduction process is demonstrated for CoZn-1 (~3.89),
CoZn-2 (~3.96), CoZn-3 (~3.93) and CoZn-4 (~3.92), respectively.
Furthermore, rotation ring-disk electrode (RRDE) was used to
monitor the formation of HO, ~ during the ORR process (Fig. S20).
As shown in Fig. 3(d), the HO,~ yield is below 10% with the
electron transfer number of 3.86—3.98 for CoZn-2, similar to that
of Pt/C catalyst. However, the HO,~ yield increases rapidly with
the increase of Zn content in the LDHs@Co, Zn-ZIF precursors

(~35% for CoZn-0.5 and ~65% for CoZn-0.25), in accordance with
the results obtained from the K-L plots based on the RDE mea-
surements. This further demonstrates that an appropriate Co/Zn
ratio in LDHs@Co, Zn-ZIF precursors can produce carbon materials
with an optimum performance toward ORR.

The stability of the obtained carbon catalyst (CoZn-2) was
evaluated by chronoamperometric (CA) and LSV measurements. As
shown in Fig. 3(e), no obvious negative shift in the LSV curve of
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CoZn-2 can be observed after 20,000 s of continuous CA operation,
much superior to that of Pt/C catalyst (~31 mV negative shift in
half-wave potential). CV curves show that the current density of
CoZn-2 maintains ~99.5%; while only 60% retention is found for
the Pt/C catalyst (Fig. S21a). Moreover, with the addition of 2 M
methanol, both the LSV curve (Fig. 3(c)) and CA curve (Fig. S21b) of
CoZn-2 do not display variation; in contrast, Pt/C catalyst suffers a
sharp loss in activity. This demonstrates that the CoZn-2 catalyst
possesses a stronger tolerance against crossover effect than Pt/C
catalyst. In addition, the CoZn-2 catalyst also shows a good ORR
activity in acidic solution (0.1 M HCIO,4). As shown in Fig. S22, the
CoZn-2 catalyst exhibits an onset potential of 0.892 V vs. RHE, half-
wave potential of 0.679V vs. RHE and diffusion-limited current
density of 5.3 mA cm~2 at 0.2 V vs. RHE, much close to those of Pt/
C catalyst. The HO,~ yield of CoZn-2 in acidic solution is below
10% and the electron transfer number (n) ranges in 3.85-3.96, also
close to Pt/C and consistent with the results obtained from the K-L
plots based on the RDE study (Fig. S23).

3.3. Discussion

As demonstrated above, the ORR activity of the obtained car-
bon-based materials can be optimized by tuning the Co/Zn molar
ratio in the Co, Zn-ZIF precursor. We make further discussion to
reveal the intrinsic reason for this interesting result. As reported
previously, the type of nitrogen species plays a crucial role in the
N-doped carbon-based ORR catalysts [39]. We employed XPS to
investigate the variation of N species in these CoZn-x materials
(Fig. S24). The N 1s spectra of all the CoZn-x samples can be
mainly deconvoluted into three peaks: pyridinic-N (pyri-N,
398.3 eV), pyrrolic-N (pyrr-N, 400.2 eV), and graphitic-N (grap-N,
401.2 eV). It has been reported that both the pyri-N and grap-N
play a crucial role in the ORR process while the contribution of
pyrr-N is uncertain [40]. The relative composition of the three
types of N is shown in Fig. 4(a) and Table S7. With the increase of
Co/Zn molar ratio, the relative composition of pyri-N reduces
gradually, while that of grap-N increases significantly. The relative
composition summation of pyri-N and grap-N shows an increase
from 69.68% to 78.81% along with the enhancement of Co/Zn ratio
from 0.25 to 2, followed by a slight decline for CoZn-3 (78.54%)
and CoZn-4 (78.28%), which is due to the larger reduction rate of
pyri-N than the growth rate of grap-N. This change is in agreement
with the trend of ORR activity for CoZn-x, indicating pyri-N and
grap-N act as active sites toward ORR.

To analyze the kinetic properties of ORR, the tafel slopes for
CoZn-x and Pt/C catalyst were obtained from the linear plots of
LSVs at 1600 rpm (Fig. S25). All of these plots show typical two-
stage linear regions at low overpotential (#;; where the overall
ORR speed is determined by the surface reaction rate) and high
overpotential (77; where the overall ORR rate is dependent on the
oxygen diffusion) [41]. As shown in Fig. 4(b), both the tafel slopes
at 77, (57 mVdec™') and 7y (112 mV dec™!) for the CoZn-2 are
much lower than those of CoZn-x (with other Co/Zn molar ratios)
and commercial Pt/C catalyst, further proving that the CoZn-2
possesses a faster electron transfer rate and more efficient reactant
diffusion toward ORR. This can be demonstrated by the results of
electrochemical impedance spectroscopy (EIS) and electro-
chemical surface areas (ECSA) of these CoZn-x catalysts. The EIS
measurements in the ORR region at 0.85V vs. RHE are conducted
[35] and the corresponding Nyquist plots of the EIS spectra are
shown in Fig. 4(c). All of the curves for CoZn-x catalysts consist of a
semicircle in high frequency region and a straight line in low
frequency region. The semicircle diameter reflects the charge
transfer resistance, and the slope of straight line indicates the ion
diffusion resistance. The CoZn-2 shows a smaller semicircle dia-
meter and a larger slope, which indicates a faster electron

transport kinetics and ion diffusion rate [42,43]. The results are in
high agreement with their LSV behavior (Fig. 3(a) and (b)). The
decrease in the resistance from CoZn-0.25 to CoZn-2 can be at-
tributed to the simultaneously increased graphitic degree and
ECSA (estimated from the electrochemical double layer capaci-
tance of the catalysts; Figs. 4(d) and S26), which facilitates the
electron and mass transfer, respectively. Although the graphitic
degree enhances gradually from CoZn-2 to CoZn-4, the corre-
sponding resistance shows a rising trend due to the sharp de-
creased ECSA. It can be concluded that the high graphitic degree
with suitable porous nanostructure of ORR catalysts is important
to the fast electron transfer and efficient reactant diffusion.

Given the discussions above, the enhancement of ORR by tun-
ing the intrinsic active site and the nanostructure is proposed and
illustrated in Fig. 4(e). For the carbon material derived from
LDH@ZIF-CoZn-x with a high Zn content, despite of an enhanced N
doping, a large amount of amorphous carbon with poor con-
ductivity is produced, which lower the catalytic activity toward
the dynamic process of ORR. Thus a two-electron transfer pathway
with a high HO,~ yield occurs in the oxygen reduction process
(Figs. 3(d); 4(e) (I)). In the case of an excess of Co content, al-
though a high graphitization degree with good conductivity is
achieved, the concentration of doped-N is drastically reduced due
to the higher C-C bonding energy than that of C-N bonding. This
thereby decreases the number of active sites for ORR. Besides, an
overhigh graphitized carbon would limit the active sites exposure
and block the tunnels for ions transport (Figs. 2(c), (d); 4(e), (ID)).
Therefore, an optimal Co/Zn molar ratio in the Co, Zn-ZIF pre-
cursors is crucial to impose a synergistic effect between active
sites and surface properties of the derived carbon products, giving
rise to the best electrocatalytic performance (Fig. 4(e) (III)).

4. Conclusion

In summary, an effective strategy to artificially regulate the
nanostructure and intrinsic active site of carbon-based ORR cata-
lysts has been developed by pyrolysis bimetallic Co, Zn-ZIF crystal
arrays grown on the surface of LDHs. By tuning the Co/Zn molar
ratio in the Co, Zn-ZIF precursor, the concentration of doped-
heteroatoms (N, Co), the graphitic degree and the porous structure
of the obtained carbon materials can be finely controlled. The re-
sulting CoZn-2 material shows the highest specific surface area, a
relatively high content of N-doping and a suitable graphitization
degree, which exhibits remarkable oxygen-reduction activity, ex-
traordinary long-term stability and excellent tolerance against
methanol corrosion. It is expected that the obtained 2D carbon-
based network in this work can be used as a promising ORR cat-
alyst for efficient energy storage and conversion systems.
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