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A bi-functional air electrode developed from
a dual-MOF strategy for high-performance
zinc—air batteriest

Yasir Arafat,®® Muhammad Rizwan Azhar,” Yijun Zhong, €22 Xiaomin Xu,
Moses O. Tadé® and Zongping Shao (2 *?

A durable, high-performing and cost-effective bi-functional catalyst toward oxygen reduction/evolution
reactions (ORR/OER) is the key towards the practical application of Zn-air batteries (ZABs). Here, we
report a new concept of combining pristine and carbonized MOFs for developing a bifunctional electro-
catalyst for ZABs, where the pristine MOF acts as a support for the OER catalysts and the carbonized
MOF acts as the ORR catalyst and enhances the electronic conductivity. By electroless NiP-plating over
the surface of the Fe-containing 3D MOF (MIL-100), the catalyst shows superior activity for the OER,
delivering a current density of 10 mA cm™2 at an overpotential of 295 mV together with a low Tafel
slope of 62 mV dec™. A 3D porous MOF serves as a substrate for growing NiP with maximal exposed
active sites and the iron in the MOF interacts with NiP to further boost the intrinsic OER activity.
Subsequently, we introduce carbonized ZIF-67 (C-ZIF-67) into NiP-MIL-100 to build a bifunctional
catalyst, where C-ZIF-67 not only provides ORR catalytic activity but also creates a synergetic effect
with NiP-MIL-100, and to expedite the charge/mass transfer. Using this air electrode for ZABs, an
excellent bifunctionality with a small potential gap (0.78 V), a high peak power density (203 mW cm™2)
and robust cycling over a period of 500 h were achieved.

We have devised a facile strategy to fabricate bifunctional (oxygen evolution and oxygen reduction reactions) electrocatalysts for zinc-air batteries by a
combination of NiP-plated pristine metal-organic frameworks (MOFs) and a carbonized MOF (C-ZIF-67). We have employed a pristine MOF, i.e. MIL-100, for
the first time to serve as a 3D scaffold for NiP plating. On one hand, the MOF served as a 3D carrier for NiP to expose maximum OER active sites and on the
other hand, it endows uniformly distributed Fe metal nodes over the MOF surface, which activated the NiP active sites, leading to excellent oxygen evolution
activity. As NiP-plated MIL-100 and ZIF-derived Co-N-C efficiently served to accelerate the oxygen evolution and oxygen reduction reactions, this MOF can be
employed as the cathode material to other batteries, for instance, lithium-air batteries and water splitting reactions. Moreover, 3D pristine MOFs may be
employed as a host and activator for various electrocatalysts in energy applications. Thus, this cutting-edge synthesis strategy will usher a new avenue for the
fabrication of a variety of energy materials with superior activity and stability. Consequently, this work will contribute to attaining the United Nations’

sustainable development goals.

Introduction

energies.! Although sustainable energies occur ubiquitously,
they are unfortunately intermittent. To ensure an uninter-

The ever-increasing environmental awareness and global
energy demands have prompted the communities to switch to
more sustainable energies, for example, wind, hydro and solar
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rupted energy supply from sustainable resources, it is impera-
tive to integrate some batteries to reconcile the energy
generation and distribution. Recently, zinc-air batteries (ZABs)
have garnered tremendous interest owing to their ultrahigh
theoretical energy density (1086 W h kg™ '), low cost, and
safety.” Rechargeable ZABs are capable of meeting the energy
requirement for portable electronic devices, electric vehicles,
and grid-scale energy storage.” As a result, primary (non-
rechargeable) zinc-air batteries have been successfully
well-placed on a commercial scale. However, secondary

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(rechargeable) zinc-air batteries have not been commercialized
yet. As a matter of fact, the air electrodes beset under the
influence of some technical barriers, which pose the reversi-
bility and cycling stability of ZABs. The unique half-open
assembly of ZABs entails the designing of air electrodes, which
can deliver fast kinetics for the oxygen reduction reaction (ORR)
during discharge and the oxygen evolution reaction (OER)
during charge. As ORR and OER activities occur at different
active sites and the samples undergo different pathways,” it is
quite challenging to design an air electrode that can achieve the
high performance of ZABs.

To develop rechargeable ZABs, the OER/charging air cathode
plays a major role. Transition metal phosphides, NiP nano-
particles, in particular, have arisen as favourable electrocata-
lysts with excellent OER activity in alkaline solutions.”™*
Actually, they are recognized as OER pre-catalysts, which
undergo an in situ transformation to the corresponding oxides
and oxyhydroxides via anodic oxidation."*'® The partially
charged Ni°* and P°~ atoms in NiP tend to generate OER active
NiOOH species and phosphate-based phases, respectively.'”
Nevertheless, the major bottleneck associated with the applica-
tion of NiP is their strong tendency towards agglomeration
during extended electrocatalytic activity, thus exposing the
limited active sites and thereby leading to poor stability.'®>*
As a result, despite the excellent OER activity, it is challenging
to employ NiP in the pristine form for rechargeable ZABs to
realize stable performance. For instance, Wang et al. recently
applied a NiP-based air cathode for ZABs,** and although it
displayed excellent initial OER activity, the charge/discharge
cycling sustained only for 20 h. Similarly, He et al. designed
NPO/Ni,Py@NF-HPCs by growing Ni,P, and hierarchical porous
flower-shaped carbon nanosheets on a Ni foam surface, which
displayed very poor stability for only 10 h with a large charge/
discharge voltage gap.”® In the similar fashion, Huo et al
fabricated an air cathode consisting of a porous Ni-foam-
templated structure of carbon nanosheets decorated with CoP
nanoparticles,” which displayed excellent activity with limited
stability of 135 h. Consequently, it is vital to fabricate a NiP
catalyst with some suitable substrate that could expose suffi-
cient active sites and yet maintain a stable performance. On the
other hand, it has also been found that the OER activity of NiP
may be further enhanced by some activators such as Fe.””"*"®
Actually, the Fe species enhance the OER activity by suppres-
sing the metal oxidation step and promoting the reduction of
metal step, leading to the evolution of oxygen.>® Besides, the
presence of Fe also promotes the electrical conductivity of
the materials by partial charge transfer and modulation of
the electrochemical redox process.”® Recently, three-
dimensional (3D) porous materials such as carbon cloth, Cu
and Ni foam have been tremendously utilized as supports.>”*®
However, these materials undergo corrosion at a higher current
density in alkaline media, leading to the unsatisfactory catalytic
performance.**™*

Recently, metal-organic frameworks (MOFs) have garnered a
great deal of interest in energy applications such as fuel cells,
water electrolysis and metal-air batteries.*> MOFs are porous
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materials with a high surface area, designed by self-assembly of
transition metal ions and an organic linker into a periodic 3D
network. The direct application of MOFs as electrocatalysts is
challenging since they are usually electronic insulators; how-
ever, they have the potential to serve as a substrate and provide
metal ions to form composites that manifest the enhanced
electrocatalytic activity of the main active component. On the
other hand, MOFs can also serve as a precursor to form
conductive porous metal-carbon composites through pyrolysis,
which have demonstrated high ORR activity, even comparable
to that of precious metal-based (Pt/C) catalysts.>® Due to the
different active sites for the ORR and OER, it is usually difficult
to develop a single-phase catalyst that shows high activity
for both reactions. However, the formation of a composite
provides new opportunities for the development of bifunctional
electrocatalysts.

Herein, we introduce a dual-MOF concept to develop a
durable, cost-effective, and high-performing bifunctional elec-
trocatalyst as an air electrode for ZABs, in which one MOF acts
as a support to deposit OER catalysts to maximize the exposed
active sites and to inhibit aggregation, and the other MOF acts
as a precursor for producing carbonized samples as the ORR
active catalyst and enhances the electronic conductivity. Speci-
fically, we deposit NiP over the wall of the iron-containing MOF,
i.e. MIL-100, through electroless-plating, forming NiP@MIL-
100, which shows highly exposed active sites. In addition, the
interaction of iron in the MOF with a NiP surface area further
boosts the OER activity of the catalyst. To introduce ORR
activity, we use ZIF-67 as a precursor to create a catalyst through
carbonization (C-ZIF-67). We then combine NiP@MIL-100 and
carbonized C-ZIF-67 to form a composite, which may offset
each other’s deficiencies and culminate into a high perfor-
mance bi-functional (OER/ORR) air electrode for ZABs. NiP@
MIL-100 + C-ZIF-67 (50:50 by weight) was found to be an
optimal catalyst. By integrating it into a ZAB as an air cathode,
excellent bi-functional activity and stability, a small voltage gap
of 0.78 V over a period of 500 h and a high power density of 203
mW cm > were demonstrated. This work will usher a new
avenue for the fabrication of a 3D bi-functional (OER/ORR)
air electrode with superior activity and stability and pave the
way for their commercial applications.

Experimental
Materials and methods

Analytical grade chemicals were procured from Sigma Aldrich,
Australia with >99.5% purity and were employed with no
further purification. Specifically, MIL-96 and MIL-100 were
selected as substrates. For their synthesis, the following pre-
cursors were employed: aluminium nitrate nonahydrate
(Al(NO3);3-9H,0), iron chloride hexahydrate (FeCl;-6H,0) and
benzene tricarboxylic acid (BTC). In the case of NiP electroless
plating, nickel chloride hexahydrate (NiCl,-6H,0), sodium suc-
cinate (C,H4Na,0,4), sodium hypophosphite (NaH,PO,) and
sodium chloride (NaCl) were used for their respective roles as
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precursor chemical reagents for Ni** ions, complexing agent,
reducing agent and surface activation, respectively. For the
synthesis of zeolite imidazolate frameworks (ZIFs), cobalt
nitrate hexahydrate (Co(NO3),-6H,0) was used as the metal
node, 2-methylimidazole (2-MIM) as the organic ligand and
pluronic F-127 as the surfactant.

Synthesis of MIL-96 and MIL-100

The detailed synthesis procedure of MOFs is reported in the
literature.>*® In a typical hydrothermal synthesis procedure,
MIL-96 was synthesized by adding 19.833 mmol of Al(NO;);-
9H,0 and 4.18 mmol of BTC to 27 mL of DI H,O. The mixture
was stirred for 30 min and then transferred to a 125 mL
autoclave for heating at 220 °C for 48 h. Then, the autoclave
was cooled down naturally, and crystals of MIL-96 were sepa-
rated through filtration. Similarly, MIL-100(Fe) was prepared by
mixing 53.38 mmol of FeCl;-6H,0 with 23.98 mmol of BTC in
36 mL of DI H,O and heated in an oven at 160 °C for 15 h.

Electroless plating of NiP over MIL-96 and MIL-100

For the NiP coating experiment, a fixed amount of nickel
chloride hexahydrate (NiCl,-6H,0), sodium chloride (NaCl),
sodium succinate (C4H4Na,0,) and sodium hypophosphite
(NaH,PO,) were added to deionized water and stirred until
they are completely dissolved. The pH value of the as-prepared
solution was 5.65. For the activation experiment, palladium
chloride (PdCl,) was dissolved in DI water to prepare a 250 ppm
solution, and its pH value was modified to about 2.0 by
employing NaOH and 0.1 M HCI. The MOF substrates namely
MIL-96 and MIL-100 crystals were activated by immersing them
into PdCl, solution for 5 min. Subsequently, chemisorbed Pd**
ions served as nucleation sites and allowed the surface of the
substrate to adsorb H', Ni*" and H,PO, . As soon as the
reduction of Ni** started, it promoted further reduction of
Ni*" in the solution and the formation of Ni-P, a binary alloy.

After the activation, substrates were separated by centrifuga-
tion from the PdCl, solution. Subsequently, the substrates were
added to a pre-heated (85 + 2 °C) coating bath solution. The
rapid evolution of gas bubbles started immediately, and
the colour of the solution transformed from green to grey.
The reaction was allowed to proceed for 15 min under contin-
uous stirring. The pH of the solution was changed from 5.65 to
2.5 and bubble formation stopped. After the completion of the
reaction, the mother liquor was allowed to cool, and particles
were separated followed by centrifugation and rinsed with
deionized water. Eventually, the NiP-coated substrates were
obtained followed by drying at 150 °C after 12 h. Generally,
NiP electroless plating proceeds through the following steps

(eqn (1)-(4):

H,PO,  + H,0 — HPO;*>™ + 2H,q + H" (1)
Ni*" + 2H,q — Ni + 2H" (2)
H,PO,” + H,q - H,0+ OH +P (3)
2Haq — H,1 (4)
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Synthesis of ZIF-67 and C-ZIF-67

The zeolite imidazolate framework, another MOF, was synthe-
sized as per our previous studies with a little modification.>®
Briefly, the metal node precursor, cobalt nitrate and pluronic
F-127 as surfactants were dissolved in methanol solvent.
Another solution consisting of 2-methylimidazole as the
organic ligand and methanol was prepared. Both solutions
were dissolved together, while stirring at room temperature.
Subsequently, the solution was mixed properly, and ZIF-67
crystals were precipitated and filtered. Finally, the pyrolysis of
ZIF-67 crystals was conducted in a tube furnace under an N,
atmosphere at 750 °C at a ramp of 2 °C min~". The pyrolysis of
ZIF-67 crystals was carried out for 2 h, and the catalyst obtained
after the pyrolysis was named as C-ZIF-67.

Characterization of catalysts

The crystalline phases of catalysts were examined by XRD
analysis (D8 Discover, Cu Ko radiation, Bruker AXS) in con-
junction with HRTEM (FS200X G2, FEI Talos). The elemental
distribution (high-resolution) was obtained using EDS mapping
(FEI Talos). The Brunauer-Emmett-Teller (BET) surface area
was determined using the Tristar II plus (ASAP 2020 HDSS,
Micromeritics). The surface chemical states of the catalysts
were scrutinized by X-ray photoelectron spectroscopy (XPS).

Evaluation of the oxygen electrocatalytic activity

The ORR/OER activities of the air electrodes were evaluated by
rotating a disc electrode using a three-electrode glass assembly,
i.e. a counter electrode, a working electrode and a reference
electrode in an alkaline solution of 0.1 M KOH. The counter
electrode consists of a platinum spiral enclosed in a glass tube,
the working electrode comprises the glassy carbon electrode
with a diameter of 5 mm and the reference electrode is based
on Ag/AgCl. NiP-plated pristine MIL-100 powder was mixed
with super P carbon at a mass ratio of 5:3. As for C-ZIF-67, it
was used without the use of any conductive carbon. In the case
of a mixture of NiP-plated pristine MIL-100 and C-ZIF-67, the
mass ratio of the mixture with super P carbon was 5:3. The
catalyst powder was dispersed in a solution containing absolute
ethanol + 5 wt% Nafion 117 at a volume ratio of 9:1 for 1 h in
an ultrasonic bath. Eventually, the catalyst ink was cast on the
working electrode dropwise to get a mass loading of 0.255 mg
of catalyst per cm” Linear sweep voltammograms were
obtained at a scan rate of 5 mV s~ on a potentiostat (CHI760E,
bipotentiostat, USA) with the disc rotating at a speed of
1600 rpm. The potentials were translated from Ag/AgCl to
reversible hydrogen electrode (RHE) potentials as follows:

Erus = E(Ag/Agcl) + 0.199 + 0.0591 x pH

The electron transfer number (7) as well as the peroxide
yield (%) were estimated by employing the rotating ring-disk
electrode (RRDE) assembly. The RRDE comprised a disc of
diameter 5.61 mm, surrounded by a Pt ring with an external
diameter of 6.25 mm and an internal diameter of 7.92. The
following calculations were applied to evaluate the peroxide

© 2024 The Author(s). Published by the Royal Society of Chemistry
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yield and the electron transfer number (1), respectively:

I;

HO, (%) = 200 x —&¥

I
(Id + N)

Assembly and evaluation of the performance of rechargeable
ZABs

The ZAB performance was evaluated through a two-electrode
homemade cell, consisting of an air cathode, an alkaline
electrolyte [6 M KOH + 0.2 M Zn(Ac),] and a zinc anode plate.
The air cathode was prepared by drop coating of the same
catalyst ink prepared earlier on the circular area with a dia-
meter of 8 mm to achieve a catalyst loading of 1 mg cm ™. For
comparison, the powder of benchmark 20 wt% Pt/C and IrO,
was prepared by mixing them in the weight ratio of 1:1. The
recording of galvanostatic charge/discharge of assembled ZABs
was conducted by applying the LANHE CT2001A battery testing
system. Moreover, the rest of the electrochemical evaluations
were performed using the VSP Biologic potentiostat.

Results and discussion
Physicochemical characterization studies

NiP electroless plating over both Fe and Al-containing MOF
substrates (i.e. MIL-100 and MIL-96, respectively) was per-
formed. NiP plating is a self-catalytic redox process that pro-
ceeds without the need for an external voltage. It involves
NaH,PO, as a reducing agent and PdCl, as a catalyst (providing
nucleation sites) to activate the MOF substrate because of the
insulating nature of pristine MOFs. The electroless process
commenced from the deposition of Pd** as an activation layer
on the MOF substrates, followed by the substitution of Ni**,
which further reacted with P released from the reducing agent
to form a NiP layer (Scheme 1).

Phase analysis of the NiP@MIL-100 sample was conducted
using X-ray diffraction (XRD) as shown in Fig. 1(a). It can be

Pd?*
HCI

—_—

MIL-100

(Fe-containing)

MIL-100-Pd

Scheme 1 Schematic illustration of the synthesis of NiP-plated MIL-100.
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observed that the NiP@MIL-100 sample actually consists of
crystalline phases of Ni,P (JCPDS 03-065-1989), Ni;,P5 (JCPDS
01-074-1381), Fe,NiP (JCPDS 01-075-1832), Fe,P (JCPDS 00-033-
0670) and Fe,O; (JCPDS 01-089-8103). With regard to the XRD
of NiP@MIL-96, as shown in Fig. S1 (ESIt), MIL-96 retained its
crystalline nature and phase structure after the NiP plating
(Fig. S1, ESI¥). It suggests there was negligible chemical inter-
action between the plated NiP phase and MIL-96. In compar-
ison, MIL-100 (Fig. S2, ESI{) experienced the chemical
interaction upon NiP plating (Fig. 1(a)). It indicates that Fe
nodes in MIL-100 likely had a strong interaction with the plated
NiP phase, with the formation of new phases (e.g. Fe,P and
Fe,NiP). With regard to ZIF-67, as shown in Fig. S3 (ESI}), the
XRD of pristine ZIF-67 confirms the successful formation of
representative ZIF-67 crystals. After the carbonization at 750 °C
under an N, atmosphere, ZIF-67 crystals were transformed into
a carbon-based material, Co-N-C (C-ZIF-67). Table S1 (ESIt)
shows the specific surface area of the MOF substrates and NiP-
plated MOFs. It can be observed that the specific surface area of
the samples significantly reduced after the NiP-plating of the
MOFs, implying that the pore walls of MOFs were largely
covered by the NiP-plating.

Scanning electron microscopy (SEM) was performed to
evaluate the morphological evolution of pristine and NiP-
plated MIL-96 and MIL-100 (Fig. 1(b)-(g)). Pristine MIL-96
displayed a typical morphology of hexagonal crystals with a
smooth and clean surface with a size in the range of 2-10 pm
(Fig. 1(b)). After the NiP electroless plating, the surface of MIL-
96 crystals became rough (Fig. 1(c)). From the magnified SEM
image, as shown in Fig. 1(e), well-interconnected and uniformly
distributed nanoparticles over the surface were observed.
According to Fig. 1(d), the NiP coating also covered the MIL-
100 surface in NiP@MIL-100 crystals. In combination with the
XRD results, the NiP layer was homogeneously coated over the
wall of MOF substrates after the electroless plating. With regard
to ZIF-67 crystals, as shown in Fig. 1(f), they take the typical
dodecahedron morphology. Upon carbonization, the size of
C-ZIF-67 reduced but the morphological shape was retained
similar to that of the original ZIF-67 crystals (Fig. 1(g)).

The morphology, composition, and elemental distribution
of the NiP@MIL-100 sample were characterized by TEM,
selected area electron diffraction (SAED), high angle annular
dark-field imaging (HAADF) and EDS chemical mapping.

R
85°C
MIL-100-Fe,0,-Ni,P,
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(@) XRD patterns of NiP@MIL-100. Scanning electron microscopy (SEM) images of (b) MIL-96, (c) NiP@MIL-96, (d) NiP@MIL-100, (e) magnified

image of the square marked area in (c) and (f) pristine ZIF-67 and (g) C-ZIF-67 crystals after carbonization at 750 °C under an atmosphere of N,.

According to the TEM images shown in Fig. 2(a and b), the
surface of NiP@MIL-100 crystals was rough and surrounded by
the interconnected NiP tiny particles with uniform distribution.
In the SAED image shown in Fig. 2(c), the (111), (104), (300),
(310), (212), (512), (201), (312) and (321) diffraction planes of
Ni,Py, Fe,P, Fe,NiP, and Fe,O; phases were detected, in good
agreement with the XRD results. According to the HR-TEM
images shown in Fig. 2(d)-(h), diffractions with the interplanar
spacings of 0.251, 0.223 and 0.169 nm were observed, which
correspond well to those of the (104), (111) and (300) crystal
planes of Fe,O3, Fe,P and Ni,P. Moreover, the corresponding
fast Fourier transformation (FFT) results are also in line with
the interplanar spacings. Atomic-scale high angle annular dark-
field (HAADF) imaging and energy-dispersive X-ray spectro-
scopy (EDS) chemical mappings display the uniform distribu-
tion of NiP-based particles over the surface of MIL-100 crystals
(Fig. 2(i)).

Surface-sensitive photoelectron spectroscopy (XPS) was con-
ducted to determine the chemical states and surface chemistry
of the as-synthesized NiP, NiP@MIL-96, and NiP@MIL-100
samples as shown in Fig. 3 and the peak positions are given
in Table S3 (ESI{). The survey spectra shown in Fig. S4(a)-(c)
(ESIf) illustrate the presence of Ni and P elements and thus
confirm the successful plating of NiP on the MOF substrates.
Fig. 3(a) shows the high-resolution Ni 2p XPS spectrum of
pristine NiP, which consisted of two peaks namely 2p,,, and
2ps2.- More precisely, these peaks were deconvoluted into three
peaks centred at 853.82, 855.15 and 861.5 eV for Ni 2p;/,. As the
zero valence state of Ni is at 852 eV, the corresponding energy
level might be attributed to Ni®", oxidized Ni (Ni** ion), and
satellite species for the Ni 2ps/, peak, respectively.>” Likewise,
the peaks at 871.5 eV, 873.4 eV and 878.6 eV were also ascribed
to Ni®*, oxidized Ni and the shake-up satellites of Ni 2p;,,
respectively. Fig. 3(d) shows the high-resolution P 2p XPS

972 | EES Catal, 2024, 2, 968-979

spectrum of pristine NiP, which can be deconvoluted into two
peaks at binding energies of 130.5 and 132.4 eV, attributable to
the characteristic peaks of P°~ and oxidized phosphorous
species such as P,05 and/or PO, respectively. The oxidized
phosphorus species resulted from the oxidation of samples
after exposure to air.>® Based on Ni 2p and P 2p spectra, it was
inferred that electrons were transferred from the Ni atoms to
the phosphorus atoms. Thus, it suggests that Ni species were
oxidized (Ni’") and phosphorus species were reduced (P°7),
leading to the formation of the Ni-P bond. It has been found
that the as-synthesized NiP presented in the meta-stable state
of Ni,P, (Ni,P, NizP, and Ni;P,). Such a meta-stable phase of
Ni,P, may play a major role in optimizing the catalytic
performance.®®*°

In the case of NiP@MIL-96, the representative peaks of
nickel (Ni’") and phosphorus species (P°") revealed the for-
mation of a NiP layer over the MIL-96 surface. Since the peaks
of Ni 2p and P 2p were located exactly at the same positions as
those of pristine NiP, it implies that MIL-96 had no influence
on the NiP-coating, ie., there was no chemical interaction
between NiP and the substrate (MIL-96) (Fig. 3(b) and (e)).
With regard to NiP@MIL-100 (Fig. 3(c)), it was found that the Ni
2p signals were positively shifted in contrast to that of pristine
NiP. It should be mentioned that the high-valent Ni sites are
conducive to the oxygen evolution activity because these species
tend to be translated into OER active species (Ni""OOH) more
conveniently.*'™** On the other hand, P 2p peaks underwent a
negative shift (Fig. 3(f)), which is attributed to the electronic
modulation as an outcome of a higher electron density and the
formation of metal-P bonds.** Fig. S4(d) (ESIY) illustrates the
high-resolution Fe 2p spectra of MIL-100, which comprises two
main peaks, Fe 2p;/, and Fe 2p;,, and satellite shake-up peaks.
In the case of the Fe 2p spectrum of NiP@MIL-100 samples
(Fig. S4e, ESIT), the peak positioned at 708.6 eV may be ascribed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2
elemental mapping images.

to the Fe bonded to P, while the rest of the peaks may be
assigned to the species of iron oxide.*> These results suggest
that there was a strong interaction of the iron nodes in MIL-100
with P in the surface coated NiP layer. Such an interaction
would obviously have an impact on the catalytic activity of
the OER.

Electrochemical characterization of the various catalysts

The electrocatalytic activities of NiP, NIP@MIL-96 and NIP@
MIL-100 for the OER were comparatively studied through linear
sweep voltammetry (LSV). Fig. 4(a) illustrates the current den-
sity vs. polarization curves after the iR-correction. Notably, NiP
itself displayed an appreciable OER performance, delivering a
current density of 10 mA ¢cm > at a low potential of 1.56 V
against the reversible hydrogen electrode (RHE). The loading
amount of NiP was optimized to achieve the best OER activity
(Fig. S5, ESIT). The good OER performance of NiP may be
attributed to the formation of amorphous NiOOH species on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a, b) TEM of NiP@MIL-100, (c) SAED and (d—h) HRTEM of NiP@MIL-100, HAADF-STEM images of the NiP@MIL-100 sample and its corresponding

the catalyst surface, which corresponds to the pre-oxidation
peak at 1.39 V vs. RHE. It is reported that the oxidation peak in
the case of NiP-based catalysts indicates the oxidation of Ni** to
Ni** as described by eqn (5) and (6).***” This amorphous layer
protects against further oxidation and is favourable for the
adsorption of reaction intermediates.

Ni** + 20H™ — Ni(OH), (5)

Ni(OH), + OH™ — NiOOH + e~ + H,0 (6)

Remarkably, the OER performance was significantly
enhanced upon coating NiP over the MIL-100 crystals as
compared to the pristine NiP sample. The increased surface
area and the presence of iron species may be credited to such
improvement. The NiP@MIL-100 sample demonstrated the
smallest overpotential (295 mV) to reach a current density of
10 mA cm 2, much superior to those of precious metal-based

EES Catal., 2024, 2,968-979 | 973
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Fig. 3 High-resolution deconvoluted XPS spectra of Ni 2p of (a) pristine NiP, (b) NiP@MIL-96 and (c) NiP@MIL-100. High-resolution deconvoluted XPS

spectra of P 2p of (d) pristine NiP, (e) NiP@MIL-96 and (f) NiP@MIL-100.

catalysts (e.g. IrO,). It should be mentioned that MIL-100 by
itself showed rather poor OER performance (Fig. S6, ESIT). This
suggests that such outstanding performance should be related
to the strong interaction between the NiP coated layer and the
substrate (MIL-100). The enhanced OER kinetics was also
reflected by the reduced Tafel slope of NiP@MIL-100
(Fig. 4(c)). Interestingly, the pre-oxidation peak positively
shifted to 1.47 V vs. RHE, corresponding to the transition of
Ni*" to Ni**, which was recognized as the more redox active
species for the OER.?° Thus, the presence of iron in MIL-100
likely suppressed the Ni**/Ni*" redox process and led to the
Ni**/Ni*" active species.”” We also synthesized NiFe-LDH for the
purpose of comparison, and it can be observed that NiP@MIL-
100 still demonstrated superior OER activity to that of NiFe-
LDH. On the other hand, the OER activity of NiP-plated MIL-96
dropped, which further confirms the importance of Fe species
in MIL-100 and their interaction with NiP for enhancing the
OER catalytic activity.

It is worth mention that NiP is unstable under OER condi-
tions. During OER catalysis, an in situ reconstruction of the
outermost NiP layer via electrochemical oxidation/dephosphor-
ization would take place which modulated the coordination
mode of Ni ions and eventually expedited the OER
kinetics.*>**! To reveal the in situ reconstruction of nickel
phosphides for OER active NiOOH active sites, XPS and TEM
were conducted after the OER test of the NiP@MIL-100 catalyst.
Of note, in the XPS spectra, the low-valent Ni (853.0 eV) peaks,
attributed to Ni-P in the as-synthesized sample, disappeared
after the OER performance test and the peak corresponding to
NiOOH became prominent (Fig. S7, ESIt). Furthermore, the P
signal attenuated and is actually beyond the detection limit of
XPS (Fig. S8, ESIT). Similarly, TEM micrographs of post-OER
activity also displayed the formation of NiOOH (Fig. S9, ESIT).
Notably, phosphorus deficient surface layers can also be

974 | EES Catal.,, 2024, 2, 968-979

visualized by HAADF-STEM. Thus, these results imply that
surface-bound nickel phosphides were oxidized to oxyhydrox-
ides, which is in line with the recent findings.**>

In NiP@MIL-100, although the MOF by itself has poor OER
activity, it considerably contributed indirectly to reducing the
OER overpotential because of the presence of Fe®* species
which interacted with the re-constructed NiP to modify the
electronic structure of the active components. Actually, in the
presence of NiOOH, Fe®" is oxidized to Fe'", leading to high
OER activity and the lowest overpotential. To decipher the
excellent activity, Xiao et al. conducted a theoretical study
and established a convincing reasoning about the outstanding
synergy between Fe and Ni species: low spin d® Ni*" ions trigger
the O-0O bond formation whereas high spin d* Fe** ions boost
the stability of oxyl radicals.®® This undoubtedly explains
that the rise in OER activity is the interplay between Ni in the
coating layer and Fe sites from the substrate in this study,
leading to the lowest overpotential. Besides, MIL-100 also
served as a three-dimensional framework support to expose
maximal active sites and to ensure efficient charge/mass trans-
fer. The OER stability of NiP@MIL-100 was determined through
the chronopotentiometry test under a static current density of
10 mA cm 2 over a period of 25 h. The chronopotentiometry
test displayed no discernible change in the overpotential,
implying high catalytic durability of NiP@MIL-100 for the
OER in an alkaline solution (Fig. 4(d)). A comparison with
the latest OER catalysts shows the superior performance of
NiP@MIL-100 (Fig. 4(e) and Table S3, ESIY).

The ORR activity of NiP@MIL-100 was then also evaluated by
the half-wave potential (E;/,). Despite its outstanding OER
performance, NiP@MIL-100 demonstrated just modest ORR
performance (Fig. 5(a)). This can be easily understood - differ-
ent active sites are required for both reactions, while it is
difficult to realize high performance with a single catalyst. As

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 iR-corrected LSV curves of the OER of (a) NiP, NiP@MIL-100, NiP@MIL-96, NiFe(oxy)hydroxide and IrO, catalysts in O,-saturated 0.10 M KOH

solution at 1600 rpm, (b) iR-corrected LSV curves of the OER of NiP@MIL-100 and different ratios of NiP@MIL-100 + C-ZIF-67 (30:70, 50:50 and
70:30); (c) the corresponding Tafel slopes; (d) chronopotentiometry test of NiP@MIL-100 under a static current density of 10 mA cm™2 for 25 h; the total

catalyst loading for each experiment: 0.255 mg cm™2;

; in the case of C-ZIF-67, there was no addition of super P, whereas super P was added into

NiP@MIL-100 in the ratio of 5:3; and (e) comparison of overpotential vs. Tafel slope of recent studies.

is known, MOF-derived materials (for example, by carboniza-
tion treatment) could potentially contribute to the ORR activity.
Therefore, NiP@MIL-100 was pyrolyzed at 750 °C under an N,
atmosphere. Surprisingly, the electrocatalytic performance in
the case of NiP@MIL-100 samples was exacerbated followed
by calcination (Fig. S10, ESIT). It implies that calcination had
an adverse effect on the NiP plated samples and eventually on
the catalytic performance. Actually, when NiP@MIL-100 was

© 2024 The Author(s). Published by the Royal Society of Chemistry

subjected to the heating treatment, the NiP coating started to
decompose, with the release of phosphorus as a result of
evaporation.®® At this high temperature (750 °C), inter-
diffusion between NiP and the MIL-100 substrate took place,
leading to the formation of the NiFe alloy accompanied by
the release of phosphorus.”>*® The ORR mechanism of the
carbonized sample was also investigated by employing
rotating ring-disk electrode (RRDE) measurements, as shown
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in Fig. S11 (ESIY), from which the number of electrons trans-
ferred and the peroxide (HO, ) yield were determined. The
electron transfer number and peroxide (HO, ) yield also give an
indication of the selectivity of the catalyst towards the ORR
activity. Generally, ORR catalysis is governed by either the 2e™
pathway or the 4e~ pathway. Actually, the 4e~ pathway is
considered more conducive towards ORR catalysis, given the
fact that it promotes the complete reduction of oxygen mole-
cules to OH™ ions with no or minimum peroxide (HO, ) yield.
Interestingly, it was observed that the number of electrons
transferred for the carbonized-NiP@MIL-100 sample was about
3.9 and the amount of peroxide (HO, ") yield was negligible over
the whole potential range, comparable to the ORR benchmark
catalyst (Pt/C). This implies that the reaction pathway for
the carbonized NiP@MIL-100 was dominated by a quasi-four
electron process. This may be attributed to the NiFe alloy

976 | EES Catal., 2024, 2, 968-979

formation, which significantly contributed to achieving the
4e” pathway. It implies that the carbonized sample was effi-
cient in breaking the O-O bond, and in response, it also
produced negligible peroxide (HO, ) yield. On the other hand,
the pristine NiP@MIL-100 sample underwent approximately
2e~ pathway. Thus, it can be concluded that despite inferior
ORR activity, the carbonized NiP@MIL-100 sample demon-
strated excellent selectivity toward the ORR.

The ORR activity of C-ZIF-67 was also evaluated, and it is
worth mentioning that C-ZIF-67 demonstrated excellent ORR
activity with a much more positive E,, value (Fig. 5(a)), high
ORR selectivity with a quasi-four electron transfer pathway and
a low peroxide yield (Fig. 5(c)). A comparison of the ORR activity
of C-ZIF-67 was made with the latest ORR active catalysts, and
it showed a superior performance to those of other catalysts
(Fig. 5(f) and Table S3, ESIt). To achieve the best bi-functional

© 2024 The Author(s). Published by the Royal Society of Chemistry
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activity for both ORR and OER activities, the mass ratio of
NiP@MIL-100 and C-ZIF-67 was optimized and 50:50 was
found to be the optimal ratio (Fig. 4b and 5b).

The ORR stability of C-ZIF-67 was also appraised by employ-
ing the accelerated cyclic voltammetry for 1000 cycles (Fig. 5(d)
and (e)). It is worth mentioning that there was an insignificant
decline in the ORR activity over 1000 CV cycles, indicating the
excellent ORR stability of the C-ZIF-67 catalyst. Subsequently,
the bi-functional activity of NiP@MIL-100 and C-ZIF-67 was
also appraised at different ratios by the bi-functional activity
parameter (potential gap), AE = Ej;q — Eyj, defined as the
difference in the potential at a current density of j = 10 mA cm >
(OER) and half-wave potential (ORR) as shown in Fig. S12
(ESIf). AE was found to be only 0.73 V for the optimal
NiP@MIL-100 + C-ZIF-67 (50:50) composite, which makes it
an excellent bi-functional air electrode for ZABs (Fig. 6(a)).
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Zn-air battery testing of catalysts

Given the outstanding OER/ORR performance of NiP@MIL-100 +
C-ZIF-67 (50:50), we further integrated this composite
catalyst into a ZAB to determine the battery performance and
cycling stability to assess its feasibility as an air electrode for
practical cells (Fig. 6(c)). Notably, the corresponding ZAB dis-
played a high peak power density of 203 mW cm ™ (Fig. 6(b)
and Fig. S13, ESI{). Interestingly, the NiP@MIL-100 + C-ZIF-67
(50:50) assembled ZAB demonstrated a remarkable perfor-
mance with a smaller discharge and charge voltage gap (AEpc)
of 0.78 V as well as a robust discharge/charge cycling over a
period of 500 h. In contrast, the ZAB assembled with a precious
metal-based IrO,-Pt/C catalyst started to decline even after a
few hours. A comparison with the latest reported air electrodes
shows that the optimal catalyst displayed superior performance
(Fig. 6(d) and Table S3, ESIT). Excellent performance of the
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Cyclic stability (h)

(a) Overall polarization curves of C-ZIF-67 + NiP@MIL-100 and commercial Pt/C + IrO, in 0.1 M KOH; (b) power density and discharge curves of

C-ZIF-67 + NiP@MIL-100; (c) galvanostatic charge/discharge test for rechargeable zinc—air battery based on pristine NiP@MIL-100 + carbonized ZIF-67

(total catalyst loading: 1 mg cm~2)

and IrO,/Pt (total catalyst loading: 1 mg cm™2) catalysts tested for cyclic stability at 5 mA cm~2; and (d) comparison of

peak power density vs. cyclic stability of zinc—air batteries of recent studies.
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optimal catalyst for ZABs was also demonstrated at some higher
current densities (10, 15 and 20 mA cm™ %) with a lower voltage
gap (Fig. S14, ESIT).

For comparison, pristine NiP@MIL-100, carbonized NiP@
MIL-100 and a mixture of pristine and carbonized NiP@MIL-
100 (50: 50 by mass) samples were also integrated into ZABs as
air electrodes. It was found that the pyrolysis of NiP-coated
MIL-100 is counterproductive due to the decomposition of the
NiP coating (Fig. S15-5S17, ESIt). Consequently, NiP-plated on
pristine MIL-100 and coupled with carbonized ZIF-67 may be
employed as a bifunctional oxygen electrocatalyst for recharge-
able ZABs, wherein NiP plated on pristine MIL-100 contributed
to the OER and C-ZIF-67 served as the ORR catalyst (Fig. 7).

Conclusions

In summary, we designed a bi-functional (OER/ORR) and
efficient air electrode using the dual-MOF strategy for ZABs
wherein one MOF acts as a support to expose OER active sites
and the other MOF acts as a precursor for producing carbo-
nized samples as ORR catalysts and enhances the electronic
conductivity. NiP electroless plating, a facile strategy to provide
uniform NiP dispersion over the pristine MOF substrates, i.e.
MIL-100 and MIL-96, was utilized to successfully synthesize the
NiP plated materials. Fe containing MOF substrates such as
MIL-100 were found to be optimal substrates. On one hand,
MIL-100 served as a 3D scaffold to expose maximum NiP active
sites and on the other hand, uniformly distributed metal (Fe)
nodes over the surface of the MOF triggered the active sites to
more redox active Ni sites, boosting the OER activity. As a
consequence, NiP@MIL-100 delivered a current density of
10 mA cm™* with an overpotential of 295 mV and a low Tafel
slope of 62 mV dec '. Eventually, the pristine NiP@MIL-100
catalyst was coupled with carbonized ZIF-67, an excellent ORR
catalyst. Consequently, the dual MOFs considerably compen-
sated for each other’s deficiencies and culminated in an
excellent bi-functional (OER/ORR) air cathode. The resultant
catalyst exhibited excellent activity and stable charge/discharge
cycling performance for zinc-air batteries over a period of
500 h with a high peak power density of 203 mW c¢m ™. The

978 | EES Catal, 2024, 2, 968-979
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MIL-100-Fe,0,Ni,P, Oz OH™

C-ZIF-67

a facile and

development
scalable strategy, and it does not involve some specialized
equipment; therefore, this strategy may be implemented to a
commercial scale.

of NiP-plated catalysts is
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