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Abstract

Rechargeable zinc-air batteries (ZABs) are cost-effective energy storage devices
and display high-energy density. To realize high round-trip energy efficiency,
it is critical to develop durable bi-functional air electrodes, presenting high cat-
alytic activity towards oxygen evolution/reduction reactions together. Herein,
we report a nanocomposite based on ternary CoNiFe-layered double hydrox-
ides (LDH) and cobalt coordinated and N-doped porous carbon (Co-N-C)
network, obtained by the in-situ growth of LDH over the surface of ZIF-
67-derived 3D porous network. Co-N-C network contributes to the oxygen
reduction reaction activity, while CoNiFe-LDH imparts to the oxygen evolu-
tion reaction activity. The rich active sites and enhanced electronic and mass
transport properties stemmed from their unique architecture, culminated into
outstanding bi-functional catalytic activity towards oxygen evolution/reduction
in alkaline media. In ZABs, it displays a high peak power density of
228 mW cm 2 and a low voltage gap of 0.77 V over an ultra-long lifespan
of 950 h.

KEYWORDS

layered double hydroxides, metal organic framework (MOF), oxygen electrocatalysis, zeolite
imidazole framework (ZIF), zinc-air battery

17 actions named as the UN sustainable development
goals, including ensuring the accessible and clean energy

Current world experiences quickly expanded consumption
of fossil fuels due to the rapid global population growth
and economic progress,l‘2 while their non-renewable and
carbon-rich nature and rich impurity bring negative
impacts on our ecosystem and environment and also seri-
ous concerns about the sustainability of energy supply.**
In 2015, world leaders committed to an urgent call for

and doubling the global rate of energy efficiency by 2030.°
Likewise, the nations agreed to Paris Agreement in late
2015 to control the global temperature rise to 1.5°C and to
limit the global CO, atmospheric concentrations to
450 ppm by 2050.> To reach these targets, the sustainable
energy resources, such as solar, wind, and hydro etc., will
play an important role. Nevertheless, their intermittent
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nature disrupts the grid's operation, therefore it is vital to
integrate some reliable energy storage systems for the elec-
tricity generation from these renewable energy resources.
Zinc batteries, being the oldest energy-storage systems,
hold a great promise to develop a sustainable society. In
particular, rechargeable zinc-air batteries (ZABs), which
use the metal anode and oxygen as cathode active mate-
rial, are prioritized over other batteries because of their
low cost, environmental benignity, high theoretical energy
density, and in-built safety.

The working principle of ZABs is based on the oxygen
redox reactions: oxygen evolution reaction (OER) during
charge and oxygen reduction reaction (ORR) during dis-
charge at the air electrode. Unfortunately, state-of-the-art
ZABs demonstrate sluggish OER/ORR kinetics for their
air electrodes, leading to a large voltage gap during the
charging-discharging cycle, thereby causing a low round
trip efficiency. To enhance the round-trip efficiency, it is
critical to develop proper electrocatalysts that should
show excellent bi-functionality (high catalytic activity for
both ORR and OER) and durability. The challenge in the
development of air electrodes for rechargeable ZABs is
that ORR and OER typically happen at different active
sites and proceed through different reaction pathways,
thus a single material may be difficult to realize high
activity for both ORR and OER.® Instead, the develop-
ment of some composite electrocatalysts with separated
active sites for ORR as well as OER is a more efficient
strategy towards the enhancement of ZABs performance.

Compounds based on some earth-abundant metals,
including transition metal oxides, nitrides, sulfides, phos-
phides, and layered double hydroxides, have been well
established as favorable electrocatalysts for OER in alka-
line media.>” Among them, layered double hydroxides
(LDHs) are of particular interest because of their intrigu-
ing activity, cost-effectiveness, chemical versatility, struc-
tural flexibility, and low toxicity.'®"" LDHs are 2D
lamellar crystals denoted by [M*",_ M>"(OH),[* (A" ")y
- mH,0, wherein M*" and M>" refer to the bivalent and
trivalent cationic host layers respectively. A"~ are the
anions intercalated between the host layers to balance the
positively charged layers®*'* and solvent molecules
whereas x (Molar ratio of M>*/(M**+M>")) usually ranges
between 0.17 and 0.33. Trivalent metal cations (such as
Fe’*, AI’", or Ga®") substitute partially isomorphic biva-
lent metal cations (Fe*", Co*", and Ni*"), while coordinat-
ing octahedrally by OH.'* The intercalated ions are
usually organic or inorganic anions (such as RCO, ,
CO5*", Cl7, SO4*, and NO; ™). Each hydroxyl is oriented
between the layers and tends to establish hydrogen bond-
ing with water molecules or with intercalated anions."'

Since the first ever discovery of favorable activity of
ZnCo LDHs as OER catalyst, various LDHs based on Co,

Ni, Fe, Mn, W and Cr have been investigated as potential
OER and/or ORR electrocatalysts.">*° Among them,
NiFe-LDHs have been demonstrated as remarkable OER
electrocatalysts.”*>*' To further enhance the OER perfor-
mance of NiFe-LDHs, it is vital to modulate their elec-
tronic structure. On the other hand, the low electronic
conductivity of LDHs is the major bottleneck in their
application to energy devices.'"'*** It was found that the
introduction of a third metal element with high valence,
for instance, cobalt, could effectively promote the
electronic transport, thus leading to improve the electro-
catalytic activity of the NiFe-LDHs, outperforming the
mono-metallic or bi-metallic LDHs.'*****

On the other hand, metal organic frameworks (MOFs)
are another type of functional materials which have
received considerable attention for their unique mesopor-
ous structure, which can greatly facilitate mass transfer
during the electrocatalytic reaction.”® Zeolitic imidazolate
frameworks (ZIFs) are recognized as a sub-class of MOFs.
Of note, the pyrolysis of ZIF-67 can yield cobalt co-
ordinated, N-rich and porous carbonaceous frames (Co-N-
C), which display large surface area, excellent electrical
conductivity and favorable ORR activity.”**® So ZIFs have
been extensively employed as precursors to prepare metal-
doped carbon materials as ORR electrocatalysts.*

Herein, we propose a composite electrode with
unique architecture and synergistic effect for ZABs by
coupling the LDHs that possess high OER catalytic activ-
ity while poor electronic conductivity with ZIF-67 derived
Co-N-C that shows the porous structure, high electronic
conductivity and superior ORR activity, resulting in
excellent bi-functionality (ORR/OER) and durability. The
catalyst was facilely prepared via a hydrothermal method
and the doping of a third element (Co) into CoNiFe-LDH
was conducted to modify the electronic structure of LDH.
It not only promoted the electronic conductivity but also
lowered the onset potential for oxygen evolution activity.
A synergy between the Co-N-C and the ternary CoNiFe-
LDH was developed to endorse the -catalyst with
enhanced bi-functional activity for oxygen electrocataly-
sis in an alkaline solution. When the bi-functional air
electrode was integrated into ZABs, it produced a small
voltage gap of 0.77 V, a high peak power density (PPD) of
228 mW cm 2, and a remarkable stability over 950 h,
making it highly promising for practical use.

2 | RESULTS AND DISCUSSION
21 |

Characterizations of the catalyst

Figure 1A illustrates schematically the synthesis proce-
dure of the Co-N-C@CoNiFe-LDH nanocomposite.
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FIGURE 1 (A) A schematic description of synthesis of Co-N-C@CoNiFe-LDH. (B) X-ray diffraction patterns of Co-N-C, pristine NiFe-

LDH, Co-N-C@ CoNiFe-LDH, Co-N-C@CoNi-LDH and Co-N-C@CoFe-LDH samples. (C) N,-sorption isotherms of Co-N-C, pristine NiFe-

LDH, Co-N-C@ CoNiFe-LDH.

During the hydrothermal treatment, the hydrolysis reac-
tion of Fe’'/Ni*" ions happened to generate protons,
which induced the etching of Co-N-C to release partial
Co*" ions into the solution near the Co-N-C surface, and
some Co>" ions in the solution were oxidized to Co>"
ions by oxidizing agents (O, and NO;~ ions). Such Co*"/
Co>" species finally co-precipitated with Ni**, Fe>" and
OH™ ions to form a thin layer of CoNiFe-LDH, which
decorated over the Co-N-C surface (Equations 1-4).

Ni*" +2H,0 — Ni(OH), +2H", (1)

Fe*' +3H,0 — Fe(OH), +3H", (2)
Co** +2H,0 — Co(OH), +2H", (3)

Ni*" +Co*" + Fe*" +xH,0 — CoNiFe(OH), +xH". (4)

To confirm the LDH structure and its phase transfor-
mation during the synthesis, x-ray diffraction (XRD) of
the various samples was conducted with the related
patterns illustrated in Figures 1B, S1, and S2. For the
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FIGURE 2

(A,B) Scanning electron microscopy images. (C) High-resolution transmission electron microscopy (HRTEM) images, and

(D-F) HRTEM images of Co-N-C@ CoNiFe-LDH, (g) selected area electron diffraction (SAED), (H,I) HRTEM images of Co-N-C core, and

(J) HAADF-STEM images and its corresponding element mapping.

pristine NiFe-LDH, the diffraction peaks at 2-theta of
11.37°, 22.94°, 34.4°, 38.9° and 60.6° can be indexed well
to the (003), (006), (009), (015), and (110) crystal planes
corresponding to LDHs, implying the successful forma-
tion of layered double hydroxide phases. In the case of
Co-N-C@CoNiFe-LDH, the major diffraction peaks
representing LDH of (003), (006) planes slightly shifted to

the higher diffraction angles in contrast with the pristine
NiFe-LDH, which is in good agreement with the smaller
size of cobalt than Ni and Fe, suggesting the partial incor-
poration of Co species into the Ni-Fe lattice. The major
peaks became sharp and intense, which further rein-
forced the evolution of ternary FeCoNi-LDH. The incor-
poration of Co species into the Ni-Fe layer resulted in the
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FIGURE 3 (A) XPS survey spectrum of Co-N-C@CoNiFe-LDH, High-resolution XPS spectrum of Co-N-C@CoNiFe-LDH for (B) Co 2p,

(C) Ni 2p (D) Fe 2p, (I) N 1 s, high-resolution XPS spectrum of Co-N-C for (E) Co 2p (H) N1s, High-resolution XPS spectrum of NiFe-LDH

for (F) Ni 2p and (G) Fe 2p.

rearrangement of the electronic structure of the LDH,
which may have an impact on the OER catalytic activity.
In addition to the above diffraction peaks, three new dif-
fraction peaks at 44.2°, 52.1° and 75.6° were also
observed, which can be indexed (111), (200), (220) reflec-
tions of Co and N doped carbon (Co-N-C). Clearly, the
doped cobalt into NiFe-LDH should be originated from
the Co-N-C species that is, cobalt species were partially
transformed from Co-N-C into CoNiFe-LDH during the
hydrothermal treatment.

The surface area of the material is important for the
infiltration of electrolyte and the exposure of active sites.
BET surface area was evaluated to determine the influ-
ence of Co-N-C substrate in exposing the CoNiFe-LDH
active sites (Figure 1C). N,-physisorption isotherms

displayed the type IV isotherm, representative of the
mesoporous structure together with Hy-type hysteresis
loop. It suggests the surface area of LDH-based composite
significantly enhanced after the in-situ growth of NiFe-
LDH over the Co-N-C substrate in comparison with pris-
tine NiFe-LDH (Table S1). The morphology of Co-N-C@
CoNiFe-LDH was observed by scanning electron micros-
copy (SEM) and transmission electron microscopy
(TEM). The derived Co-N-C partially lost the typical
dodecahedron morphology of ZIF-67 (as shown in
Figure S3a,b), followed by the pyrolysis and hydrother-
mal treatment (Figure 2A-C). The morphology of Co-N-
C@ CoNiFe-LDH was further elaborated on the atomic
scale by high-resolution TEM (HRTEM). It was interest-
ing to observe the distinct features at the edges and the
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core that is, the lattice fringes at the edges depict the lattice
spacing of 0.26 nm, attributing to the LDHs while it is
0.21 nm on the core, corresponding to the Co species (Co-
N-C) as shown in Figure 2D-F. Selected area electron dif-
fraction (SAED) displayed the diffraction planes (002), (003)
and (111), corresponding to graphitic carbon, CoNiFe-LDH
and metallic cobalt species, respectively, as shown in
Figure 2G. Moreover, the cobalt metallic species were sur-
rounded by the graphitic carbon Figure 2H,I. The high
angle annular dark-field (HAADF) image together with ele-
mental mapping revealed the uniform dispersion of Ni and
Fe and Co species for the formation of ternary CoNiFe-
LDH over Co-N-C, as shown in Figures 2J and S3c.

To unravel the chemical state and charge transfer of
the as-synthesized materials, x-ray photoelectron spec-
troscopy (XPS) analysis was conducted (Figure 3). The
survey spectra of Co-N-C@CoNiFe-LDH displayed the
corresponding peaks of Co, Ni, Fe, C, N, and O concomi-
tantly as shown by Figure 3A, which is in line with the
EDS results. Co 2p spectrum associated with Co-N-
C@CoNiFe-LDH and Co-N-C may be divided into Co
2ps;2, Co 2py, and satellite peaks as shown in
Figure 3B,E, respectively. These peaks were further
deconvoluted into Co®>" and Co*" peaks. It is obvious
that Co 2p peaks (778.8 eV) in Co-N-C@CoNiFe-LDH
negatively shifted in contrast with Co-N-C, indicating the
high valence state of Co (i.e. Co®"). It ratifies the pres-
ence of trivalent cobalt ions in the Co-N-C@CoNiFe-
LDH composite.®® It suggests that some of Co®" ions
were oxidized to Co’" after the CoNiFe LDH formation.
Such high valence Co*" species might probably contrib-
ute to the OER activity, which will be discussed later. It
is worth noticing that Ni 2p and Fe 2p peaks in Co-N-
C@CoNiFe-LDH were positively shifted as compared to
the peaks in the pristine NiFe-LDH (Figure 3C,F,D,G).
This spectroscopic difference implies the strong elec-
tronic interaction at the heterojunction of Co-N-C and
CoNiFe-LDH in contrast with the NiFe-LDH, which
endowed to the intimate contact between Co-N-C surface
and the ternary LDH that was embedded over the carbon
surface.’® The concomitance of Ni, Fe and Co might also
be helpful to optimize the redistribution of n-symmetry
electrons, which is favorable for the adsorption/
desorption of the O, species.*> Moreover, graphitic and
pyridinic-N similar to Co-N-C in Co-N-C@CoNiFe-LDH
also effectively tuned the electron density of carbon
atoms (Figure 3H,I). According to C 1s spectrum, Co-
N-C and Co-N-C@ CoNiFe-LDH consisted of sp> and
sp>-hybridized C-C bonds, besides C-N (Figure S4). The
proportion of sp*-hybridized C-C bonds, ascribing to gra-
phitic carbon, was significantly increased in case of Co-
N-C@ CoNiFe-LDH.” Thus, the variation in the binding
energy revealed the electrons transfer from Co-N-C to
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FIGURE 4 Oxygen evolution reaction (OER) polarization
curves of (a) NiFe-LDH, CoNiFe-LDH, Co-N-C@ CoNiFe-LDH,
and Co-N-C. (B) Tafel slopes. (C) ORR polarization curves of Co-N-
C@ CoNiFe-LDH, NiFe-LDH, CoNiFe-LDH, and Co-N-C.

NiFe-LDH. The redistribution could optimize the elec-
tronic configuration of the heterogeneous interface to
influence the intermediate adsorption energies, so as to
promote the ORR/OER redox reactions.
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2.2 | Electrochemical performance (A) 4.0 : : :
—

The electrocatalytic activities of oxygen redox were first = 351 — - 100
studied through linear sweep voltammograms (LSV) ‘25 e "
using the three-electrode system in an O,-saturated alka- E, 2.5 -75 =
line solution. Generally, OER activity of electrocatalysts 2 2_0_\ -
is determined by evaluating the potential at 10 mA cm 2 £ ls0 2
(E; =10 mA cm %). Among the various catalysts, Co-N- § 1.51 :gg;\lh:l;i-LDH S
C@CoNiFe-LDH and CoNiFe-LDH exhibited the compa- ‘8’ 1.04 _._ co-N-C@CoNiFe-LDH L o5
rable and the lowest potential of 1.55V versus RHE, g5
superior to the NiFe-LDH (1.59 V) and precious metal- o0 8
based IrO, as shown in Figures 4A and S5. On the other 02 03 0.4 05 06
hand, an anodic peak or hump appeared at around Potential (V vs RHE)
1.41 V, which is a characteristic of the oxidation activity
of Co*"/Co®" and Ni**/Ni*". Moreover, the catalytic (B) s0 :
OER performance of Co-N-C and other bimetallic cata- “2 451 _gg:::g@CON'Fe'LDH
lysts, such as Co-N-C@CoNi-LDH and Co-N-C@CoFe- g 3(5) Ir0,-Pt/C
LDH, was also significantly lower as compared to the £ 30
optimal Co-N-C@ CoNiFe-LDH catalyst (Figure S5). 2 25

The superior performance of Co-N-C@ CoNiFe-LDH 2 20]
in contrast with pristine NiFe-LDH may be associated a 15 - e AE ----------=-
with the activation of NIOOH and CoOOH phases in the E 10 ---------------- E=Tr
composite. Actually, the stronger covalency between E 51
Ni3d-02p and Co3d-02p modulated the electronic struc- o 04 Ej= ALY : :
ture. As a result, Co-N-C@ CoNiFe-LDH displayed the i 1_8_ : W0 /10) =123V |

pre-oxidation (Ni*"/Ni** and Co*'/Co®") as well as
lower onset potential in contrast with the pristine NiFe-
LDH.**** It implies that Co®"/Co>" significantly contrib-
uted to promote the oxidation (Ni** to Ni*") to form the
NiOOH and CoOOH at a relatively lower potential. On
the other hand, pristine NiFe-LDH demonstrated the
weak oxidation peaks of Ni*" to Ni**. Thus, the OER
activity of Co-N-C@ CoNiFe-LDH was enhanced by the
activation of NiOOH phase as influenced by the symbi-
otic charge transfer effect between Co’" and N-doped
carbon species. More importantly, Co®" species might
enhance the electrophilicity, which promoted the reac-
tion between adsorbed O atoms and OH™ anions for the
formation of such ~-OOH species.”*

To get better the insights into OER kinetics, corre-
sponding Tafel slopes of LSV curves were probed as
shown by Figure 4B. Co-N-C@ CoNiFe-LDH displayed
the Tafel slope of 64 mV dec™!, which was smaller than
the pristine NiFe-LDH (73 mV dec ') and precious
metal-based commercial IrO, (88 mV dec ') catalyst. On
the other hand, the Tafel slope of bimetallic-based LDH
catalysts (e.g. Co-N-C@CoNi-LDH and Co-N-C@CoFe-
LDH) were larger in contrast with the ternary Co-N-C@
CoNiFe-LDH catalyst (Figure S6). The small value of the
Tafel slope of optimal catalysts is indicative of a change
in the reaction control step, leading to the favorable OER
kinetics of Co-N-C@ CoNiFe-LDH. Thus, the small value
of the Tafel slope is the intrinsic property of the catalyst,
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0.2
FIGURE 5 (A) Electron transfer number (N) and HO*~ yield

(%), (B) overall polarization curves of the catalysts Co-N-
C@COFeNi-LDH, Co-N-C and Pt/C and IrO, in alkaline solution
(0.1 M KOH), (C) AE, obtained through various catalysts.

responsible for achieving the high current density at low
overpotential. The electrochemical double layer capaci-
tance (Cq) was evaluated using cyclic voltammetry
(CV) in the non-Faradaic range at several scan rates
(Figure S7a,b). It can be visualized that C4 of Co-N-
C@CoNiFe-LDH is 4.8 mF cm™ 2, which is superior to
that of pristine NiFe-LDH.?>*° It confirms that Co-N-
C@CoNiFe-LDH possesses the high specific surface area
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which is in line with BET surface area. The electrochemi-
cal durability of the optimal catalyst was evaluated using
chronoamperometric response and accelerated cyclic vol-
tammetry (CV) as shown in Figure S8. After 15 h mea-
surement and 1000 CV cycles, there was a negligible
decline in the OER activity, revealing an excellent stabil-
ity of Co-N-C@CoNiFe-LDH.

Similarly, ORR activity was evaluated by measuring
the half-wave potential as illustrated in Figures 4C and
S9. The ORR activity of Co-N-C@ CoNiFe-LDH was com-
parable to the Co-N-C, a well-known carbon-based cata-
lyst with high ORR activity. Interestingly, the limiting
current density was significantly larger than the Co-N-C
and precious metal-based Pt/C catalyst, which may be
associated with the improvement in the electronic con-
ductivity as a result of the formation of ternary LDH after
the incorporation of Co into the NiFe-LDH. Besides,
N-doped carbon significantly contributed to the effective
electronic transportation. Moreover, N species offered
additional positive sites for optimizing the adsorption
capacity of oxygen intermediates and increasing the over-
all catalytic performance.>”*®* For comparison, ORR
activities of pristine NiFe-LDH, Co-N-C@CoFe-LDH,
and Co-N-C@CoNi-LDH were also presented, which
were far less as opposed to Co-N-C@ CoNiFe-LDH
(Figure S6). The electrochemical durability of Co-N-C
(ORR active sites) was also estimated using chronoam-
perometric response and accelerated cyclic voltammetry
(CV) as shown in Figure S10. It can be noticed that there
was a negligible decline in the ORR activity over a period
of 15 h and 1000 CV cycles, implying the excellent ORR
stability of Co-N-C.

The rotating ring-disk electrode was further utilized
to ascertain the ORR mechanism as shown in Figure 5A.
We calculated the peroxide yield in percentage and
electron transfer numbers of the catalysts. It can be
observed that CoNiFe-LDH catalyst underwent approxi-
mately 3e” pathway and the peroxide yield was more
than 50%. However, when CoNiFe-LDH was grown on
Co-N-C, it presented a stable electron transfer number,
approaching 4e ", together with a less amount of peroxide
yield over a whole potential range. It implies that the per-
oxide intermediates were rapidly reduced in the presence
of Co-N-C. Thus, the reduction ability of H,0, was
significantly improved followed by the growth of
CoNiFe-LDH over Co-N-C, which is aligned with the lit-
erature.” Interestingly, the optimal catalyst was found
more selective even superior to that of Co-N-C.

The bifunctional activity parameter AE, (the differ-
ences in E; = 10 and —3 mA cm ™ ?) of Co-N-C@ CoNiFe-
LDH was then evaluated (Figure 5B,C). A lesser value
of AE indicates a smaller energy loss and eventually
a higher electrochemical activity. Clearly, it can be

visualized that the optimal catalyst possessed excellent
bi-functional activity (AE = 0.77 V). Interestingly, its
bifunctionality even outperformed the precious metal-
based benchmarks. Such high performance may also be
credited to the more exposed LDHs sites from the highly
mesoporous Co-N-C network. Moreover, their intimate
contact also reduced the interfacial resistance, building
efficient ionic and electronic pathways for rapid elec-
tronic transport and mass diffusivity during the redox
reactions.*>*!

2.3 | Zinc-air battery performance

Considering its promising physicochemical and electro-
chemical properties, the Co-N-C@CoNiFe-LDH catalyst
was further integrated into ZABs. Co-N-C@ CoNiFe-
LDH and precious metal-based (IrO,/Pt-C) catalysts as
air cathodes, were employed into ZABs operating in the
ambient air (Figure 6A). The ZAB with the Co-N-C@
CoNiFe-LDH air electrode displayed a high open circuit
voltage of 1.48 V (Figure 6B). In addition, it showed
excellent performance while charging and discharging,
leading to a low charging-discharging potential gap of
0.77 V at 5 mA cm 2 (Figure 6C). It delivered a high PPD
of 228 mW cm ™ in the discharging process (Figure 6D),
and demonstrated a stable performance over 950 h. In
contrast, the performance of the ZAB with the precious
metal-based IrO,/Pt-C battery started to decline even
after a few hours of operation. As shown in Figure S11,
the ZAB with the ZIF-67-derived Co-N-C catalyst exhib-
ited a large potential gap of 0.91 V at similar conditions.
Furthermore, the PPD and cycling stability of the optimal
catalyst were compared with the recently reported non-
precious metal-based air electrodes in the rechargeable
ZABs (Figure 6E and Table S2). It is worth noticing that
Co-N-C@ CoNiFe-LDH catalyst displayed superior per-
formance to the most of reported catalysts. Thus, it can
be concluded that Co-N-C@ CoNiFe-LDH catalyst is a
superior bi-functional air electrode for ZABs. Interest-
ingly, when the optimal catalyst was tested at higher cur-
rent density (i.e. 10 mA cm ), it also presented the
excellent performance with a low charging-discharging
potential gap over a period of 500 h (Figure S12).

The outstanding bi-functional activity together with
the stability of Co-N-C@ CoNiFe-LDH may be linked
with the synergistic effect of in situ generated ternary
CoNiFe-LDH and ZIF-67 derived Co-N-C (Figure 7). In
particular, CoNiFe-LDH contributed to the OER activity.
As (oxy)hydroxides, recognized as the crucial OER inter-
mediates, function as the active sites, responsible for the
generation of oxygen. Therefore, Fe reduction signifi-
cantly promoted the oxidation reaction of Ni**/Ni*" and
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FUNCTIONAL MATERIALS FOR GREEN ENERGY AND ENVIRS
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FIGURE 6 (A) Open-circuit voltage, (B) voltage and power density plots, (C) galvanostatic charging-discharging for Co-N-C@CoNiFe-
LDH + Co-N-C (3:1) and IrO,_Pt/C catalysts at 5 mA cm > for 950 h.

Co*"/Co**wherein Fe** can fine-tune the valence state,
for instance, Ni*™ [Ni(OH),] to Ni*™ [NiOOH].** Actu-
ally, the electron trapping or electron withdrawing effect
of Fe** induced the high valence states of Ni*" and Co*"
species by the partial-charge transfer activation and
served as the real active sites for the absorption of
OH. Thus, Fe*" tends to partially reduce during the
polarization and leading to the generation of NIOOH and
CoOOH active centers.**™** Moreover, the interaction
between Ni/Co and Fe atoms is likely to stabilize the
OER intermediates (*OH, *O and *OOH) wherein OH™
adsorption is thermodynamically favorable at Fe sites
whereas the deprotonation of *OOH for the evolution of
0, molecules is feasible at Ni/Co sites.***>*® Moreover,

. . . 3 .
FIGURE 7 Schematic illustrates the Co-N-C and Co-N- Co-N-C supplied the trivalent cobalt ions (Co ) to NiFe-
C@CoNiFe-LDH active sites for oxygen reduction reaction and LDH. The incorporation of Co ions into NiFe-LDH stabi-
oxygen evolution reaction, respectively. lized the local coordination environment of Fe and aided
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the n-symmetry bonding orbital in CoNiFe-LDH.** Also,
cobalt co-ordinated, and N-doped carbon network accel-
erated the evolution of metal (CoNiFe) OOH active sites,
which provided an opportunity to optimize the binding
energies for OER intermediates and eventually improved
the overall OER kinetics (Figure S13). Furthermore, the
more positively charged Co*" species in the intralayer of
the CoNiFe-LDH may augment the more electrophilicity
of the adsorbed O atoms, promoting the formation of
OOH species. As a result, the incorporation of cobalt ions
into the LDH structure modulated the electronic struc-
ture, enhancing the intrinsic OER activity.

ZIF-67 derived Co-N-C, on the other hand, endowed
the excellent ORR activity. N-heteroatom doping induced
the net positive charge on the carbon atoms.*’ It is
deemed as lucrative for oxygen adsorption and O-O bond
breaking, promoting ORR activity. Co-N-C also signifi-
cantly contributed to enhance the electrical conductivity,
while efficient charge transport is essential for the excel-
lent ORR and OER activities. Thereby, ZIF-67 served
as not only the additive to provide the active sites to
CoNiFe-LDH but also a template and contributed to
ORR activity and electrical conductivity. As a result,
the optimal catalyst Co-N-C@ CoNiFe-LDH exhibited
both excellent activity and outstanding stability.

3 | CONCLUSIONS

In conclusion, we have successfully synthesized a bi-
functional oxygen electrocatalyst by the in-situ develop-
ment of ternary CoNiFe-LDH over cobalt co-ordinated,
N-doped porous carbon framework via hydrothermal
treatment. Their symbiotic interaction modulated the
atomic and electronic structure at the heterostructure.
Moreover, the introduction of Co species into NiFe-LDH
enhanced the electrical conductivity and lowered the
onset potential for OER. On the other hand, Co-N-C net-
work not only contributed to enhancing the
electrical conductivity but also offered excellent ORR
activity. As a result, CoNiFe-LDH endowed the OER
activity whereas Co-N-C porous carbon network deliv-
ered the ORR activity. Moreover, the in situ development
of CoNiFe-LDH over Co-N-C provided the intimate con-
tact and structural robustness. Subsequently, interfacial
resistance was tangibly suppressed, promoting ionic dif-
fusivity as well as the electronic conductivity. Conse-
quently, Co-N-C@ CoNiFe-LDH catalyst requires only
1.540 V to reach 10 mA cm 2 in alkaline media (0.1 M
KOH). When Co-N-C@CoNiFe-LDH air cathode was
integrated into zinc-air batteries, it exhibited excellent
activity, demonstrating a low charging-discharging volt-
age gap of 0.77 V at 5 mA cm 2, ultra-long stability over

950 h and high PPD of 228 mW cm 2. This unique and
facile synthesis strategy paves the way for designing the
bi-functional electrocatalysts by utilizing the heterostruc-
ture engineering for various catalysis applications.

3.1 | Experimental section

3.1.1 | Synthesis of ZIF-67-derived Co-N-C
ZIF-67 was synthesized by employing Co(NOs),-6H,0,
2-methylimidazole (2-MIM) as raw materials, methanol
as solvent and Pluronic F-127 as a surfactant. For a typi-
cal synthesis, 1.426 g Co(NO3),.6H,0 and 1.50 g of sur-
factant were dissolved in 50 mL of methanol solvent.
Similarly, a solution consisting of 1.50 g 2-MIM, and
50 mL of solvent (methanol) was prepared separately.
The pink solution of metal salt was then poured slowly
into the 2-MIM solution of organic ligand, which was
continuously stirred till crystallization occurred. The ZIF-
67 crystals were filtered and dried at 120°C, which was
further pyrolyzed at 920°C for 2 h in flowing N, in a tube
furnace to derive the porous Co-N-C metal-doped carbon
material.

3.1.2 | Synthesis of Co-N-C@ CoNiFe-LDH
Co-N-C@ CoNiFe-LDH was synthesized by in-situ
growth of NiFe-LDH on Co-N-C substrate via a facile
hydrothermal method. Typically, 0.5 mmol of
Fe(NO3);-9H,0 and Ni(NO3),-6H,0 each together with
5mmol of urea were dissolved in 36 mL of distilled
water under continuous stirring till a clear solution
was obtained. Then 50 mg of as-prepared Co-N-C sam-
ple was mixed into the solution, while continuously
stirring for another 15 minutes. The aqueous solution
consisting of LDH precursors and Co-N-C substrate
was transferred to an autoclave reactor with a Teflon
lining. The autoclave was placed in the oven at 120°C
for 14 h. After cooling to room temperature, the prod-
uct was rinsed with distilled solvents such as distilled
water and ethanol respectively for 5 min, followed by
centrifugation, filtering and drying at 60°C for few
hours. For the sake of comparison, three other prod-
ucts were also synthesized by following the same pro-
cedure: Fe(NO3);-9H,0 and Co-N-C substrate (named
as Co-N-C@CoFe-LDH); Ni(NO3),-6H,0 and Co-N-C
substrate (named as Co-N-C@CoNi-LDH) and pristine
NiFe-LDH without adding Co-N-C substrate. For the
synthesis of pristine CoNiFe-LDH, Co salt precursor
(20% mole ratio of Ni) was added in the NiFe-LDH
synthesis process.
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3.2 | Characterizations Iy
n=4x I (6)
La+5)
XRD, TEM, and SAED were conducted to analyze the
crystal phases of the samples, which were conducted I
using D8 Discover (Bruker AXS, Cu Ka radiation) and HO; (%) =200 x i :’_ 0" (7)
dTN

FEI Talos (FS200X G2), respectively. The elemental
dispersion of the materials was observed by EDS map-
ping using FEI Talos. Morphologies of the electrocata-
lysts were visualized using scanning electron
microscopy (TESCAN MIRA) and TEM (FEI Talos).
Specific surface area, porosity and pore structure of
the electrocatalysts were measured by the N, adsorp-
tion/desorption isotherms method with Micrometrics
Tristar II plus by employing ASAP 2020 HD88 equip-
ment at 77 K and were computed by employing the
BET theory. The oxidation states of the electrocatalysts
were characterized by utilizing X-ray photoelectron
spectroscopy using Kratos AXIS Ultra DLD (Al Ka
radiation).

3.3 | Electrochemical tests

OER and ORR catalytic activities of the materials were
examined based on the rotation disk electrode in a three-
electrode glass assembly, comprising a working electrode
(glassy carbon, diameter: 5 mm), a reference electrode
(Ag/AgCl), and a counter electrode (platinum spiral) in
an alkaline solution (0.1 M KOH). The ink based on sam-
ples was prepared by mixing the 10 mg of sample in
1 mL of ethanol, and 0.1 mL of 5% Nafion 117 for an
hour in an ultrasonic bath. Then, 5 pL of ink based on
samples was cast dropwise on the working electrode. Lin-
ear sweep voltammetry was acquired at a scan rate of
5mV s~ ! using a bipotentiostat (CHI760E, USA) and the
rotation speed of the disc was adjusted at 1600 rpm. On
the other hand, the rotating ring-disk electrode was
applied to quantify the peroxide formation (%) as well as
the electron transfer number (n). In this case, the work-
ing electrode consists of two concentric rings: a disc
(diameter: 5.61 mm) surrounded by a platinum ring
(diameter: 6.25 mm).

The measurement of potential was conducted against
Ag/AgCl electrode and subsequently transformed into
the potentials based on reversible hydrogen electrode
(RHE) by the following equation:

Ere=E(-28.) £0199400591 xpH.  (5)
RHE = AgCl . . pH.

Similarly, the estimation of electron transfer number
(n) and the yield of peroxide (%) were made by following
Equations (6) and (7)

The electrical double-layer capacitance was calculated
by cyclic voltammetry with scan rate ranging from 5 to
100 mV s in non-Faradaic potential region (0.967-
1.067 V vs. RHE).

Zn-air batteries assembly and performance evaluation.

ZABs were assembled by employing the basic compo-
nents: zinc anode, alkaline electrolyte consisting of 6 M
KOH and 0.2 M Zn(Ac), and air electrode. To prepare the air
cathode, the same ink was cast dropwise on the carbon cloth
on gas diffusion layer to end up a mass loading of 2 mg cm 2.
Subsequently, the long-term battery charging/discharging per-
formance was appraised using LANHE CT2001A battery test-
ing system, whereas other electrochemical assessments were
recorded using VSP Biologic potentiostat.
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