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ABSTRACT: Metal-organic frameworks (MOFs) related derivatives have generated significant interest in numerous energy 
conversion and storage applications, such as adsorption, catalysis and batteries. However, such materials real world 
applicability is hindered due to scalability and reproducibility issues as they are produced by multistep post-synthesis 
modification of MOFs, often with high temperature carbonization and/or calcination. In this process, MOFs act as self-
sacrificial templates to develop functional materials at the expense of sever mass-loss and the resultant materials exhibits 
complex process-performance relationships. In this work, we report direct applicability of readily synthesized and 
commercially available MOF, zeolitic imidazolate framework (ZIF-8) in a rechargeable zinc-air battery. The composite of 
cobalt based ZIF-8 and platinum carbon black (ZIF-67@Pt/CB) prepared via facile solution mixing shows a promising 
bifunctional electrocatalytic activity for oxygen evolution and reduction reactions (OER and ORR), the key charge and 
discharge mechanisms in a battery. ZIF-67@Pt/CB exhibits long OER/ORR activity durability, notably, a significantly 
enhanced ORR stability compared to Pt/CB; 85% vs 52%. Interestingly, ZIF-67@Pt/CB based battery delivers high 
performance with power density of >150 mW cm−2 and long stability for 100 h charge-discharge cyclic test run. Such 
remarkable activities from as-produced ZIF-67 is attributed to the electrochemically driven in-situ development of active 
cobalt-(oxy)hydroxide nanophase and interfacial interaction with platinum nanoparticles. This work shows commercial 
feasibility of zinc-air batteries as MOF-cathode materials can be reproducibly synthesized in mass scale and applied as 
produced.

Introduction
Aqueous rechargeable zinc-air battery, a promising next 

generation electrochemical energy storage system, has 
great advantages in terms of high energy density and 
excellent safety.1-3 The battery basically operates with 
oxygen catalysis reactions, oxygen evolution reaction 
(OER) and oxygen reduction reaction (ORR) that occur at 
the air electrode with catalyst layer. The noble metal 
nanoparticles, e.g. the platinum group metals, Pt and Ru/Ir 
(PGM) are key electrocatalyst materials for ORR and OER, 
respectively. Thus, a low cost, scalable and high 
performing alternative bifunctional catalyst material is 
essential for commercialization of the battery technology. 
For example, the mass scale applicability of platinum 
(normally 20 % or 40 % on carbon black; Pt/CB) is 
hindered due to the low abundance and subsequent high 
cost, and associated performance issues of low mass 

activity, poor rechargeable efficiency and short cycle life.1-6 
Therefore, numerous materials families have been actively 
investigated, which include more widely metals/alloys, 
carbons and organic frameworks based nanostructures.1-

10The efforts also include improving the main bottleneck 
issues of PGM catalysts via alloying or combining with 
earth abundant transition metals and porous 
organic/inorganic substrate materials to enhance their 
mass activity and durability at a greatly reduced amount of 
mass loading.5,6,11-13 As the OER/ORR proceeds via 
adsorption/conversion of gaseous/liquid phase reactants 
and products at a triple phase boundary of solid-liquid-gas 
interface involving catalyst-electrolyte-oxygen, the porous 
solids with high specific surface area and electrical 
conductivity are most suitable candidate catalyst support 
materials.1-13 Such structures can be tailored with rational 
creation of heterogeneous surface (a binding site density, 
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with defects and dopants) and active centers (a catalyst 
site density, with nanoparticles of metals, alloys, oxides 
and combinations) to promote 

Figure 1. Initial electrochemical activity assessment of 
ZIF-67 with reference Pt/CB: a) Combined ORR and OER 
LSV curves of ZIF-67, ZIF-67@CB and Pt/CB. All the 
measurements were carried out in a 0.1 M KOH electrolyte 
in three electrode configuration with rotating disk 
electrode method at 1600 rpm. b) OCV of a zinc-air battery 
with ZIF-67 catalyst deposited on the gas diffusion layer 
carbon paper (GDLCP) as cathode, with inset for schematic 
representation of a zinc-air battery cell. c) Charge-
discharge cyclic tests of batteries made with different 
catalysts deposited on GDLCP as cathode and operated at a 
fixed current density of 5 mA cm−2.
the adsorption/conversion of catalytic reactions.1-17 The 
metal-organic frameworks (MOFs), intrinsically porous 
structures formed with earth-abundant transition metal 
node and organic linker units, can satisfy the desirable 
catalytic properties involving adsorption-conversion-
distribution simultaneously.8,10,12-23 Indeed, MOFs as well 
as their related derivatives have shown great promise for 
wide range of energy storage and conversion applications, 
including molecular, liquid/gas/vapor adsorption and 
chemical catalytic conversions. Moreover, MOFs often 
exhibit extremely high and widely tunable internal surface 
area, pore geometry and surface/interface chemistry along 
with external nano/microstructure to offer rich binding 
and catalytic site density. The MOF derivatives are often 
oxides and carbon structures, developed from high 
temperature thermolysis of MOFs as sacrificial templates. 
For example, carbonization of MOFs involves severe 
decomposition of the linker organic ligand and leads to a 
very low-level mass yield of catalyst, (10–20) wt%,8,14,24-26 
and poses significant challenges for controlling 
composition, functionality, porosity and nanophase, as well 
as for mass production. Further to this, as each type of 
precursor MOFs exhibits different strengths of framework 
thermal stability, metal-ligand coordination, pore 
structure, and ligand functionality, it is difficult to design 
and standardize the thermolysis parameters to achieve a 
desirable carbon structure. Thus the carbon-based 
electrocatalysts show very complex structure-performance 
relationships, which are directly attributed to the lack of 

reproducibility and fine control over the carbonization of 
MOFs.10,18,19,22,27,28 Hence, utilizing MOFs directly maybe 
ideal for the electrochemically driven catalytic 
conversions, as they can be reproducibly synthesized, well 
characterized and prepared in large scale.27,28 Here it is 
worth noting that the poor electrical conductivity of MOFs 
is a major limiting factor.14,22,29,30 Recent studies show that 
the as-prepared MOFs, without carrying out thermolysis, 
are actively explored for OER and metal-air battery 
applications.10,18,19 However there are very few instances 
MOFs are applied directly in aqueous zinc-air battery 
compared to organic lithium-air battery.

In this work, for the first time, we show that the readily 
available MOF, a zeolitic imidazolate framework (ZIF-8) 
can be easily turned into a high performing zinc-air battery 
cathode material. For example, ZIF-8 based structures, 
including its cobalt analogue, ZIF-67 or bimetallic ZIF-8, 
can be produced quickly and in large quantities,24,27,28 and 
are also commercially produced and supplied by BASF 
under the trade name of Basolite® Z1200. Briefly, both 
ZIF-8 and ZIF-67 in gram scale were synthesized at room 
temperature stirring from methanol solvent and used 
directly for battery and other electrochemical and 
structural characterizations without further chemical 
modifications, such as high temperature 
calcination/carbonization, usually performed in the 
literature. As shown in Figure 1, the initial tests on ZIF-67 
sample suggest a promising OER activity and battery 
performance, particularly the encouraging level of open 
circuit voltage (OCV) value and low voltage value for a 
charge step during the charge-discharge cycles. Worth 
noting that such activities in ZIF-67 are further improved 
with the addition of conducting carbon black (ZIF-67@CB). 
However, it can be seen that the ORR activity, and 
associated discharge step from ZIF-67 is very poor 
compared to Pt/CB reference catalyst. Here it is important 
to note a relatively poor OER activity or high voltage 
charge step from Pt/CB. Considering with these activities, 
we develop a highly efficient bifunctional catalyst, by 
simply combining ZIF-67 and Pt/CB (ZIF-67@Pt/CB) via 
facile solution casting route, that delivers excellent 
bifunctional oxygen catalytic activity and battery 
performance with small voltage difference between 
charge-discharge cycles, high peak power density, 
impressive energy density, and remarkable cycle life 
compared to the Pt/CB or combined Pt/CB+IrO2 reference 
catalysts. Isostructural ZIF-8@Pt/CB is also synthesized 
and examined to understand the activity insights. Further 
analysis with post electrochemical examinations, for 
example, after 20 h ORR durability and 50 h battery 
charge-discharge cycling tests, indicate interfacial 
interaction between electrochemically driven in-situ 
formed highly active amorphous cobalt-
hydroxide/oxyhydroxide nanosheets and platinum 
nanoparticles, which in turn improves bifunctional 
catalytic activity durability and battery cycle life.
Results and discussion

 ZIF-67 sample, that exhibits high quality structure14,24 is 
synthesized and used directly for the electrochemical 
examination without high temperature thermolysis, 
calcination or carbonization. Then ZIF-67@Pt/CB and ZIF-
67@Pt/CB-2 catalysts in different mass ratios 1:1 and 2:1 
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of ZIF-67 and Pt/CB, respectively are prepared via simple 
solution mixing and casting route at room temperature 
(Scheme S1). For comparison, ZIF-8@Pt/CB is also 

prepared in a similar fashion. The sample preparation, the 
thin electrocatalyst layer deposition on the gas diffusion 
layer carbon paper (GDLCP) for a mass loading of 0.5 mg 

Figure 2. Bifunctional (for both OER and ORR) catalytic activity of ZIF-67@Pt/CB with reference ZIF-8@Pt/CB and 
Pt/CB samples: a) Preparation of catalysts via facile solution method at room temperature with insights for local 
framework structure/surface platinum interaction. b) Combined ORR and OER LSV curves of catalysts in 0.1 M KOH at 1600 
rpm. c-d) ORR LSV curves of ZIF-67@Pt/CB and ZIF-8@Pt/CB at different rotating speeds, with inset for Koutechy-Levich 
plot linear fittings. e) Potential difference for bifunctional activity with respective ORR and OER overpotential values 
recorded at -3 and 10 mA cm−2, respectively for studied catalysts. Same color code applies for the samples in all subpanel 
graphs.

cm−2 from aqueous dispersions with Nafion binder, is 
schematically presented in Figure 2a. The GDLCP coated 
with composite sample is directly used as cathode, an air 
electrode, to fabricate the battery with polished zinc foil as 
anode and aqueous KOH electrolyte. Before this, all the 
catalyst materials activity performance is assessed using 
rotating disc electrode (RDE) method (experimental 
details). As shown in Figure 2b, the linear sweep 
voltammetry (LSV) curves reveal a highly improved OER 
and ORR activity in ZIF-67@Pt/CB compared to ZIF-
67@Pt/CB-2 (i.e., with 25 wt% of Pt/CB loading) and ZIF-
67 (Figure 1a) or Pt/CB alone. The OER potential at 
current density of 10 mA cm−2 is reduced to 1.66 V (vs 
RHE) in ZIF-67@Pt/CB sample compared to 1.8 and >2.0 V 
(vs RHE) in ZIF-67 and Pt/CB, respectively. Interestingly, 
ZIF-67@Pt/CB also exhibits a comparable ORR activity to 
Pt/CB even with 50 wt% reduced Pt/CB loading. 
Moreover, Koutecky–Levich (K–L) and Tafel plots reveal 4 
electron ORR activity pathway with enhanced kinetics in 
ZIF-67@Pt/CB sample, which is equivalent to the Pt/CB 
(Figure 2c and Figure S1 and S2).24 Here it is worth noting 
that zinc based isostructural ZIF-8@Pt/CB sample do not 
show such improved catalytic activities, but a reduced ORR 
activity can be seen in terms of unfavorable onset and half-
wave potentials with significantly reduced limiting current 
density as well as electron transfer number, ~2.6 (Figure 
2d and Figure S1). The double layer capacitance (Cdl) of 

ZIF-67@Pt/CB is comparable to Pt/CB, whereas ZIF-
67@Pt/CB-2 and ZIF-8@Pt/CB samples show reduced 
values (Figure S3). Electrochemical impedance 
spectroscopy (EIS) indicates an efficient electrolyte 
diffusion within ZIF-67@Pt/CB based electrode structure 
(Figure S4). It is important to note that among the samples, 
the ZIF-67@Pt/CB shows best bifunctional activity with a 
small potential difference of ~0.87 V between benchmark 
current densities of −3 mA cm−2 and 10 mA cm−2 for ORR 
and OER respectively (Figure 2e, Table S1). This value is 
considerably smaller than ~1.14 and ~1.17 V for Pt/CB 
and ZIF-8@Pt/CB respectively, but comparable to many 
other carbonaceous or metal-/metal-oxide based 
bifunctional catalysts reported in the literature (Figure S5 
and Table S1). 

 The structural characterizations show that composite, 
ZIF-67@Pt/CB in the powder form remains highly porous 
with specific surface area of 1201 m2 g−1 (Figure S6 and 
Table S2). The powder X-ray diffraction (XRD), porosity 
and CO2 uptake data with Fourier transform infrared 
(FTIR) spectra, and scanning and transmission electron 
microscopy (SEM and TEM) images presented in Figure 
3a-c (and Figure S6) indicates that the sample deposited 
on GDLCP retains its overall crystallinity, framework and 
morphology of ZIF-67. The SEM and TEM further shows 
the homogeneous distribution of Pt/CB at ZIF-67 surface, 
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which is supported by energy-dispersive X-ray 
spectroscopy (EDX) mapping images of ZIF-67@Pt/CB 
(Figure S7). It is interesting to note that XPS shows a clear 
chemical interaction between platinum and ZIF-67 
structure with modified Co-N, Co-Pt and Pt-N bonds from 

the respective Pt 4f, Co 2p and N 1s peak shift to higher 
binding energy compared to Pt/CB and ZIF-67 (Figure 3d-f 
and Figure S8).12,13,31 Lewis basic N- (nitrogen) groups of 
framework imidazolate act as electron donors and thus 
facilitate 

Figure 3. Structural characteristics of the catalyst 
samples deposited on GDLCP: a-c) XRD patterns (a) SEM 
(b) and TEM (c) of ZIF-67@Pt/CB sample. The parent ZIF-
67 and Pt/CB powder samples XRD patterns are also 
provided (a), and inset of (b) shows a SEM of ZIF-67 
powder sample. d-f) XPS core level spectra of Co 2p, N 1s 
and Pt 4f of ZIF-67@Pt/CB with respect to parent ZIF-67 
and Pt/CB powder samples. The peak shifts to higher 
binding energy in ZIF-67@Pt/CB with respect to ZIF-67 or 
Pt/CB can be seen, for instance, Co 2p at 781.8 eV from 
780.6 eV,  N 1s at r 398.6 eV and Pt 4f at 71.4 eV from 71.1 
eV. 

strong surface interaction and fine dispersion of platinum 
nanoparticles over ZIF-67 particles, as supported with 
TEM and EDX (Figure 3c and Figure S7). Here worth noting 
that N 1s spectra of ZIF-67@Pt/CB shows relatively broad 
peak with two peaks at ~399.4 eV and ~400.8 eV and are 
assigned respectively to modified metal-nitrogen 
coordination and pyrrolic nitrogen due to introduction of 
Pt/CB and partially decomposition of ZIF-67 structure, 
respectively during the electrode preparation under 
sonication in aqueous and binder Nafion solution (Figure 
S8). The defect induced N 1s broadening and development 
of pyrrolic nitrogen is often observed when treated ZIF-67 
or ZIF-8 structure under electrochemically in aqueous 
solution or under oxygen plasma or thermally oxidized 
under controlled conditions.32-39

     Next, ZIF-67@Pt/CB sample catalytic performance is 
studied in a rechargeable zinc-air battery liquid cells, along 
with reference Pt/CB and Pt/CB+IrO2 catalysts (Figure 4). 
As shown in Figure 4a, the ZIF-67@Pt/CB based battery 
produces an impressive and stable OCV of 1.42 V for 20 h. 
Figure 4b shows a comparative galvanodynamic 
charge/discharge polarization and corresponding 
discharge power density curves for ZIF-67@Pt/CB, which 
delivers a large current density of 100 mA cm−2 at a voltage 
of 1.0 V and maximum power density of >150 mW cm−2 at 

300 mA cm−2. These values are comparatively higher with 
respect to the Pt/CB and Pt/CB+IrO2 based catalysts, which 
exhibit around 60 mA cm−2 and 90 mW cm−2, respectively. 
The peak power density of over 150 mW cm−2 at 300 mA 
cm−2 in ZIF-67@Pt/CB is also high compared to many ZIF-
derived nanocarbon and other catalyst materials reported 
in recent years (Figure S9 and Table S3 and S4). For 
instance, Co3O4@N-CNMAs/CC sample exhibits lower peak 
power density of around 75 mW cm−2 synthesized via 
multistep-precursor design, such as growing 3D ZIF-67 on 
2D ZIF-L at carbon cloth, followed by two-step process of 
carbonization and oxidation.40 In another instance, 
GNCNTs reaches a  power density of 150 mW cm-2, which 
is designed by multi-step growth of ZIF-67 on graphene 
oxide then carbonization at 700 °C followed by H2SO4 
washing residual cobalt.41  Co-SAs@NC (SAs and NC refers 
to single atoms and N-doped carbon, respectively) also 
produced by pyrolysis, of bimetallic Co/Zn-ZIFs at 900 °C 
followed by further acid washing to remove the metal 
aggregates, shows a peak power density of about 105 mW 
cm−2.42 The ZIF-67@Pt/CB based batteries, two in a series 
connection, can power a light emitting diode (LED) (Figure 
4c). As shown in Figure 4d, the ZIF-67@Pt/CB battery can 
operate with a small voltage window (i.e., the difference 
between charge and discharge voltage; 1.97 – 1.30 V) of 
≤0.7 V, initially. This gives a round-trip efficiency of 65.9%, 
indicating a more efficient rechargeability (Figure 4e). It is 
interesting to note that battery can cycle with stable 
discharge and charge platforms at 1.28 V and 1.96 V, 
respectively, and remains stable in an extended cyclic test. 
For a measured period of 50 h (for 300 cycles), the battery 
shows a slight increase of roundtrip voltage window to 
0.91 V. However, the Pt/CB based battery quickly 
deteriorates and the voltage window increases from 0.81 V 
to 1.35 V after just 50 cycles, indicating a poor 
rechargeability. The Pt/CB+IrO2 catalyst based battery also 
shows an increased roundtrip voltage to 1.01 V within 180 
cycles (Figure 4e). 
     Such a characteristic performance difference is 
attributed to a better OER activity for the ZIF-67@Pt/CB 
relative to Pt/CB, as demonstrated in Figure 2b,e. Note that 
OER is a more difficult reaction, with a higher reaction 
barrier.28 Poor OER activity of Pt/CB means it require a 
high voltage for charging battery. The charge-/discharge 
voltage levels of zinc-air battery directly depend on the 
OER/ORR activity of the catalyst. The smallest possible 
potential difference between OER and ORR is an indication 
for a good bifunctional catalyst. This directly informs that 
zinc-air battery can be operated with smaller 
charge/discharge voltage window. This in turn can 
minimize the electrochemically induced deactivation of 
catalyst thus prolonging the battery cycle life. In the case of 
water oxidation or OER process the oxidation of electrode 
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materials is a common problem as it is carried out at a 
much higher positive potential, which falls in oxidation 
region, than the ORR. As shown in Figure 2, the ZIF-67 
sample without Pt/CB exhibits relatively poor bifunctional 
activity thus requiring excess voltage at both OER - charge 
and ORR - discharge steps. Similarly, Pt/CB based battery 
also operates at higher positive voltage. Therefore, upon 
repeated cycling at such high positive voltages the 
electrolysis/oxidation of aqueous electrolyte can occur and 
generate very active oxygen species, decompose and more 
resistive.43 This ultimately results in side reactions, such as 

oxidation of the carbon electrode (carbon corrosion), 
which will have a detrimental effect on ORR activity. Thus, 
upon repeated cycling, reactions will become more 
sluggish due to increased resistance and dissolution of 
oxidized carbon in Pt/CB air electrode. This is a main 
reason the Pt/CB based catalysts show poor cyclic stability 
as it is operated with relatively high positive voltage 
window compared to ZIF-67@Pt/CB catalyst (Figure 4d). 
     Here worth noting that ZIF-67@Pt/CB based battery 
also presented a good cycling durability when tested at 

Figure 4. Rechargeable zinc-air battery performance characteristics of ZIF-67@Pt/CB with reference Pt/CB and 
Pt/CB+IrO2 catalysts: a) OCV, recorded for 20 h, with inset photograph of assembled battery test cell. b) Charge-discharge 
polarization curves and corresponding discharge power density curves. c) Photograph showing the illuminating LED from 
two ZIF-67@Pt/CB based batteries connected in a series. d) Long-life charge-discharge cyclic tests of the batteries, operated 
at a fixed current density of 5 mA cm−2 (10 min for each cycle). e) Bar and line symbol graph describe the voltage gap and 
round-up efficiency of catalysts.
higher current densities of 10 and 20 mA cm-2 for 100 and 
70 h, respectively (Figure S10 and S11). It further shows a 
superior discharge profiles at various current densities 
(Figure S12). Importantly, at reduced Pt/CB loading, a 
significantly improved activity durability of ZIF-
67@Pt/CB-2, in a 2:1 mass ratio of ZIF-67 and Pt/CB; i.e., 
25 wt% of Pt/CB loading compared to Pt/CB sample 
(Figure S13). All these emphasize the superior durability of 
ZIF-67@Pt/CB compared to reported bifunctional 
catalysts, summarised in Tables S3 and S4. In addition, the 
durable OER and ORR activities of catalysts also contribute 
to substantially improving cyclic stability of battery. For 
instance, as shown in Figure 5, the ZIF-67@Pt/CB sample 
exhibits a significantly improved ORR stability with an 
activity drop of ~15%, compared to ~48% in Pt/CB after 

20 h of chronoamperometry test. But, ZIF-8@Pt/CB 
sample shows rapid activity degradation to ~56%, which 
is worse than Pt/CB. Here it is worth noting that ZIF-
67@Pt/CB still maintain ~62% of its performance for an 
extended period of 85 h test, and still higher than the 
Pt/CB activity at 20 h (Figure S14). Similarly, ZIF-
67@Pt/CB sample also exhibits high OER activity 
durability with retention of ~82% after 10 h (Figure 5b). 
     In order to understand such an impressive activity and 
durability performance, ZIF-67@Pt/CB sample used for 
ORR durability and battery cycling tests is further 
examined by SEM, TEM, XRD, FTIR and XPS (Figure 5c-j, 
and Figure S15-17). The SEM images after ORR durability 
test, for 20 h, show a partial decomposition of the ZIF-67 
structure. TEM micrographs evidence development of a 
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sheet-like morphology at the expense of ZIF-67 
polyhedron structure. XRD profiles show the 
transformation of crystalline ZIF-67 to an amorphous 
phase. FTIR spectra further confirm the ZIF-67 framework 
collapse and new cobalt-hydroxide phase formation. All 
these support for a formation of amorphous Co(OH)2 
nanosheets from in-situ degradation of ZIF-67 
structure.34,44-47  XPS spectra closely reveal new structure 
development and interaction between cobalt-related 
nanophase and platinum nanoparticles (Figure 5h-j). For 
instance, a shift in the Co 2p peak to lower binding energy 
is seen in a sample after ORR durability test compared to 
initial ZIF-67@Pt/CB. Diminished intensity of the satellite 
peak at about 786 eV, which is attributed to the Co2+ 
oxidation state in ZIF-67, indicates the increased 
concentration of Co3+ by formation of amorphous cobalt-
hydroxide phase at the expense of Co-N 

coordination.24,34,44-47 Deconvolution of Co 2p1/2 and Co 
2p3/2 peaks confirms existence of Co2+ (peaks at ~798 and 
781.2 eV) and Co3+ (peaks at ~795.5 and ~779.9 eV).33,34,36-

38,48 This is also evidenced in O 1s spectra, which show 
three peaks at 532.3, 531.5 and 530.4 eV, corresponding to 
adsorbed water (H2O), hydroxy oxygen (OH) and metal-O, 
respectively. This indicates interfacial interaction of 
platinum nanoparticles with cobalt-related hydroxide 
nanophase.11,45 Here, it is worth noting formation of Co3+ 
from Co2+ without Pt oxidation. This can be attributed to 
already active Co2+ cation in ZIF-67 which is susceptible to 
oxidize easily to form Co3+ with a partial decomposition of 
ZIF-67 structure than oxidizing metallic Pt0 under mild 
ORR negative potential.33,34,36-38,48 This combination leads 
to an improved ORR durability (Figure 5a). Another 
interesting feature of ZIF-67@Pt/CB, a remarkable cycling 
stability in zinc-air battery 

Figure 5. Catalytic activity durability and post electrochemical structural analysis of ZIF-67@Pt/CB catalyst: a) ORR 
chronoamperometric stability curves, recorded at 0.65 V (vs RHE) for 20 h, for comparison ZIF-8@Pt/CB and Pt/CB data is 
also recorded. b) OER chronopotentiometry curve, recorded at 10 mA cm−2 after conditioning for 15 min. c,d) SEM 
micrographs of samples after battery cycling (c) and ORR durability (d) tests conducted for 50 and 20 h, respectively. e,f) 
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TEM micrographs after ORR durability test for 20 h. g) Photograph of battery cell. h-j) Comparative XPS core level spectra of 
Co 2p, Pt 4f and O 1s obtained on the samples before (i), and after ORR durability for 20 h (ii) and battery cycling for 50 h 
(iii) tests. The relative peak shifts with exact positions are assigned to Co2+ (peaks at ~798 and 781.2 eV); Co3+ (peaks at 
~795.3 and ~779.9 eV); Pt0 at ~71.4 and 74.7 eV; Pt4+ at ~77.6 eV; Adsorbed water (H2O) at ~532.3 eV; hydroxy oxygen 
(OH) at  ~531.5 eV; metal-oxygen at ~530.4 eV. 
can be attributed to electrochemically induced in-situ 
formation of cobalt-oxyhydroxide/platinum-oxide 
nanophase. This is evidenced in XPS analysis of post-cycled 
catalyst sample collected from battery cathode after 50 h 
or 300 charge-discharge cycles (Figure 5c, g-j). 
Comparative XPS spectra of samples before and after ORR 
durability and battery cycling tests indicate increased 
degree of oxidation of cobalt and platinum. For instance, 
Co 2p XPS spectrum with a significantly increased 
Co3+/Co2+ ratio is in good agreement with CoOOH 
phase.46,49-52 The CoOOH/PtO2 formation is also supported 
by Pt 4f and O 1s XPS spectra.49,50 Earlier studies have 
shown that formation of CoOOH nanophase facilitate 
efficient OER activity, and therefore boost battery 
performance with prolonged cycle life.46,51,52 SEM images 
recorded from the catalyst collected at different periods of 
zinc-air battery cycling test shows gradual decomposition 
of ZIF-67 structure to amorphous phase (Figure S17). 
Overall, the direct electrochemically induced in-situ 
formation of OER active CoOOH nanophase from 
degradation of ZIF-67 and its interfacial interaction with 
ORR active platinum nanoparticles result in highly efficient 
bifunctional electrocatalyst for zinc-air battery. Here, it is 
worth noting that ZIFs can be readily synthesized and used 
directly for electrochemical catalytic applications without 
subjecting them to extensive chemical manipulation, for 
example high temperature calcination or carbonization, as 
often reported in the literature. Overall, the results suggest 
that ZIF-67 is a promising and inexpensive catalyst 
material for the both ORR and OER, and applicable in 
rechargeable metal-air batteries. Such activities can be 
further improved by tailoring framework structures by the 
strategic design of MOFs/ZIFs hybrid nano/micro 
structures to enhance the surface/interface accessibility.   
Conclusion
We have demonstrated a direct applicability of ZIF-67, one 
of the readily synthesized MOF structures at room 
temperature and/or commercially available MOFs, in 
rechargeable zinc-air battery for the first time. Here it is 
worth noting that no further post-synthesis chemical 
modifications, such as calcination or carbonization of ZIF-
67 at high temperature is performed as most of the 
literature report MOF/ZIF based sacrificial templates route 
to produce carbon or metal-oxide/alloy based 
nanostructures. We discover a surprisingly active 
bifunctional performance for OER and ORR in a composite 
sample prepared from a cobalt-based ZIF and a platinum 
carbon black in 1:1 mass ratio (ZIF-67@Pt/CB) via facile 
solution mixing at room temperature. The sample shows a 
promising bifunctional activity, with a small potential 
difference of ~0.87 V compared to ZIF-8, ZIF-67 and Pt/CB. 
Interestingly, ZIF-67@Pt/CB enhances OER/ORR activity 
durability, for instance, ORR activity retention of about 
85% compared to 52% in Pt/CB is observed for 20 h long 
chronoamperometry test. The isostructural ZIF-8@Pt/CB 
system shows poor activities. ZIF-67@Pt/CB based 
rechargeable zinc-air batteries delivers a remarkable 

performance with an excellent long term stability during 
50 h cycling test and a peak power density of 150 mW cm−2 
at high current density of 300 mA cm−2. Such activities are 
attributed to the synergistic coupling between platinum 
nanoparticles and electrochemically induced in-situ 
formation of cobalt-oxyhydroxide nanophase from the self-
degradation of ZIF-67 structure. The present study 
provides a straightforward and energy-efficient synthesis 
strategy for designing bifunctional electrocatalysts to 
develop a commercially feasible zinc-air battery 
technology. 

Supporting Information. Preparation and characterization 
methods with additional experimental results and literature 
data comparisons is provided. This material is available free of 
charge via the Internet at http://pubs.acs.org. 
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