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Self-catalyzed growth of Zn/Co-N-C carbon nanotubes derived from
metal-organic frameworks as efficient oxygen reduction catalysts for

Zn-air battery

Jing Zhang, Ye Chen, Yang Liu, Xupo Liu" and Shuyan Gao’

ABSTRACT Designing cost-effective and high-performance
carbon-based oxygen reduction reaction (ORR) electro-
catalysts is crucial in the development of Zn-air batteries
(ZABs). In this study, a facile one-pot synthesis approach is
engineered to construct Zn/Co-N-C carbonaceous poly-
hedrons interconnected with self-catalyzed-grown carbon na-
notubes (CNTs) from zeolitic imidazolium frameworks linked
with graphene oxide nanosheets. The special N-doped three-
dimensional (3D) carbon matrix allows manipulating the ex-
posure of active sites and the synergistic interaction between
metal nanoparticles and CNTs. The as-synthesized catalyst
features impressive ORR activity in 0.1 molL™! KOH (E;;; =
0.83 V) and 0.5 mol L™ H,SO, (Ey» = 0.73 V), satisfactory cy-
cling stability and methanol resistance comparable to those of
the benchmark Pt/C catalyst (E;;, = 0.80 V in 0.1 mol L™! KOH,
E;; = 0.75V in 0.5molL! H,SO,). Furthermore, the as-
established ZAB demonstrates a competitive peak power
density (90mW cm™) and prominent long-term stability,
which are better than those of devices based on the commercial
Pt/C catalyst (82mW cm™2). This work provides promising
guidance for fabricating highly effective ORR catalysts with in
situ formed CNTs, which can be applied in portable ZAB-
related devices.

Keywords: oxygen reduction reaction, carbon nanotubes, self-
catalyzed growth, synergistic interaction, Zn-air batteries

INTRODUCTION

The heavy dependence of contemporary society on fossil fuels
generates alarming global pollution and arouses serious con-
cerns about the energy crisis [1-3]. Tremendous endeavors have
been dedicated to exploring next-generation renewable and
clean energy storage technology [4]. Zn-air batteries (ZABs) are
excellent alternatives to satisfy the requirement of flexible
energy-storage devices because of their high theoretical energy
density (1086 Whkg™), reliable safety, and environmental
benignity [5,6]. In general, platinum (Pt)-based electrocatalysts
have been extensively utilized to enhance the sluggish oxygen
reduction reaction (ORR) that occurs at the air electrode of
ZABs. Nevertheless, the scarcity, prohibitive cost, and weak
durability of Pt-based materials have impeded the long-term
commercial development of ZABs [7,8]. Hence, research com-
munities have devoted tremendous efforts to exploring highly

effective non-Pt-based materials, such as metal chalcogenides,
metal oxides, metal carbonitrides, and metal-nitrogen-carbon
(M-N-C) [9,10]. To date, M-N-C materials (M = Fe, Co, Ni, Mn,
etc.) are commonly employed as cathode materials to substitute
platinum-based materials because of their outstanding ORR
performance, flexibility with dopants, long-term stability, and
encouraging electrical conductivity [11].

Recently, metal-organic frameworks (MOFs), constructed by
organic ligands and transition metal cores, are favorable plat-
forms for fabricating high-performance ORR catalysts because
of their well-designed porous structure, flexible composition,
and high surface area [12-16]. Among numerous MOFs, zeolitic
imidazole frameworks (ZIFs) have attracted enormous attention
as precursors for developing M-N-C catalysts [17-20]. The
intrinsic electronic structure and extrinsic properties (such as
pore structure and size, degree of graphitization) of materials are
crucial aspects for promoting ORR activity [21]. Volcano plots
implemented in intensive studies have indicated that the
incorporation of metal/heteroatom doping can regulate the local
electronic structure of catalysts through adopting the spin
density, charge effect, and ligand effect. As for non-noble metal
ORR electrocatalysts, functional species, including heteroatom
dopants, targeted M-N-C sites, and appropriate defects, are
active moieties. These capable active sites can stimulate the
following oxygen-oxygen bond breakage toward a desirable 4-
electron pathway, resulting in excellent activity and durability.
Previous studies suggested that the degree of graphitization is
another significant factor affecting ORR performance because
the ORR is an electron transfer process [22]. The graphitization
degree can be manipulated through heteroatom doping, hier-
archical porosity, and functional moieties [23,24]. Although
several ZIF-derived nanocarbon materials doped with heteroa-
toms and transition metals have been investigated as ORR
electrocatalysts, their electrochemical activity still needs to be
accelerated to satisfy practical applications.

Nitrogen-doped carbon nanotubes (N-CNTs) are widely uti-
lized as excellent catalysts for accelerating mass and electron
transfer in ORR [25,26]. Density functional theory (DFT)
simulations have shown that the density of state around the
Fermi level could be increased because of the synergetic inter-
action between the graphitic-N and encapsulated metal nano-
particles in N-CNTs, thus reducing the work function and
further yielding improved ORR activity. Moreover, academic
and industrial investigations have confirmed that the introduc-
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tion of electron-drawing oxygen atoms into the conjugated
nanotubes provides additional sites for generating positive
charges on the surrounding carbon atoms, energetically facil-
itating the OH* desorption in ORR [27,28]. Hence, N-CNTs
derived from MOFs via the bottom-up strategy have intrigued
extensive attention for ORR application in recent years [29-31].
In addition, graphene can be employed as either host materials
or active ingredients to improve ORR performance [32-35]. On
the one hand, graphene oxide (GO) with a large specific surface
area and good electrical conductivity is adopted as the con-
ductive carbon support. On the other hand, the catalytic per-
formance of graphene-based composite catalysts can be
improved through the synergistic effect between graphene and
ZIF-8-derived N-doped carbon materials. In conclusion, the
interaction between MOF-derived carbon and graphene
decreases the electron-transfer resistance and provides addi-
tional catalytic active sites for the prepared catalysts. Therefore,
the three-dimensional (3D) carbonaceous polyhedrons inter-
connected with N-CNTs derived from MOFs and graphene are
profitable for achieving efficient ORR catalysts. However, pre-
vious studies rarely reported this topic.

In this study, a facile one-pot synthesis is engineered to con-
struct ZIF-derived graphene-based self-catalyzed Zn/Co-N-C
polyhedrons interconnected by CNTs. Highly graphitized por-
ous frameworks are formed by the introduction of moderate
GO, which can afford robust frameworks with rich pores and
accelerate the transport of O, and electrolytes. During carboni-
zation, the carbon materials formed by the decomposition of
imidazole are supposed to reduce the adsorbed Co ions to
produce metal nanoparticles. With the neighboring solid carbon
as ingredients, the nanoparticles on the surface can catalyze the
growth of N-CNTs, and then the metal nanoparticles are
simultaneously encapsulated in the N-CNTs. The resulting N-
CNTs can reduce the aggregation of carbonaceous polyhedrons
because of the strong m-m stacking interaction, thus increasing
the number of accessible active sites and boosting the electro-
chemical activity. As expected, the optimized ZnCo-NGC exhi-
bits impressive ORR performances in 0.1 molL™" KOH (Ey, =
0.83V vs. reversible hydrogen electrode (RHE)) and 0.5 mol L™’
H,SO, solution (E;, = 0.73V), comparable to those of the
benchmark Pt/C catalyst (E;;; = 0.80 V in 0.1 mol L™ KOH; E),
=0.75V in 0.5mol L™ H,SO,). In addition, ZnCo-NGC catalysts
display excellent long-term durability and methanol resistance in
alkaline and acidic electrolytes. Importantly, the homemade
ZAB delivers the prominent property of a max power density of
90 mW cm™ and impressive cycling durability, surpassing those
of devices assembled with Pt/C catalysts. This work may provide
a profound pathway for designing advanced metal-air cathode
catalysts.

EXPERIMENTAL SECTION

Materials

2-Methylimidazole (2-MEIM, C4HeN,, 98%), cobalt(III) acet-
ylacetonate (Co(acac);, Ci15H,1CoQOg, 98%), potassium hydroxide
(KOH, 90%), and zinc acetate (Zn(OAc),, analytical reagent
(AR)) were purchased from Aladdin Industrial Corporation
(Shanghai, China). GO powders were obtained from Suzhou
Carbon Technology Co., Ltd. Zinc nitrate hexahydrate
(Zn(NO;),-6H,0, AR) was acquired from Tianjin Kermel Che-
mical Reagent Co., Ltd. Methanol (CH;0H, AR) was provided
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by Tianjin Deen Chemical Reagent Co., Ltd. Sulfuric acid
(H,SO4, AR) and hydrochloric acid (HCI, AR) were purchased
from Yantai Shuangshuang Chemical Co., Ltd. Nafion solution
(5%) and 20wt% Pt/C were obtained from Johnson Matthey
Company and DuPont Company, respectively. Deionized (DI)
water with a specific resistance (18.25 MQ) was employed. The
raw materials were used directly without further purification.

Preparation of ZIF-8, GO@ZIF-8, Co@ZIF-8, and Co&GO@ZIF-8
precursors
2-MEIM (6.5g) was mixed with methanol (100mL) under
ultrasonic treatment for approximately 10 min to gain solution
A. Zn(NO3),-6H,0 (3 g) was dissolved into methanol (50 mL) by
ultrasonication to acquire solution B. Then, solution B was
subsequently poured into solution A, followed by continuous
stirring at room temperature for 24 h. The obtained precipitates
were centrifuged, washed several times with methanol, and then
dried under vacuum at 60°C overnight. The achieved products
were ZIF-8 precursors.

The preparation of GO@ZIF-8, Co@ZIF-8, and Co&GO@ZIF-
8 precursors was similar to that of ZIF-8 except the diverse
solutions B. For GO@ZIF-8, solution B was composed of
Zn(NO;),-6H,0 (3 g) and GO (0.2 g). For Co@ZIF-8, solution B
consisted of Zn(NO;),-6H,0 (3 g) and cobalt(III) acetylacetonate
(0.514g). For Co&GO@ZIF-8, solution B was obtained using
Zn(NO;3),-6H,0 (3 g), cobalt(IIl) acetylacetonate (0.514g), and
GO (0.2 g). The other synthesis conditions were similar to those
used in the preparation of ZIF-8.

Preparation of Zn-NC, Zn-NGC, ZnCo-NC, and ZnCo-NGC

The as-prepared precursors were placed into a tube furnace and
heated at 900°C for 3h under flowing nitrogen gas (ramp rate
~5°Cmin™"). After being cooled down to room temperature, the
collected black powders were soaked in 2 mol L' HCI, washed
with DI water, and then dried at 60°C. The products derived
from ZIF-8, GO@ZIF-8, Co@ZIF-8, and Co&GO@ZIF-8 pre-
cursors were denoted as Zn-NC, Zn-NGC, ZnCo-NC, and
ZnCo-NGC, respectively.

Physical characterization

The micromorphology of the samples was obtained through
scanning electron microscopy (SEM, Zeiss Supra 40) and
transmission electron microscopy (TEM, JEOL JEM-2100). The
crystal structure was determined using powder X-ray diffraction
(XRD) on a Bruker D8 diffractometer with Cu-Ka radiation (A =
0.154 nm). The specific surface areas and the corresponding pore
size distributions were calculated at 77K on a Quantachrome
Autosorb Station (iQ2) instrument by using the Brunauer-
Emmett-Teller (BET) and non-local DFT (NL-DFT) methods,
respectively. Raman spectra were obtained on a Renishaw
spectrometer with 532 nm excitation. The chemical composi-
tions of the samples were analyzed by X-ray photoelectron
spectroscopy (XPS) on an ESCALAB250 spectrometer with the
Al Ka X-ray as the excitation source. The hydrophilicity of the
samples was measured using a contact angle meter (KRiSS
DSA25).

Electrochemical characterization

Electrochemical tests were recorded by using a three-electrode
cell on a CHI6043E workstation (Chenhua, Shanghai, China).
The three-electrode system was assembled using commercial
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glassy carbon (GC, diameter = 3/4/5mm) as the working elec-
trode, Hg/HgO/KOH (1.0molL™) or saturated calomel elec-
trode (saturated KCl) as the reference electrode, and Pt foil
(1cm?) as the reference electrode. The N, or O,-saturated
0.1 mol L™! KOH or 0.5 mol L™ H,SO, electrolyte was adopted as
the electrolyte. To fabricate the catalyst ink, 1 mg of catalysts was
added in 0.12mL of solution, including 0.02 mL of 5% Nafion
and 0.10mL of DI water with ultrasound to obtain a uniform
ink. Afterward, 5/10/12 pL of catalyst ink was dropped on a 3/4/
5-mm clean GC electrode and then dried naturally. For com-
parison, a commercial Pt/C catalyst was prepared using the same
process. O, or N, flow was introduced into the media for a
period of time before the measurement to reach the saturation
state. Cyclic voltammetry (CV) curves were measured on the
working electrode-coated as-prepared catalysts in alkaline or
acidic electrolyte at a scan rate of 10mVs™ from 0 to 1.2V (vs.
RHE).

Rotating disk electrode tests were gauged in O,-saturated
electrolytes ranging from 400 to 2025rmin' at a scan rate of
10 mV s L. The electron transfer number (1) was calculated from
the Koutecky-Levich (K-L) equation as follows:

11 1 1 1

TR R B T M
where ], Ji, and Ji represent the measured current density, the
diffusion-limiting density and kinetic current density, respec-
tively. The w stands for the electrode rotation rate. B can be
achieved from the following equation: B=0.2nFC,D**v /6,
where F is the Faraday constant (96,485 C mol™), C, refers to the
bulk O, concentration (1.2 x 10> molcm ™), D is the diffusion
coefficient of O, in 0.1molL™ KOH electrolyte
(1.9 x 10°cm?s™!), and v is the kinematic viscosity of the
electrolyte (0.01 cm?s™).

Rotating ring-disk electrode (RRDE) measurements were
employed at a constant rotation speed of 1600 r min™' and a scan
rate of 10 mV s™*. The electron transfer number (1) and peroxide
yield (H,O,%) were obtained by the following equations:

H,0,% =200i /(iy x N+1i,), 2
n=4i,/(@,+i /N), 3)
where i, iq represent the ring current and the disk current,
respectively. N is the collection efficiency of the Pt ring (N =
0.37).

As for the methanol tolerance test, CV curves from 0 to 1.2V

were measured in oxygen-saturated alkaline or acidic solution at
the scan rate of 10mV s, followed by the injection of 3 mL of
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Scheme 1 Schematic of synthesizing the ZnCo-NGC catalysts.

March 2022 | Vol.65 No.3

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

3molL™" methanol. Electrochemical stability tests were per-
formed in O,-saturated electrolyte after continuous CV mea-
surement of 6000 or 3000 cycles at 0-1.2V (scan rate
~50mVs™!). The scanning time per 1000 cycles was 34,000s.
Electrochemical impedance spectroscopy (EIS) was conducted
ranging from 100 kHz to 1 Hz with a voltage amplitude of 5mV.
All quoted potentials were corrected to the RHE.

ZAB testing

The performance of ZABs was carried out using home-built
electrochemical cells. Zn foil was applied as the anode, and the
electrolyte was 6molL™ KOH aqueous solution filled with
0.2mol L™ Zn(OAc),. Typically, 5mg of ZnCo-NGC was dis-
persed into a homogeneous catalyst ink, including 50 uL of 5%
Nafion solution, 500uL of ethanol, and 25uL of polytetra-
fluoroethylene aqueous suspension (5wt%). Then, the acquired
ink was dripped on the surface of carbon paper, guaranteeing a
catalyst loading of 2 mgcm™. For comparison, the air electrode
was also produced by the deposition of Pt/C catalysts. All data
were measured through the as-established cell using a CHI660E
system at room temperature.

RESULTS AND DISCUSSION

Physical properties and composition analysis

As shown in Scheme 1, a facile ZIF-directed strategy is engi-
neered to construct the 3D carbonaceous polyhedrons linked by
CNTs through pyrolyzing Co ions encapsulated in ZIF-8 inter-
calating GO sheets. GO containing epoxy and hydroxyl func-
tional groups on both sides is utilized to chelate with metal ions
in ZIFs. On the basis of the intercalation between GO and metal
ions, GO can coordinate with the Zn ions in ZIF-8 and partially
substitute 2-MEIM ligands while maintaining the underlying
coordination frameworks of ZIF-8. At the same time, the Co
guest ions are in situ encapsulated in the ZIF-8 cages that are
achieved by the assembly of Zn** and 2-MEIM in methanol.
Then, the formed Co&GO®@ZIF-8 precursors are transformed
into N-doped carbon nano-polyhedrons through high-tem-
perature pyrolysis. During pyrolysis, such hybrid coordination
facilitates Zn evaporation and Co-N formation at the same time.
Interestingly, during the pyrolysis at 900°C under N, atmo-
sphere, ZIF-8 and GO are transformed into nitrogen-doped
porous carbon. Meanwhile, Co(acac); within the cages is
reduced by the carbonization of organic linkers, leading to the
formation of Co clusters/nanoparticles on the surface of poly-

ZnCo-NGC
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hedrons. These surface clusters/nanoparticles possess strong
catalytic activity toward the spontaneous growth of CNTs
derived from the nitrogenous organic linkers of ZIF-8.
Accordingly, the continuous diffusion of carbon atoms reaches
the surface of Co nanoparticles, which are gradually enclosed
into the growing CNTs. Accompanying with the constant dif-
fusion of carbon atoms, the CNTs continue to elongate until the
solid carbon matrix is exhausted [36]. The in situ formed CNTs
can not only heighten the conductivity of catalysts, but also
deliver abundant transport channels. Moreover, the special N-
CNT architecture can effectively reduce the aggregation of car-
bonaceous polyhedrons, leading to additional exposed active
sites and thus boosting the electrochemical activity.

SEM and TEM characterizations were conducted to illustrate
the structure of the samples, and the corresponding results are
depicted in Fig. 1. The Co&GO@ZIF-8 with initial polyhedral
ZIE-8 structure can be observed from the SEM images (Fig. 1a,
b). After pyrolysis, the surface of ZnCo-NGC becomes much
rougher, and some CNTs grow from the surfaces of the cubes
(Fig. 1c-e), which can be further demonstrated by TEM images
(Fig. Sla—c). ZnCo-NGC catalysts possess CNTs and enclosed
metal particles. During the thermal treatment, the organic
ligands in ZIF-8 are broken up into reductive gas (e.g., NH3/H,)

to reduce Co ions into nanoparticles. Meanwhile, the organic
residuals decompose to generate carbon radicals, which are
eventually converted into CNTs through the self-catalyzed effect.
For ZnCo-NGC, the homogeneous dispersion of N, O, Co, and
Zn on the entire carbon structure is detected by the elemental
mapping (Fig. 1f). The TEM image (Fig. 1g) also confirms that
the Co nanoparticles are encapsulated in the 3D interconnected
heterostructure of N-CNTs. The high-resolution TEM
(HRTEM) image (Fig. 1h) exhibits a clear-defined lattice fringe
of 0.201 nm, which matches with metallic Co (111). Fig. 1i
indicates the (002) plane of the graphitic structure of ZnCo-
NGC, which is beneficial for enhancing the conductivity of
catalysts. The possible formation of the unique polyhedral
structure interconnected with CNTs is illustrated in Fig. 1j.
During the heat treatment, the Co species firstly segregated from
the polyhedron intermediates precipitate on the surface of
polyhedrons to produce Co nanoparticles. Then, the continuous
diffusion of carbon atoms reaches the surface of Co nano-
particles, and the high self-catalyzed effect of Co nanoparticles is
profitable for the in situ growth of CNTs. After pyrolysis, the Co
nanoparticles are enclosed in the well-grown CNTs. In short, the
self-catalyzed approach accelerates the continuous growth of
CNTs, which can establish fast electron conductivity and prevent

« C(002)
X

Witiisaas<
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Co&GO@ZIF-8

i @co @zn & Co nanoparticles CNT

Carbon diffusion
&

Intermediate

ZnCo-NGC

Figure 1 SEM images of (a) ZIF-8, (b) Co&GO@ZIF-8, and (c-e) ZnCo-NGC. (f) The corresponding elemental mapping images of ZnCo-NGC. (g-i) TEM
(HR-TEM) images of ZnCo-NGC. (j) Schematic of the self-catalyzed growth of ZnCo-NGC.
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the aggregation of carbon nano-polyhedra.

The crystal structure of the obtained catalysts can be detected
using XRD. The diffraction peaks of all precursors are consistent
with ZIF-8 (Fig. S2). After pyrolysis and soaking with HCI, two
broad peaks at 23°-26° and 43° appear obviously for Zn-NC and
Zn-NGC, which correspond to the (002) and (100) lattice planes
of graphitic carbon. As for ZnCo-NC and ZnCo-NGC, a strong
peak at 23°-26° is observed, which corresponds to the (002)
plane of graphitic carbon, and the peak located at 44.3° can be
attributed to (111) of the metallic Co (Fig. 2a). Nitrogen sorption
measurements are conducted to investigate the porous structure
of the prepared catalysts (Fig. 2b, ¢). The combined hybrid type-
I and IV isotherms with an H3 hysteresis loop indicate the
coexistence of micropores and mesopores for ZnCo-NGC.
Obtained using the BET and NL-DFT methods, all pore texture
parameters of Zn-NC, Zn-NGC, ZnCo-NC, and ZnCo-NGC are
presented in Table S1. Notably, ZnCo-NGC possesses the largest
micropore surface area of 263.3m”g™!, which is believed to
expose more accessible active sites and favor the entrance and
release of oxygen molecules [37]. This porous microstructure is
mostly contributed by the evaporation of Zn species and the self-
catalyzed generation of CNTs. The hierarchical porous carbon
structure and interconnected CNTs allow the convenient storage
and transmission of electrolyte ions during ORR. In addition,
the production of graphitic C is confirmed by Raman tests
(Fig. 2d). The D band at 1336 cm™ stems from the edge defects,
and the G band at 1583 cm™ corresponds to the sp?-bonded
graphitic carbon. The lower intensity ratio of D and G bands (Ip/

Ig) for ZnCo-NGC (Ip/Ig = 1.12) suggests the presence of more
sp>-hybridized graphitic carbon atoms compared with Zn-NC
(ID/IG = 130), Zn-NGC (ID/IG = 124) and ZnCo-NC (ID/IG =
1.14). Graphitic carbon helps facilitate the charge transfer rate
and stabilize the structure of polyhedron interconnected CNTs
[31,38]. The surface wettability of ZnCo-NGC was measured to
be 5.8° by the water contact angle test (Fig. S3). Such good
hydrophilic ability is attributed to the existence of hydrophilic
functional groups in ZnCo-NGC, which can facilitate valid ion
transfer and consequently enhance catalytic performance [39].
The chemical states and compositions of the catalysts were
further investigated using XPS. The XPS survey spectrum of
ZnCo-NGC indicates the existence of Zn, Co, C, N, and O
(Fig. S4). Zn species in ZnCo-NGC have not completely vola-
tilized and have been transformed to Zn-N groups maintained in
the catalyst, which would be beneficial for supporting the sta-
bility of the frameworks (Fig. S5). The C 1s high-resolution
spectrum (Fig. 2e) is divided into four peaks, which are asso-
ciated with carbon atom bonds: C-sp?> (284.6eV), C-sp’
(285.5eV), C-N (286.9¢eV), and C=0/C=N (288.9¢V). In the
case of N-species, four types of N-containing groups for Zn-NC
and Zn-NGC have been verified, including pyridinic (398.5¢eV),
pyrrolic (400.2 eV), graphitic (401.1 eV), and oxidized (404.3 eV)
nitrogen species [40]. The N 1s spectra of ZnCo-NC and ZnCo-
NGC can be well-fitted to four peaks located at 398.5, 399.6,
400.2, and 401.2eV, which correspond to pyridinic-N,
Zn/Co-N,, pyrrolic-N, and graphitic-N, respectively (Fig. 2f).
The contents of different N types are regulated by introducing
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Figure 2 (a) XRD patterns. (b) N, adsorption-desorption isotherms. (c) Mesopore size distribution by the DFT method. (d) Raman spectra. (e) C 1s XPS
spectra. (f) N 1s XPS spectra. (g) N contents and chemical forms. (h) Co 2p XPS spectra. (i) Co contents and chemical forms of ZnCo-NC and ZnCo-NGC.
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GO or cobalt(III) acetylacetonate. By comparison with ZnCo-
NC, ZnCo-NGC catalyst possesses an increased amount of
pyridinic-N (Fig. 2g, Table S2). The localization of electrons near
the Co center sites can be significantly reduced because of the
high pyridinic-N, further heightening the collaboration with
oxygen-containing species and thus optimizing the adsorption
energy of intermediates (*O,, *OOH, *OH, and *O) [41,42]. In
addition, ZnCo-NGC has higher contents of graphitic-N than
Zn-NC and Zn-NGC. By bonding to three carbon atoms, the
graphitic-N with a lone electron can successfully weaken the
0O=0 bond and favor oxygen reduction [43-45].

Fig. 2h illustrates that the Co 2p high-resolution spectrum for
ZnCo-NC and ZnCo-NGC can be divided into three doublets,
which consist of Co**, Co?*, and Co°. The fitting peaks at 780.7
and 796.3eV correspond to the 2ps;, and 2py;; orbits of Co*,
respectively. The typical peaks at 782.1 and 797.5eV are attrib-
uted to the 2ps;, and 2py;, orbits for Co®*. Furthermore, the
peaks at 779.3 and 794.9 eV can be divided into the Co 2p;, and
Co 2py, states, which correspond to the metallic cobalt. The
existence of intensive shake-up peaks at 785.5 and 804.2 eV also
testifies the presence of Co(II) species in the samples. These
results indicate that the oxidized and metallic states of cobalt are
available for ZnCo-NC and ZnCo-NGC. ZnCo-NGC possesses a
larger Co® peak area ratio than ZnCo-NC (Fig. 2i, Table S2). The

abundance of metal particles in ZnCo-NGC can be attributed to
the reduction of cobalt ions on imidazole carbides and graphene
during high-temperature calcination. Some studies showed that
Co nanoparticles inside graphitic carbon layers can modify the
electronic structure of the metal-N, active sites because of the
electron-donating effect from the embedded nanoparticles and
the nearby metal-N, species. In addition, the metallic Co-
inserted N-doped carbon provides a highly active site for ORR
[46-49]. Moreover, the encapsulated metallic nanoparticles in
CNTs could drive the fast reaction kinetics owing to the
synergistic interaction between CNTs and Co nanoparticles. On
the basis of these results, the high contents of pyridinic-N and
graphitic-N for ZnCo-NGC help reduce the energy barrier of the
intermediates and lower the charge-transfer resistance, further
promoting ORR. The increased Co nanoparticles not only serve
as active sites but also catalyze the continuous growth of CNTs,
both of which improve the ORR catalytic activity.

Electrochemical performance

The ORR activity of the as-prepared samples was systematically
explored through the three-electrode system. CV measurement
was first conducted to measure the catalytic activity in the O,-
saturated 0.1 mol L™ KOH solution (Fig. 3a). The typical redox
peaks are found in the O,-saturated electrolyte, whereas no peak
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Figure 3 Electrocatalytic ORR performance in O,-saturated 0.1 mol L™ KOH electrolyte. (a) CV curves. (b) Linear sweep voltammetry (LSV) curves of

ZnCo-NGC at different rotating speeds (inset: K-L plots at different potentials). (c) LSV curves with a rotation rate of 1600 r min~

1. (d) Electron transfer

number (n) and H,O, yield (H,0,%) of ZnCo-NGC and Pt/C. (e) Tafel slopes. (f) Nyquist plots and partial enlargement of Nyquist plots at the high frequency
(inset). (g) Estimation of electrochemical double layer capacitance (Cg). (h) Durability test for ZnCo-NGC and Pt/C. (i) Methanol tolerance test for ZnCo-
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658

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

March 2022 | Vol.65 No.3



SCIENCE CHINA Materials

ARTICLES

is observed in the N, atmosphere. The cathodic peaks of Zn-NC,
Zn-NGC, ZnCo-NC, and ZnCo-NGC are located at 0.65, 0.70,
0.80, and 0.85V, respectively. Among the samples, ZnCo-NGC
shows the highest positive peak potential, outperforming the
benchmark Pt/C (0.84 V), suggesting a prominent ORR activity.
The ORR reaction pathway of ZnCo-NGC was further investi-
gated by the rotating disk measurement at various rotation rates
(400-2025r min™'). As shown in Fig. 3b, the resulting K-L
equations for ZnCo-NGC at various potentials demonstrate
nearly parallel relationships, indicating first-order reaction
kinetics of the whole ORR process. The corresponding calcu-
lated electron transfer number at 0.30-0.60 V is calculated to be
3.73-3.81, thereby confirming the direct 4e” pathway. RRDE
tests were also performed to investigate the ORR activity of the
obtained catalysts. As expected, ZnCo-NGC exhibits outstanding
ORR performance (Ey, = 0.83V, ji = 7.74mA cm™2), which is
superior to those of Zn-NC (E;; = 0.59V, j, = 3.52mA cm?),
Zn-NGC (Ey;, = 0.69V, ji = 4.74mA cm™?), ZnCo-NC (E;, =
0.78V, ji. = 538mAcm™), and Pt/C (E, = 080V, ji =
5.80mA cm™?) (Fig. 3c). The transferred electron number and
hydrogen peroxide yield of ZnCo-NGC are respectively deter-
mined to be 3.90% and 4.95% at the range of 0-0.80 V, which are
close to those of the commercial Pt/C catalyst (n = 3.90, H,0,%
= 4.86%) (Fig. 3d, Table S3). Thus, the ZnCo-NGC catalyst
possesses an efficient four-electron pathway and preferable
electrocatalytic selectivity. The high ORR activity of ZnCo-NGC
is further reflected by the Tafel slope in Fig. 3e. ZnCo-NGC
shows a smaller Tafel slope (24.1mVdec) than Zn-NC
(98.4mVdec!), Zn-NGC (43.6mVdec!), ZnCo-NC
(31.2mVdec?), and Pt/C (78.8mV dec'), revealing a fast
reaction mechanism. Otherwise, the arc diameter on ZnCo-NGC
over the high-medium frequency region is the smallest among
all the samples, indicating that ZnCo-NGC has lower charge-
transfer resistance compared with the other samples (Fig. 3f).
The electrochemically active surface area measurements were

evaluated based on the double layer capacitance (Ca) to further
investigate the ORR activity. ZnCo-NGC displays the largest Cy
value (64.9 mF cm™), indicating the existence of abundant active
sites (Fig. 3g and Fig. S6).

The long-term stability of catalysts is another important per-
formance parameter. In Fig. 3h, the continuous CV measure-
ment of 6000 cycles in O,-saturated KOH presents a negligible
current loss and potential change for ZnCo-NGC, whereas the
obviously negative shift of peak potential appears on the Pt/C
electrode, indicating the better ORR catalytic stability of ZnCo-
NGC than Pt/C. The excellent durability of ZnCo-NGC in the
alkaline condition is correlative to the reason that the Co
nanoparticles encapsulated in CNTs are physically isolated from
the harsh environment, thus avoiding leaching. The corre-
sponding cathodic ORR curves of ZnCo-NGC do not show a
visible change when 3 mL of 3molL™" methanol is introduced,
whereas a reversed anodic peak occurs on the Pt/C electrode
associated with methanol oxidation (Fig. 3i), suggesting the
excellent methanol resistance of the ZnCo-NGC electrode. The
above results demonstrate that the ZnCo-NGC catalyst exhibits
superior ORR activity, durability, and methanol resistance in the
alkaline electrolyte.

The ORR performance in O,-saturated 0.5molL™ H,SO,
solution was also investigated (Fig. 4). As illustrated in Fig. 4a,
the cathodic peak is obviously detected at 0.73 V for ZnCo-NGC.
LSV measurements were also conducted to depict the ORR
activity of the obtained samples. All measurements were con-
ducted at the rotating rate of 1600 r min™! (scan rate ~10mV's™),
as shown in Fig. 4b. ZnCo-NGC represents the satisfactory
catalytic activity for ORR with a half-wave potential of 0.73V,
closely approaching that of 20wt% Pt/C (E;, = 0.75V). LSV
measurements on RRDE were performed to explore the reaction
pathway for ORR through identifying the content of inter-
mediate H,O,. The transferred electron number and hydrogen
peroxide yield of ZnCo-NGC are 3.85% and 7.28% from 0 to
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Figure 4 Electrocatalytic ORR performance in O,-saturated 0.5 mol L™ H,SOy electrolyte. (a) CV curves. (b) LSV curves with a rotation rate of 1600 r min™".
() Electron transfer number (1) and H,O, yield (H,0,%) of ZnCo-NGC and Pt/C. (d) Tafel slopes. (e) The durability test for ZnCo-NGC and Pt/C. (f) The
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0.80 V, respectively, which are close to those of the Pt/C catalyst
(n = 3.85, H,O,% = 7.67%), exhibiting a direct four-electron
reaction pathway (Fig. 4c, Table S4). The smaller Tafel slope for
ZnCo-NGC (57.0mV dec!) than Pt/C (62.6 mV dec!) further
verifies the superior activity (Fig. 4d). In addition, the ZnCo-
NGC catalyst in acidic solution demonstrates impressive stability
and methanol resistance (Fig. 4e, f). Therefore, the as-synthe-
sized ZnCo-NGC sample can be utilized as an efficient ORR
catalyst in acidic and alkaline conditions, revealing a promising
application perspective.

The self-catalyzed growth of CNTs has a key effect on ORR
performance. The key aspects for the self-catalyzed generation of
CNTs contain two main points. One is the formation of metal
nanoparticles, and the other is the diffusion of the carbon
matrix. During pyrolysis, Co(acac); within the cages is first
reduced by the carbonization of organic linkers and precipitates
on the surface of polyhedrons to produce Co nanoparticles.
Simultaneously, the continuous diffusion of carbon atoms
reaches around Co nanoparticles, and the self-catalyzed effect of
Co nanoparticles benefits the in situ growth of CNTs. Thus, the
formation of Co nanoparticles and carbon diffusion is an
essential aspect for the self-catalyzed generation of CNTs.

GO nanosheets play an important role in oxygen reduction
performance, which is reflected in the following aspects. (i) GO
with oxygen functionalities can provide essential nucleation sites
for the growth of metallic nanoparticles and prevent their
agglomeration, which is crucial for the self-catalyzed growth of
CNTs and enhancement of ORR performance. (ii) GO as an
ideal 2D nanomaterial has particular electronic conductivity,
enriching heterogeneous carbon supports and improving the
electronic conductivity for ORR. (iii) GO containing abundant
epoxy and hydroxyl functional groups can coordinate with the
Zn ions in ZIF-8 and partially substitute 2-MEIM ligands
together with maintaining the underlying coordination frame-
works of ZIF-8, which can improve the structural stability of the
ORR catalysts. (iv) The highly graphitized robust frameworks
with rich pores are formed by the combination of ZIF-8 and
moderate GO, promoting the transport of O, and electrolytes,

thus enhancing the oxygen reduction activity.

In conclusion, the catalytic performances of ZnCo-NGC are
superior to those of many reported catalysts (Tables S5 and S6).
The remarkable electrocatalytic activity of ZnCo-NGC in alka-
line and acidic solutions can be ascribed to the following
advantages: (i) the special architecture of self-catalyzed grown
N-CNTs can effectively reduce the aggregation of carbonaceous
polyhedrons, leading to the abundantly exposed active sites and
thus boosting electrochemical activity. (ii) The structure of
hierarchical porous carbon with interconnected CNTs provides
sufficient storage spaces and transport pathways for electrolyte
ions during ORR. (iii) The appropriate nitrogen types and
contents and the combination of reduced GO and in situ formed
CNTs enhance the electron conductivity and generate accessible
active sites in oxygen reduction. These virtues conjointly con-
tribute to significantly boosting the electrochemical activity of
the ZnCo-NGC catalyst for ORR.

Performance of ZABs

Considering the impressive ORR activity of the ZnCo-NGC
catalyst, ZABs were established by using Zn foils as the anode,
ZnCo-NGC catalysts as the cathode, and the 6 molL™" KOH
solution mixed with 0.2molL™ Zn(OAc), as the electrolyte
(Fig. 5a). As shown in Fig. 5b, the ZAB assembled with ZnCo-
NGC displays a constant open-circuit voltage of 1.46 V, which is
comparable to that of ZAB powered by Pt/C (1.51 V). The dis-
charge polarization plots and the resultant power density plots
are illustrated in Fig. 5c. The ZAB assembled with ZnCo-NGC
suggests a higher peak power density (90 mW cm™) than ZAB
with Pt/C (82 mW cm™). Fig. 5d demonstrates that the discharge
voltages for ZAB driven by ZnCo-NGC are preferable to the one
based on commercial Pt/C with an increasing current density.
Obviously, the discharge voltage can be reestablished after
decreasing the current density to the original low value, sug-
gesting the impressive rate capabilities of ZnCo-NGC. Further-
more, the galvanostatic discharge-charge cycling curves are
obtained with a constant current density of 1 mA cm™ to eval-
uate the stability of the ZABs (Fig. 5e). The ZnCo-NGC-based
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Figure 5 (a) Diagram of ZAB. (b) Open-circuit voltage plots of ZABs assembled with ZnCo-NGC and Pt/C catalysts (inset: photograph of the open-circuit
potential). (c) Polarization and power curves of alkaline ZABs. (d) Galvanostatic discharge tests for the primary ZnCo-NGC-and Pt/C-based batteries with
various current densities. (e) Discharge and charge cycling curves at 1 mA cm™ of ZABs assembled with ZnCo-NGC and Pt/C. (f) Photograph of the lit red
LEDs powered by two series of ZABs assembled by utilizing ZnCo-NGC catalysts.
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ZAB exhibits exceptionally high cycle stability with negligible
voltage decay of nearly 80 h. Two ZABs are connected in series
to power a light-emitting diode (LED), confirming the promis-
ing application in energy storage (Fig. 5f). These results confirm
that the established batteries have an excellent integration per-
formance, enabling them to be competitive for practical appli-
cations.

CONCLUSION

We have developed an effective and facile ZIF-assisted strategy
to construct the 3D carbonaceous polyhedrons linked by CNTs
through pyrolyzing Co ions encapsulated in ZIF-8 intercalating
GO sheets. The combination of reduced GO and in situ formed
CNTs is conducive to improving the electronic conductivity of
the catalysts. Moreover, the special N-CNT architecture can
availably reduce the aggregation of carbonaceous polyhedrons,
leading to additional exposed active sites and further boosting
the electrochemical activity. Given these features, the optimized
ZnCo-NGC exhibits impressive ORR performance in 0.1 mol L™
KOH solution (E;;; = 0.83V) and 0.5mol L™ H,SO; electrolyte
(Ei2 = 0.73V), which are very close to those of the commercial
Pt/C catalyst (Eyj = 0.80V in 0.1 mol L™! KOH, E;;, = 0.75V in
0.5 mol L™! H,SO,). In addition, satisfactory cycling stability and
methanol resistance are achieved in alkaline and acidic solutions,
making ZnCo-NGC become a competitive Pt-free alternative for
ORR. Moreover, the ZAB assembled with ZnCo-NGC can pre-
sent comparable power density and excellent charge/discharge
cycle stability to batteries driven by commercial Pt/C catalysts.
This work not only provides promising guidance for designing
high-performance ORR catalysts with in situ formed CNTs but
also demonstrates practical applications in electrochemical
energy storage and conversion.
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