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Abstract

With the advantage of high protection and energy density, the zinc-air battery (ZAB) has shown potential for practical appli-
cations in energy research. Metal-organic frameworks (MOFs) are being explored as bifunctional alternatives to replace
precious metals. In this work, a new MIL-88B(Fe) MOF was developed and investigated for a rechargeable ZAB. The MOF
catalyst was characterized to determine its structure, morphology, pure composition, and porosity. The oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) performance was also examined in alkaline solutions with O, and N,
purging, respectively. The zinc-air cell so developed exhibits good performance with a power density of 101 mW cm™2 at
65 mA cm~2 current density. The rechargeable Fe-MOF ZAB also shows high cyclic stability with minimum fluctuation at
5 mA cm~2 for 500 cycles. The observed results prove that Fe-MOF is a promising catalyst for ZABs.
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theoretical energy density of 1353 Wh/kg and volumetric
energy density of 6136 Wh/L with an open-circuit voltage
(OCV) of 1.65 V. The battery component involves zinc
electrodes, which are low-cost due to their abundance, low
equivalent weight, environmental benignity, and safety.®'°
ZABs also enable easy charging, minimum toxicity, no cor-
rosion, and reduced possibility of thermal runaway.'!!?

However, the poor catalytic activity of an air electrode
during charge—discharge hinders its practical applications
occurring in the slow oxygen reduction and evolution reac-
tions (ORR-OER) in the process.'? Noble precious-metal-
based electrocatalysts such as platinum (Pt) for ORR and
Ir-/Ru-0, for OER have been investigated as the most effi-
cient catalysts for ZABs.”!*"!7 But the high cost and scar-
city of these precious metals limit the industrial application
of ZABs. Therefore, much research has been carried out
recently to investigate and synthesize an efficient, low-cost
bifunctional electrocatalyst for ZABs.'® Much effort has
been devoted to investigating non-precious efficient bifunc-
tional catalysts. Many metal oxides and perovskites have
been explored, including MnO,, Sr,TiMnOg4, LaMnO;, and
their composites, which are comparable to the precious
metal option.>®!> Despite the structural flexibility and
enhanced oxygen reduction activity, they do not provide
better performance. Hence, it is crucial to investigate and
develop a non-precious electrocatalyst for ZAB applications.

Metal-organic frameworks (MOFs), which benefit
from the arrangement of transition metals (e.g., Ni, Co,
Fe) and organic ligands with heteroatoms (e.g., N, B, S),
have recently received considerable attention as resources
for the intentional design of effective and bifunctional non-
precious metal catalysts for use in ZABs as air cathodes.'”
Metal-organic frameworks (MOFs) are materials that are
porous and interconnected by ions or clusters (metal nodes)
bound to organic ligands in repeating coordination units.'*-*
MOFs have controllable functionality, adsorption affinity,
and a high surface area due to their hollow three-dimen-
sional nanostructures, making them a viable option. Wenhen
et al. proposed a mesoporous nitrogen-doped graphene sheet
derived from amorphous MOFs. In this study, the developed
ZAB attains a power density of 97.7 mW cm~2 at a high
current density of 120 mA cm™2, proving MOFs to be a
competent option for ZABs.?!

In this work, an electrocatalyst Fe-MOF, derived from
MIL-88B(Fe) structure, was developed and investigated
for a ZAB. MIL-88B(Fe) is built from trimeric Fe;-u;-oxo
clusters as secondary binding units (SBUs) interconnected
to terephthalate linkers. The catalyst was characterized to
determine its structure, morphology, pure composition, and
porosity. The electrochemical activity of Fe-MOF was also
tested to evaluate the ORR-OER activity using a rotating
disk electrode (RDE) in alkaline media. The ZAB cell was
also developed and assessed in ambient air conditions.
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Experimental
MIL-88(Fe) MOF Synthesis

A previously reported solvothermal method was used to
synthesize the MIL-88B(Fe) MOF.?? Briefly, 10 mmol
Fe(NO;).(H,0) and 10 mmol of 1,4 benzene dicarboxylic
acid (H,BDC) were dissolved in 50 mL of N,N-dimethyl
formamide (DMF) and agitated for 30 min. To this mix-
ture, 4 mL of 2 M NaOH solution was added. The mix-
ture was placed in a steel autoclave with Teflon lining for
12 h and maintained at 100°C. The solid was recovered
by filtration and washed three times using ethanol and
water. The collected solid was re-suspended in deionized
water and stirred overnight to remove the residual solvent
from the framework. Finally, MIL-88B(Fe) powder was
obtained by vacuum drying the product for 8 h at 75°C.

Characterization Tools

The crystallographic information of the as-synthesized
MIL-88B(Fe) MOF was established using a PANalyti-
cal X’Pert PRO x-ray diffractometer employing a CuK,
source of 1.54 A operating at 40 kV and 40 mA under
a 20 step size of 0.02°. The surface morphology of the
sample was obtained using a field-emission scanning
electron microscope (Nova NanoSEM 450, FEI). The
molecular structure of the MOF was investigated by
employing attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectroscopy (Alpha, Bruker) in the
wavenumber range of 4000-500 cm™!. An x-ray photo-
electron spectroscope (Omicron ESCA Probe, Omicron
Nanotechnology) equipped with a monochromatic AIK,
source (hv=1486.7 eV) was used to evaluate the chemi-
cal composition of the synthesized MOF. The N, adsorp-
tion—desorption isotherm of the sample was obtained on a
Quantachrome NOVATouch LX2 gas sorption analyzer.

Electrochemical Tests

The electrochemical tests were conducted on a BioLogic
SP-150 three-electrode electrochemical workstation, with
glassy carbon (RDE, 3 mm) as a working electrode and
Ag/AgCl and platinum wire as reference and counter elec-
trodes, respectively. The experiment was performed in
0.1 M and 1 M KOH with N, and O, purging. The catalytic
ink for the test was prepared by mixing 5 mg Fe-MOF and
1 mg Vulcan carbon XC-72 with 10 uL of 5 wt.% Nafion
solution, dispersed in 100 uL of isopropyl alcohol (IPA)
solution until a homogeneous solution was obtained. Ten
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microliters of the ink was loaded on the RDE electrode for
electrochemical analysis.

Design and Fabrication of the Battery

A rechargeable battery was designed using the bifunctional
catalyst Fe-MOF-coated nickel-foam of 1.2 cm?. Zinc foil
was used as an anode with 6 M and 0.2 M KOH and zinc
acetate Zn(Ac),, respectively. The catalyst ink was prepared
by mixing Fe-MOF and carbon black in a ratio of 1:1. A
solution of 30 pL. Nafion was added as a binder and dis-
persed in 1 mL of IPA solution. Next, 100 pL of the ink
was applied to the electrode and dried for 5 h at 60°C in a
vacuum oven. The zinc-air cell was tested on a battery cycler
(Neware battery testing system).

Results and Discussion
Material Characterization

XRD patterns were recorded to obtain the crystal phase
purity of MIL-88B(Fe). As shown in Fig. la, the peaks
occurring at 260=28.79°, 10.27°, 17.51°, 25.27°, 28.07°,
33.27°, and 35.71° were well matched with the pattern simu-
lated from the MIL-88(Fe) crystallographic information file

(CCDC No. 1485530), which crystallizes in the P6;/mmc
space group.”’

The vibrational bands of the MIL-88B(Fe) MOF were
analyzed using its FT-IR spectrum, as shown in Fig. 1b.
Fe—O bond stretching was responsible for the sharp peak at
526 cm™!. The peak at 623 cm™! was also attributed to the
Fe;-O metal-oxo cluster of the MIL-88B(Fe) structure.”* A
broad peak at 3200-3000 cm™! was responsible for the O-H
stretching vibration. Peaks at 1598 cm™! and 1382 cm™'were
attributed to asymmetric and symmetric vibrations of car-
boxyl groups. The peaks at 1295 cm™! and 1019 cm™! were
attributed to the C=C and C—C groups stretching the organic
ligand. The peak at 746 cm™! contributed to the C—H bend-
ing vibrations of benzene.? The scanning electron micro-
graphs of MIL-88B(Fe) shown in Fig. 1c depict a needle-
shaped morphology of about 2.2 pm in length and 0.42 pm
in diameter. On the other hand, the surface morphology of
the synthesized MOF remained irregular in shape. Figure S1
(Supplementary file) shows homogeneity in the shape and
size of the synthesized catalyst.

The binding states and chemical composition of the
synthesized MIL-88B(Fe) MOF were investigated using
x-ray photoelectron spectroscopy (XPS). Figure 2a shows
peaks corresponding to three elements (O 1s, C 1s, and Fe
2p) observed in the XPS survey spectrum performed in the
binding energy range of 0 eV to 900 eV. Figure 2b shows a
significant spectrum of C 1s with three peaks, 284.09 eV,
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Fig.1 (a) XRD patterns of MIL-88B(Fe); (b) FTIR of Fe-MOF; (c) SEM images of the synthesized catalyst.
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Fig.2 (a) XPS survey of the as-prepared MIL-88B(Fe) catalyst; (b—d) individual analysis of the FE-MOF.

285.01 eV, and 287.31 eV, attributed to the C—C/C=C,
C-0, and C=0 groups of the terephthalate linker in the
framework, respectively.?® The O 1s spectrum was decon-
voluted into two peaks, as shown in Fig. 2¢c. The peak at
529.64 eV confirmed the Fe—O metal-oxo coordination
linkages in the MIL-88B(Fe) framework. In contrast, the
carboxylate linkages, such as conjugated O—C=0 chemi-
cal bonds, were attributed to the peak at 531.43 eV.?’ The
Fe 2p spectra were resolved into four peaks, as shown
in Fig. 2d. The peaks at 709.53 eV and 723.41 eV were
attributed to the Fe 2p;,, and Fe 2p,,, with the peak sepa-
ration being ~ 14 eV, which is attributed to the +3 oxida-
tion state of Fe.?®?° Additionally, satellite shakeups were
observed at 713.90 and 728.44 eV, implying that all the
iron content in the MOF is of the form Fe* ions.*°

The N, adsorption—desorption isotherm and multipoint
plot of MIL-88B(Fe) MOF are shown in Fig. 3a and b.
For MIL-88B(Fe), a type IV sorption isotherm with H3
hysteresis was observed, resulting in slit-like pores.>!
The sample presented a mesoporous structure, with
a pore size of 1 to 80 nm, as shown in Fig. 3c. Using
Brunauer—-Emmett-Teller (BET) theory, the specific sur-

face area was calculated to be 5.82 m’g~!. The mean pore
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diameter was 1.70 nm, and the pore volume was found to
be 0.015 cm® g~ 1.

Electrochemical Results

Battery performance is crucially affected by sluggish oxy-
gen reactions: ORR (oxygen reduction reaction) and OER
(oxygen evolution reaction). Figure 4a shows the reaction
mechanism of ORR-OER. To evaluate the overpotential
factor of the catalyst, bifunctional ORR/OER cyclic vol-
tammetry was conducted in 0.1 M N, purged KOH within
a potential range of 0 to 2.2 V versus reversible hydrogen
electrode (RHE) and at a scan rate of 20 mV/s, as shown in
Fig. 4b. LSV was taken in the potential window of 1.0 V to
2.2 V versus RHE to analyze the oxygen evolution activity,
as shown in Fig. 4c. The overpotential was calculated to be
0.7 V (1.99-1.23 V) at a current density of 10 mA cm™2. The
Tafel value was obtained to be 178 mV dec™! using the Tafel
equation: 7 =blog]J, as shown in Fig. 4d.

Metal-air batteries work on either two-electron or four-
electron pathways. The four-electron pathway is preferred
because no peroxide is formed as a byproduct. Hence, to
determine the electron pathways followed by the catalyst,
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Fig.3 (a) N, desorption and adsorption isotherms; (b) BET multipoint graph for MIL-88B(Fe); (c) pore size distributions of the Fe-MOF sam-

ple.

an ORR test was performed on a three-electrode system
(Ag/AgCl as a reference electrode, Pt wire as counter elec-
trode, and rotating glassy carbon as a working electrode)
in 0.1 M KOH with O, purging. Figure 5a shows linear
sweep voltammetry (LSV) at varying rotation rates from
0 rpm to 3600 rpm in a voltage window of 1.0 to 0 V
versus RHE. The onset potential (E;)) of the Fe-MOF was
obtained to be 0.84 V, and the half-wave potential (E,,) is
0.8 V. Figure 5b displays the Tafel plot for the ORR, which
shows a calculated Tafel value of 340 mV/dec. Further, to
demonstrate the ORR electron pathway, a K-L plot was
drawn between 1/ \/ w versus J~! (mA cm™2)7!, as shown in
Fig. 5c. With the linear nature and first-order kinetics, the
actual number of electrons transferred was 3.7 at 0.45 V. A
bifunctional ORR/OER LSV comparison curve is shown in
Fig. 5d in a potential range of 0 to +2 V versus RHE. The
AE (electrode voltage difference) was derived by

AE = Ej:lOOER - El/ZORR

The potential difference (AE) was calculated to be 1.19 V
at 5 mA cm~2 with Eji_i0oer=199 Vand E,/; grr=0.8 V,
respectively.

Zinc-Air Battery Test and Results

An aqueous battery was developed using an as-prepared
cell setup of an air electrode as a cathode, alkaline elec-
trolyte (KOH: 6 M+ 0.2 M Zn (Ac),), and zinc anode.
The battery shows an open-circuit voltage (OCV) of 1.1 V.
Figure 6a depicts a galvanodynamic test of current den-
sity versus voltage polarization at current densities rang-
ing between 0 mA cm~2 and 120 mA cm™2. The power
density obtained was 101 mW cm™2 at 65 mA cm™2 cur-
rent density. To test the energy storage capability of the
as-prepared zinc-air cell, a galvanodynamic constant dis-
charge test was conducted for 12 h, as shown in Fig. 6b.
The battery demonstrates a continuous discharge voltage
of 0.19 V with a specific capacity of 575 mA h g='. A
galvanodynamic charge—discharge test was performed for
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500 cycles for several hours to check the battery’s stabil-
ity and cyclability. Figure 6¢ clearly shows that the bat-
tery performance was stable for 45 h in a potential range
of 0.2-1.9 V. The potential gap achieved was 1.7 V at a
fixed current density of 5 mA cm~2. Figure 6d shows the
cycle number versus potential (V), indicating the battery’s
overall performance. The result shows good stability with
minimum to no fluctuations.

Conclusion

In summary, Fe-MOF was synthesized using a solvother-
mal method to evaluate the performance of ZABs. The Tafel
value was obtained to be 178 mV dec™!, and the AE was
calculated to be 1.19 V, indicating the potential difference
in the ORR-OER activity of ZAB. The developed battery
was tested under alkaline conditions in an ambient environ-
ment. The specific capacity calculated was 575 mA h g~!
at a current density of 5 mA cm™2. The power density was
also estimated to be 101 mW cm™2. The zinc-air cell exhibits
excellent cyclic stability for 500 charge—discharge cycles.
Hence, Fe-MOF can be regarded as an effective catalyst for
aZAB.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11664-022-10106-x.
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