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With the merits of high safety and energy density, all-solid-state zinc—air batteries possess potential
applications in flexible and wearable electronic devices. Especially, the air cathodes with bifunctional
catalytic activity, i.e. oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) have been
received enormous attention. In this work, we provide a novel phosphorus/nitrogen co-doped and
bimetallic metal-organic framework (MOF)-derived cathode configurated with phosphorus-doped
bimetallic FeNi alloys and a nitrogen-doped porous carbon layer loaded on graphene (P-FeNi/NC@G).
The P—FeNi/NC@G electrode exhibits a superior OER activity with an overpotential of 310 mV at 10 mA
2 and an ORR performance with a half-wave potential of 0.81 V. With P-FeNi/NC@G as the air

cathode, the integrated all-solid-state rechargeable zinc—air battery presents a high open-circuit voltage
2

cm-

of 1.53 V, a high peak power density of 159 mW cm™<, a small charge—discharge voltage gap of 0.73 V at
Received 1st June 2020 5 mA cm2 u llent long-term stability up to 144 cycles. This work not onl ds the ai
Accepted 30th August 2020 mA cm™<, as well as excellent long-term stability up to cycles. This work not only expands the air
cathode materials database but also develops a new co-doped synthesis method that can be utilized to

DOI: 10.1039/d0ra04827e fabricate a cathode with promoted catalytic efficiency, resulting in improved performance for an all-
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Introduction

Being cost-effective and environmental-friendly, and having
a high theoretical specific energy density of 1086 W h kg™, the
zinc-air battery (ZAB) is one of the most promising alternatives
to the Li battery." Generally, the ZAB is a half-open system
consisting of an air cathode which can consume oxygen from
the atmosphere, electrolyte, and zinc anode.** By employing an
all solid electrolyte endowed with excellent mechanical prop-
erties and ion conductivity, the assembled all-solid-state
rechargeable ZAB has been extensively investigated as an
appealing power source for wearable and flexible electronic
devices.® However, the inadequate catalytic activity of air
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cathodes during the charging (OER) and discharging (ORR)
process greatly hinders their practical application.'*** Inspired
by the notable electrocatalytic activity, noble metal-based cata-
lysts are the first consideration for air cathodes, such as Pt/C for
OER and Ir-/Ru-based oxides for the ORR. But, their high cost
and insufficient catalytic bifunctionality cannot support
a sustainable operation system of all-solid-state rechargeable
ZABs.** Thus, a large amount of effort has been devoted to
seeking non-precious metal cathodes with bifunctional and
effective catalytic activities to address this challenge.™
Benefiting from the configuration of transition metals (e.g.,
Fe, Co, Ni) and organic ligands with enriched heteroatoms
(e.g., N, S, B), MOFs provide a rich treasure for intentional
designing of bifunctional and effective non-precious metal
catalysts toward application in ZABs as air cathodes.'*>® As
sacrificial precursors during a facile pyrolysis process, the MOF-
derived  nanostructured-metals/metal-based =~ compounds
coupled with heteroatoms-doped porous carbonaceous mate-
rials can be obtained, resulting in a synergistically enhanced
OER and ORR performance.* For example, the Co-N/C nano-
particles stringed with carbon fibers were synthesized by elec-
trospun and the pyrolysis of ZIF-67, showing a superior ORR
activity due to the large surface areas.”” Also, the MOF-derived
hybrid cobalt/cobalt nitride nanoparticles integrated with
nitrogen-doped carbon nanoarrays (Co/CoN,-NC) can be
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utilized as an active and durable air cathode for all-solid-state
rechargeable zinc-air batteries, exhibiting excellent bifunc-
tional catalytic properties toward ORR and OER.* Moreover, the
single-site dispersion of Fe-N, species on porous nitrogen-
doped carbon layer (Fe-N,-NC) as MOF derivatives can imple-
ment superior catalytic activity with half-wave potential of
0.86 V for ORR and an overpotential of 390 mV at 10 mA cm >
for OER, and consequently a high power density of 118 mW
ecm ?> for all-solid-state rechargeable zinc-air battery.*
Compared with the above-mentioned monometal-based cata-
lysts, the bimetallic catalyst such as FeNi-based catalysts has
been demonstrated to possess outstanding bifunctional elec-
trocatalytic activity recently due to their sufficient active sites
and high conductivity.”®?® It is therefore rationally deduction
that the multimetallic MOFs can be further engineered to
provide abundant and novel bifunctional catalysts with robust
catalytic efficiency.”

Herein, we synthesize a co-doped and MOF-derived bifunc-
tional catalyst of P-FeNi/NC@G by taking the FeNi-containing
bimetallic MOF (FeNi-MOFs) as a precursor and the phospho-
nitrilic chloride trimer as dopant source during the optimized
pyrolysis process. It exhibits a large OER activity with an over-
potential of 310 mV at 10 mA cm™ > and the ORR performance
with a half-wave potential of 0.81 V. The all-solid-state zinc-air
battery with P-FeNi/NC@G air cathode, the solid electrolyte of
poly(vinyl alcohol) (PVA), and the anode of zinc foil, presents an
enhanced performance. These results show the promising
applications of multimetallic MOF-derived bifunctional cata-
lysts with efficient catalytic activities in all-solid-state
rechargeable zinc-air batteries.

Experimental

Chemicals
Iron(m) nitrate nonahydrate (Fe(NOj);-9H,0), N,N-dime-
thylformamide (DMF, M, = 73.09), nickelous nitrate

(Ni(NOs), - 6H,0), 2-methylimidazole (M,, = 82.10), and trimesic
acid (M,, = 210.14) were purchased from XiLong Scientific. PVA
(M, = 195000) was bought from Macklin. Reduced Graphene
Oxide (RGO) Dispersion was purchased from Chengdu Organic
and Chemical Co., Ltd. Chinese Academy of Sciences. Phos-
phonitrilic chloride trimer (M,, = 347.7) and Nafion (5 wt%)
were purchased from Aladdin. Commercial platinum/carbon
(Pt/C) with platinum of 20 wt% was bought from Johnson
Matthey. Ruthenium oxide powder with an average particle size
of less than 10 nm was purchased from Jiangxi Ketai Advanced
Materials Co., Ltd.

Synthesis of FeNi-MOFs

The FeNi-containing bimetallic MOFs were synthesized by the
hydrothermal method. Firstly, the 840 mg of trimesic acid and
220 mg of 2-methylimidazole were slowly added into a solution
with 808 mg of Fe(NO3);-9H,0 and 582 mg of Ni(NO;),-6H,0,
and 60 mL of DMF. After half an hour of stirring, the trans-
parent mixture was transferred to a teflon-lined stainless-steel
autoclave and maintained at 170 °C for 48 h within an electric
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oven. After cooling down to room temperature naturally, the
precipitates were collected and rinsed with ethanol six times to
remove the residual organic matter, followed by drying at 60 °C
for 8 h in a vacuum oven. The obtained brown powders denoted
as FeNi-MOFs were pyrolyzed at 900 °C for 5 h with a tempera-
ture ramping of 5 °C min~" under an argon atmosphere, and
then the final products were labeled as FeNi-MOF-pyrolysis as
the control group.

Synthesis of P-FeNi/NC@G

Typically, 0.5 g of FeNi-MOFs was added to 20 mL of ethanol
followed by stirring for 20 min at room temperature. Then,
10 mL of RGO dispersion and 0.5 g of phosphonitrilic chloride
trimer were successively dripped into the mixture and stirred
for 1 h. The mixture was then moved to the water bath and
stirred at 80 °C until the precipitates were formed because of the
full evaporation of the solvent. Further, the powders were
placed in a tube furnace and annealed at 900 °C and 1000 °C
separately for 5 h with a temperature ramping of 5 °C min "
under the argon environment.

Material characterization

Scanning Electron Microscopy (SEM) images were obtained on
Quanta 200 FEG. Transmission Electron Microscopy (TEM) and
energy-dispersive spectroscopy (EDS) mapping analyses were
carried out on a FEI Tecnai G2 F30 field-emission electron
microscope. X-ray diffraction (XRD, Rigaku Mini Flex 600, Cu
Ko radiation, A = 1.54056 A) was used to evaluate the crystal
structure of fabricated samples. X-ray photoelectron spectros-
copy (XPS) was carried out on the EscaLab 250Xi X-ray photo-
electron spectrometer with an Al Ka excitation source.

Electrochemical measurements

Electrochemical measurements were performed with a CHI
760E electrochemical workstation coupled with a PINE rotating
instrument in a standard three-electrode set up consisting of
a working electrode of rotating disk electrode (RDE, 5 mm in
diameter), reference electrode of Ag/AgCl (3.0 M KCl), as well as
the counter electrode of Pt plate. In this work, all experiments
were conducted at room temperature. Also, the tested potentials
were converted to a reference scale of reversible hydrogen
electrode (RHE) by E. rug = E (Ag/AgCl) + 0.059 x pH + 0.210.
Unless otherwise stated, iR compensation profiles were used to
correct all measurements. In the experiment, all electro-
chemical measurements were performed under the same load
quality. The catalyst ink was prepared by dispersing 5 mg of
active materials in a mixture solution of 800 puL of DI water, 200
uL of ethanol, and 20 pL of Nafion solution followed by ultra-
sonication for 30 min. Then, 10 pL of catalyst ink with 0.26 mg
ecm > of mass loading was dropped onto the polished glass
carbon surface of the working electrode and drying at 27 °C in
air. As a comparison, the Pt/C and RuO, hold the same catalyst
mass loading. Before testing, the oxygen- or nitrogen-saturated
0.1 M KOH solution was obtained by injecting oxygen or
nitrogen stream for 30 min. Also, the 100 cycles of cyclic

This journal is © The Royal Society of Chemistry 2020
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voltammetry (CV) were performed with a scanning rate of 50 mv
s~ ' to activate the electrode.

As for ORR measurements, the polarization curves of linear
sweep voltammetry (LSV) were recorded in oxygen- or nitrogen-
saturated 0.1 M KOH solution at a scan rate of 5 mV s~ under
different rotating speeds (400 rpm, 800 rpm, 1200 rpm, 1600
rpm). For OER measurements, the LSV polarization curves were
executed by using RDE (1600 rpm) as a scan rate of 5 mV s~ in
an oxygen-saturated 0.1 M KOH solution. Additionally, the
stabilities of ORR and OER were determined by LSV measure-
ments conducted before and after 1000 CV cycles under the
scan rate of 100 mV s~ . Electrochemical Impedance Spectros-
copy (EIS) measurements were performed with a frequency
ranging from 0.1 Hz to 100 kHz. To evaluate the electron
transfer number (n) per O, molecule in the ORR process, the
Koutecky-levich (K-L) equation as below was used.

1 1 1 1 1

I H T kB

B = 0.2nFCoyDy* v~

where J, Jx, and J;, are the tested current density, kinetic current
density, and diffusion-limited current density, separately. B is
the reciprocal of the slope, w is the rotating angular velocity (rad
s~ '), n is the electron transfer number per O, molecule, F is the
Faraday constant (96 485 C mol '), C, represents the saturated
concentration of O, in 0.1 M KOH (1.2 x 10~® mol em ™), D,
stands for diffusion coefficient of O, in 0.1 M KOH (1.9 x 10>
em? s~ 1), v is the kinetic viscosity of 0.1 M KOH (0.01 cm® s~ %).

Assembly of all-solid-state rechargeable zinc-air and
performance testing

The air electrode was constructed from carbon cloth loaded
with P-FeNi/NC@G catalyst. Firstly, 10 mg of P-FeNi/NC@G
powders were added into a mixture of 800 puL of DI water, 200
pL of ethanol, and 20 pL of Nafion, followed by sonication for
30 min at room temperature to achieve a slurry state. Then, the
obtained slurry was uniformly spread on a cleaned carbon cloth
with a size of 1 x 3 em?, followed by drying automatically for
24 h in air. The ratio of the air electrode for the zinc-air battery
is the same as P-FeNi/NC@G. The fabrication of commercial Pt/
C-RuO, based air electrode has the same procedures. For the
electrolyte with the capacity of hydroxide anion transferring, 1 g
of PVA was dispersed into 10 mL of DI water, followed by
heating at 95 °C for 45 minutes in a water bath. Then, 1 mL of
18 M KOH and 0.02 M zinc acetate were added into the gelati-
nous mixture and stirred for another 30 min at 95 °C. Before the
assembly of the zinc-air battery, the mixture should be frozen at
—20 °C for 2 h in a refrigerator. The polished zinc foil with
a thickness of 0.3 mm and an area of 1 x 3 cm? was employed as
the anode. Finally, charge-discharge polarization and galvano-
static tests of the integrated all-solid-state zinc-air battery were
measured by using the electrochemical workstation (CHI 760E,
Chenhua) and LAND 2001A battery test system at room
temperature, respectively.

This journal is © The Royal Society of Chemistry 2020
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Results and discussion

Fig. 1 shows the synthesis procedures of the co-doped and
MOFs-derived catalyst denoted as P-FeNi/NC@G. By using the
hydrothermal method, the cuboidal FeNi-MOFs with uniform
length of size of 35 pm are synthesized successfully, demon-
strated by the XRD pattern with typical characteristic peaks of
Fe- and Ni-MOFs,* as illustrated in Fig. S1 and S2.} Taking the
phosphonitrilic chloride trimer as a dopant source, the P-FeNi/
NC@G catalyst is obtained by the pyrolysis of FeNi-MOF
precursor in a tube furnace. Fig. S37 presents the XRD pattern of
P-FeNi/NC@G catalyst in which the typical peaks of P-Fe and P-
Ni can be confirmed.?** It is noted that the addition of gra-
phene can facilitate a fast electron transfer in the catalyst.

In order to evaluate the micromorphology and microstruc-
ture of the P-FeNi/NC@G catalyst, the SEM and TEM
measurements are employed. Fig. 2a depicts the SEM image of
the P-FeNi/NC@G catalyst, in which P-FeNi nanoparticles with
an average size of 100 nm marked by dotted red circle uniformly
wrapped by the porous graphitic carbon layers. The detailed
micromorphology of the single P-FeNi nanoparticles, multi-
layered graphene, and graphitic carbon layer are displayed in
Fig. 2b. Fig. 2c is a high-magnification TEM image of the area
marked by the dotted red circle in Fig. 2b. It can be seen that the
single P-FeNi nanoparticle is tightly coupled with the graphitic
carbon layer, revealing a feasible synergistic effect as a bifunc-
tional catalyst in the zinc-air battery. Thereafter, the micro-
structure of the dotted red circle marked area in Fig. 2c is
investigated by high-resolution TEM (HRTEM), as shown in
Fig. 2d. The graphitic carbon layer with a typical interplanar
distance of 0.35 nm corresponding to the (002) plane is
observed.*™** Also, the EDS elemental mapping images of the
graphitic carbon layer in Fig. S4f indicate that N has been
doped into the carbon framework homogeneously. Because of
the similar size of N in comparison to the C atom, the inter-
planar distances of graphitic carbon are not remarkably
changed with N-doping.*® Conversely, a larger lattice spacing
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Fig. 1 Schematic illustration of synthetic strategy of P-FeNi/NC@GC.
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Fig. 2 Electron microscopy images of P—FeNi/NC@G. (a) SEM image.
The area marked with a dotted red circle are the P—FeNi particles. (b)
Low-magnification TEM image. The area marked with a dotted red
circle is FeNi—MOF-derived P-doped FeNi and N-doped carbon layer.
The graphene regions are also lined out. (c) High-magnification TEM
image of the marked area in (b) and the carbon layer is labeled. (d)
HRTEM image of the red dash circle in (c) with the d-spacing values of
the carbon layer and P—FeNi. (e—h) TEM image and the corresponding
EDS mapping images of P—FeNi/NC@G with the elements of P, Fe, Ni.

value of 0.223 nm can be clearly confirmed in comparison to
Ni,P with a lattice spacing value of 0.21 nm in (111) plane,
which can be attributed to the substitution of Ni by Fe in FeNi-
P.** The corresponding EDS mapping images also present
a uniform distribution of Fe, Ni, and P elements, as shown in
Fig. 2e-h.

Further, XPS measurement is employed to examine the
surface chemical states of the as-synthesized P-FeNi/NC@G
sample. Fig. 3a shows the XPS spectrum of Fe 2p with six
deconvoluted peaks, among which the main peaks at 710.2 eV
and 724.54 eV correspond to Fe 2p,,, and Fe 2p;), orbitals and
the peaks at 707.2 eV and 719.8 eV can be attributed to Fe**
species in the FeNi-P compound.**?° In addition, the main peak
of Fe 2p;,, can be further incorporated by different oxidation
states of iron, and thus resulting in the presence of peaks at
711.4 eV and 713.3 eV.”** As illustration of the Ni 2p spectrum
in Fig. 3b, the peaks at 852.9 eV, 853.8 €V and 870.2 eV can be
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Fig. 3 XPS spectra of the P-FeNi/NC@G. (a) Fe 2p, (b) Ni 2p, (c) P 2p,
(d) N 1s.
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attributed to Ni®" species in the Ni-P compound and the peak at
856.9 eV correspond to the Ni** 2P;,,>>* while the peak at
855.7 €V is assigned to metallic Ni in Ni 2p.*° For P 2p spectrum
in Fig. 3c, the peaks at 129.46 eV and 131.83 eV can be assigned
to the FeNi-P compound and P-C bonding,*® while the peaks at
132.38 eV and 133.6 eV belong to P-O bonding because of the
oxidization of P in the air.** As shown in Fig. 3d, the N 1s
spectrum is deconvoluted into five peaks, corresponding to the
pyridinic N (398.2 eV), pyrrolic N (399.7 eV and 400.2 eV),
quaternary N (401.14 eV), as well as oxidized pyridinic N (402.2
eV), respectively.*?” It has been considered widely that the
existence of pyridinic N, pyrrolic N, and the quaternary N can
promote the electrocatalytic activity of ORR and OER.

To assess the ORR and OER bifunctional capability of P-
FeNi/NC@G catalyst, the electrochemical measurements and
related calculations are conducted in 0.1 M KOH solution, and
the FeNi-MOFs, FeNi-MOF pyrolysis, commercial Pt/C and RuO,
are also selected as control groups. Initially, as shown in Fig. 4a,
the CV curve of P-FeNi/NC@G obtained in O,-saturated 0.1 M
KOH exhibits a distinct oxygen reduction peak at 0.8 V vs. RHE
as compared to the CV curve recorded in N,-saturated 0.1 M
KOH, indicating an effective oxygen reduction activity of the as-
fabricated catalyst. Furthermore, it can be confirmed that the P-
FeNi/NC@G catalyst pyrolyzed at 900 °C exhibits a better oxygen
redox performance than the catalyst synthesized at 1000 °C
(Fig. S5t), which can be attributed to the deficient N-doping
amount at high pyrolysis temperature.’” For the electro-
catalytic property of P-FeNi/NC@G catalyst towards ORR, the
LSV measurements are carried out by using the RDE at
a rotating speed of 1600 rpm in an O,-saturated 0.1 M KOH, as
shown in Fig. 4b. Because of the instability in aqueous solution,
FeNi-MOFs present the lowest half-wave potential (E;,) of
0.69 V vs. RHE among all catalysts. After the pyrolysis process of
FeNi-MOFs, the half-wave potential of FeNi-MOF-pyrolysis

o
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Fig. 4 (a) CV curves of P-FeNi/NC@G catalyst tested in N, and O,-
saturated 0.1 M KOH with a scan rate of 20 mV s, (b) ORR polarization
curves of different catalysts recorded at 1600 rpm in O,-saturated
0.1 M KOH with 5 mV s, (c) Polarization curves of P—FeNi/NC@G
tested in O,-saturated 0.1 M KOH at different rotating speeds from
400 rpm to 1600 rpm with 5 mV s~ The inset shows the corre-
sponding K—-L plots of P-FeNi/NC@G catalyst under different poten-
tial. (d) OER polarization curves of different catalysts tested in O,-
saturated 0.1 M KOH at 1600 rpm with 5 mV st and iR compensation.
(e) The corresponding Tafel Plots derived from (d). (f) Overall polari-
zation curves of different catalysts tested through the whole ORR and
OER region in 0.1 M KOH.
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slightly increases to 0.71 V vs. RHE due to the formation of the
graphitic carbon layer, but the catalytic activity of FeNi particles
is still inert. Comparatively, the P-FeNi/NC@G catalyst shows
a half-wave potential of 0.81 V vs. RHE even close to commercial
Pt/C (Ey, = 0.84 V vs. RHE), which can be ascribed to the
synergistic effects enabled by P-FeNi nanoparticles with high
activity/stability, defect-rich N-doped carbon with abundant
reactive sites, as well as the graphene with enhanced electron
conductivity.*®* To further investigate the ORR kinetics of P-
FeNi/NC@G catalyst, LSV curves are recorded at different
rotating speeds from 400 rpm to 1600 rpm in O,-saturated 0.1 M
KOH, as shown in Fig. 4c. It can be seen that the current density
increases with the increasing of rotating speed, revealing a first-
order reaction toward oxygen reduction, which also can be
demonstrated by the corresponding K-L plots, as presented of
the inset in Fig. 4c. By calculation of the slopes of the K-L plots,
the electron transfer number per oxygen molecule (n) values for
P-FeNi/NC@G, FeNi-MOFs, FeNi-MOF-pyrolysis, and the Pt/C
catalysts are approximately equal to 4, 2, 2, and 4, respec-
tively, as shown in Fig. S6.7 The four-electron transfer pathway
for P-FeNi/NC@G catalyst similar to the commercial Pt/C
illustrates a high catalytic efficiency and low by-products
during the ORR process.

As another key performance indicator for catalysts, the OER
polarization curves are studied in 0.1 O,-saturated 0.1 M KOH at
1600 rpm, as shown in Fig. 4d. In line with previous studies, the
commercial Pt/C catalyst displays a poor OER property with an
overpotential of 630 mV at a current density of 10 mA cm ™ 2.2
Because of the OER catalytic activity of FeNi particles, the
overpotential of FeNi-MOF-pyrolysis (370 mV) at the current
density of 10 mA cm™? outperforms that of FeNi-MOFs (420
mvV), but lower than RuO, (330 mV). For the P-FeNi/NC@G
catalyst, it just requires an overpotential of 310 mV to drive
the current density of 10 mA cm ™2 due to the superior catalytic
activity of P-FeNi species.” The presentation of high-efficient
catalytic performance and the rapid OER reaction kinetics for
P-FeNi/NC@G catalyst can be further confirmed by the smallest
Tafel slope value of 48.3 mV dec™ ", as shown in Fig. 4e. More-
over, the bifunctional catalytic activities can be evaluated by the
potential difference (AE) between OER potential at the current
density of 10 mA cm ™" (Ej—10) and the E;, for ORR in the whole
ORR and OER polarization region, as shown in Fig. 4f. The low
AE value of 0.73 V for P-FeNi/NC@G (AE = Ej_io — Ey2) as
compared to other catalysts (Table S1t) obviously indicates an
excellent bifunctional catalytic performance.

In order to lay out the origin of the outstanding bifunctional
catalytic performance, the electrochemical double-layer capac-
itance (Cq)) and EIS are employed to identify the catalytic active
sites and the charge conductivity characteristic. The Cq; pro-
portionated to the electrochemically active surface area (ECSA)
can be calculated by performing CV measurement at different
scan rates (10-50 mV s~ ') in the non-faradaic processes.*’ As
illustrated in Fig. S7,7 the Cy; value of P-FeNi/NC@G reaches
a maximum of 6.2 mF cm™?, outperforming the Cq values of
FeNi-MOFs (1.38 mF cm ™ ?) and FeNi-MOF-pyrolysis (2.14 mF
ecm?). These results evidently demonstrate that the P-FeNi/

NC@G catalyst possesses large catalytic active sites

This journal is © The Royal Society of Chemistry 2020
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contributed from the MOF-derived porous framework.
Furthermore, as shown in Nyquist plots in Fig. S8,T the P-FeNi/
NC@G catalyst exhibits the lowest charge transfer resistance as
compared with FeNi-MOFs and FeNi-MOF-pyrolysis, which can
be attributed to the efficient charge transfer pathways generated
by graphene during the ORR and OER process.** Finally, the
ORR and OER polarization curves recorded before and after
1000 CV cycles are analyzed to assess the stability of P-FeNi/
NC®@G catalyst, as shown in Fig. S9.1 It can be seen that the
half-wave potential of ORR only decreases by about 10 mV after
1000 CV cycles, whereas, there is not any significant degrada-
tion of overpotential for ORR. Consequently, the P-FeNi/NC@G
catalyst with outstanding bifunctional catalytic activity enables
its promising application in all-solid-state rechargeable ZAB as
air cathode.

As shown in Fig. 5a, the all-solid-state rechargeable ZAB is
constructed by the air cathode of carbon cloth loaded with
catalyst, the electrolyte of PVA, and the anode of zinc plate,
forming a sandwich structure. It can be seen in Fig. 5b that
a high open-circuit voltage of 1.53 V for ZAB with P-FeNi/NC@G
catalyst as air electrode is achieved, much higher than that of
ZAB with commercial Pt/C-RuO, mixed catalyst (1.42 V). Simi-
larly, as shown in Fig. 5c, the discharge polarization curve of the
all-solid-state ZAB with P-FeNi/NC@G catalyst also exhibits
a higher power density of 159 mW cm > as compared to ZAB Pt/
C-RuO, mixed catalyst with a higher power density of 106 mW
cm™ 2. Meanwhile, as compared with Pt/C-RuO, mixed catalyst,
the ZAB with P-FeNi/NC@G catalyst presents a small charge-
discharge voltage gap, as shown in Fig. 5d. Additionally, the
long-term rechargeability of all-solid-state ZAB with P-FeNi/
NC@G is evaluated by galvanostatic discharge-charge at
a current density of 5 mA cm 2. As shown in Fig. 5e, the ZAB
with P-FeNi/NC@G exhibits a narrow discharge-charge gap of
0.73 V as well as excellent durability, outperforming the Pt/C-
RuO,-based ZAB. Indeed, these outstanding Dbattery

(a) (C) 1.6
% —P-FeNI/INC@G
N L4 = Pt/C-Ru0O2
p
=i
i
H
| 3
0.
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Fig.5 (a) Schematic illustration of all-solid-state rechargeable ZAB. (b)
Open-circuit voltage of all-solid-state rechargeable ZAB with P—FeNi/
NC@G catalyst as air cathode. (c) Discharge polarization and the
corresponding power density curves of all-solid-state rechargeable
ZAB equipped with P-FeNi/NC@G and Pt/C-RuO; catalyst. (d) Charge
and discharge polarization curves of P-FeNi/NC@G and Pt/C-RuO,
catalysts. (e) Galvanostatic discharge—charge cycling curves at 5 mA
cm™2 of the all-solid-state rechargeable ZAB constructed with the P—
FeNi/NC@G bifunctional catalyst and Pt/C-RuO, mixed catalysts. (f)
Photograph of LED powered by two ZABs in series.
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performances can be attributed to the co-doped and MOF
derived P-FeNi/NC@G air cathode, and thus can be comparable
to those of recently reported all-solid-state ZABs listed in Table
S2.1 Eventually, the light-emitting diodes (LEDs) are completely
lighted up by the assembled all-solid-state rechargeable ZAB
with P-FeNi/NC@G, as illustrated in Fig. 5f.

Conclusions

In summary, a novel phosphorus/nitrogen co-doped and FeNi-
MOF-derived P-FeNi/NC@G bifunctional catalyst act as the air
cathode in the all-solid-state rechargeable zinc-air battery is
provided. The P-FeNi/NC@G electrode not only exhibits
a superior OER activity with an overpotential of 310 mV at 10 mA
cm™~? but also the ORR performance with a half-wave potential
of 0.81 V. Further, the assembled all-solid-state zinc-air battery
with P-FeNi/NC@G catalyst as air cathode presents a high open-
circuit voltage of 1.53 V, a high peak power density of 159 mW
cm ™2, a small charge-discharge voltage of 0.73 V at 5 mA cm ™2,
as well as the excellent long-term stability up to 144 cycles. This
work shows a great promising application of the co-doped and
multimetallic MOF-derived bifunctional catalysts in all-solid-
state rechargeable zinc-air batteries.
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