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Abstract: The design of efficient and stable oxygen evolution
reaction (OER) catalysts based on noble-metal-free materials
is crucial for energy conversion and storage. In this work, it
was demonstrated how polyoxometalate (POM)-doped ZIF-67
can be converted into a stable oxygen evolution electro-
catalyst by chemical etching, cation exchange, and thermal
annealing steps. Characterization by X-ray photoelectron

~

spectroscopy, transmission electron microscopy, energy-dis-
persive X-ray spectroscopy and Raman spectroscopy indicate
that POM-doped ZIF-67 derived carbon-supported metal
oxides were synthesized. The resulting composite shows
structural and compositional advantages which lead to low
overpotential (306 mV at j=10mA-cm™) and long-term
stability under harsh OER conditions (1.0 M aqueous KOH).

Introduction

Electrochemical splitting of water into oxygen and hydrogen is
one of the most promising large-scale solutions for converting
and storing electrical energy."™ Technological implementation
and scale-up of this process is hindered, particularly as the
oxygen evolution reaction (OER) is demanding, as it involves
the proton-coupled transfer of four electrons, operates under
harsh oxidative conditions, and often shows slow reaction
kinetics."” Developing effective oxygen evolution catalysts
(OECs) is therefore crucial to improve conversion efficiency from
intermittent electrical to storable chemical energy. While early
studies have focused on understanding the performance of
RuO, and IrO, electrocatalysts,®® recent research has centered
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on developing robust catalysts based on earth-abundant
metals.>”'*"3 Recently, composites based on zeolitic imidazo-
late frameworks (ZIFs) and polyoxometalates (POMs) have
gained widespread attention as promising OER catalysts."'*®
Specifically, ZIF-67 shows ordered porosity and high specific
surface area,”””’ making it ideal for the doping with POMs which
can introduce reversible multi-electron redox behaviors.™ In
addition, ZIF-67 is constructed around OER-active Co’* metal
nodes. Based on these concepts, a large number of studies
have explored the depositing of POMs into ZIFs pores to access
OER-active materials. For example, [HCoW,;,0,,]@ZIF-8 shows
stable OER properties at neutral pH"™ also, TBA-
SiW,,Co0;,@ZIF-67 exhibits enhanced OER activities compared
with pristine ZIF-67,"" and similarly, OER activity of TBA-
SiW,Co;@ZIF-67 is increased when compared with that of the
non-modified ZIF-67."® Despite this progress, there are still
major challenges in the field of POM@ZIFderived OER catalysts.
One challenge is that in native ZIFs, most active sites (i.e. metal
nodes and embedded POM:s) are confined in the inside of the
framework," making access by the water substrate and release
of the gaseous O, product difficult, resulting in often limited
performance.”” Also, both POMs and ZIFs are poor electrical
conductors, so that electrocatalytic performance is limited due
to high internal resistance.” Finally, POMs are unstable in
alkaline solutions and most POMs spontaneously degrade at
pH > 8. Similarly, ZIFs are prone to degradation under electro-
chemical conditions in alkaline media. This can result in the
conversion of Co®>" from ZIF-67 to a-Co(OH), and -Co(OH),,
followed by the formation of their corresponding oxidized
forms (CoOOH),?"?? while the original frameworks collapse and
lose their porosity.”** As these chemical and structural
changes generally lead to low catalytic activity, various
conversion routes have been developed to access more robust,
more active POM@ZIF derived composites, leading to metal
oxides,” metal sulfides,* metal carbides”” and metal
phosphides.”®* Often, these composites combine increased
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electrical conductivity with chemical and mechanical stability,
making them interesting new OER catalysts.

Here, we report a facile chemical route to convert POM-
doped ZIF-67, giving access to a noble metal-free OER catalyst
using a combination of acid etching followed by cation-
exchange and thermal annealing. The route enables conversion
of the original [H;PW,,0,]-doped amorphous ZIF-67
(PW,,@amZIFs) into carbon-supported metal oxide composites.
The catalyst shows excellent OER performance in 1 M aqueous
KOH electrolyte with sustained electrochemical activity. This
work presents a facile approach to produce high performance
electrocatalyst composite for OER in alkaline media.

Results and Discussion

The synthesis process, using a weak acid-assisted etching and
subsequent ion exchange and thermal annealing is presented
in  Figure 1. Briefly, amorphous POM doped ZIF-67
(PW,,@amZIF) was prepared via a facile in situ method (details
in the Supporting Information). To improve porosity and pore
accessibility, the native PW,,@amZIF was etched with tannic
acid.” Next, Ni* and Fe*" were introduced into the system by
a cation exchange process. The final product was obtained after
annealing at 300°C in air for 3 h, and labelled Catalyst 1. For
synthetic details, see the Supporting Information. To under-
stand the synergistic effect of the presence of multiple metal
reaction sites, catalysts without W, Fe, and Ni were also
prepared for as reference materials, and labelled Catalyst 2
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Figure 1. schematic materials design and fabrication approach.
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Figure 2. Structural and compositional analysis of Catalyst 1: (a and b) SEM
images at low and high magnification. (c and d) TEM and HRTEM images
with insert of SAED pattern. (e) STEM-EDX elemental mappings (f) pXRD
pattern.
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(without W), Catalyst 3 (without Fe), and Catalyst 4 (without
Ni), respectively.

Scanning electron microscopy (SEM), aberration-corrected
high-resolution transmission electron microscopy (HRTEM), and
scanning transmission electron microscopy (STEM) were em-
ployed to examine the morphology of Catalyst 1 and its
precursor PW,,@amZIF. The resulting HRTEM image (Figure 2¢)
reveals that Catalyst 1 possesses a hollow structure that does
not exist in the pristine PW;,@amZIF. We assign the formation
of these hollow structures to the tannic acid etching, as similar
properties have been reported previously in tannic acid-etched
materials.”” Also, the particle size of Catalyst 1 (Figure 2a, b) is
larger than PW,,@amZIF (Figure S1a, b), suggesting that
aggregation occurred during the cation-exchange and thermal
annealing, resulting in low specific surface area. For Catalyst 1,
no obvious lattice fringes are observed in HRTEM (Figure 2d)
and the corresponding selected area electron diffraction (SAED)
pattern (Figure 2d insert) only shows an obvious halo, which
indicates their amorphous structure® and is in agreement with
the powder X-ray diffraction (pXRD) data (Figure 2f). Energy-
dispersive X-ray spectroscopy (EDX)-STEM elemental mappings
(Figure 2e) verify the presence of homogeneously dispersed W,
Co, Ni, and Fe within the catalyst. This indicates that the Ni and
Fe ion exchange into the material was successful and led to a
homogeneous distribution of these metal ions. To gain more
composition information of Catalyst 1, inductively coupled
plasma optical emission spectroscopy (ICP-OES, Table S1) was
employed as well and gave an approximate atomic ratio of
1:1.1:2:0.2 (Ni/W/Co/Fe).

The elemental oxidation states of Catalyst 1 were studied
by X-ray photoelectron spectroscopy (XPS). The survey XPS
spectrum (Figure 3a) indicates the presence of O, C, W, Co, Ni,
and Fe. The deconvoluted high-resolution W 4f XPS spectrum
(Figure 3b) suggests the presence of W' in Catalyst 1
(35.34 eV for W 4f,, and 37.51 eV for W 4f,)." XPS analysis
also suggests that both, Ni (Figure 3c) and Fe (Figure 3d) are
present in oxidation state +3 (856.07 eV for Ni 2p,, and
873.37 eV for Ni 2p,,,; 711 eV for Fe 2p,,, and 724 eV for Fe 2p,,
,)- In contrast, XPS analysis for cobalt (Figure 3e), suggest mixed
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Figure 3. XPS spectra of Catalyst 1: (a) overview spectrum, (b-f) deconvo-
luted high-resolution spectra of W 4f (b), Ni 2p (c), Fe 2p (d), Co 2p (e), and
(O 1s.
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Co®™?* oxidation states as indicated by the characteristic
signals at 780.7 eV (2ps;, for Co®*) and 7824 eV (2p,, for
Co?").B4 The molar ratio of Co**: Co** is approx. 1.6: 1. The
deconvoluted XPS spectrum for O 1s (Figure 3f) indicates two
distinct signals assigned to metal oxide and carbon oxygen
species. The presence of metal oxide species is further indicated
by characteristic signals in the Raman spectrum of Catalyst 1
(Figure S2). Further, Raman spectroscopy also showed two
intense signals at 1313 cm™" and 1586 cm™’, corresponding to
the D and G bands of the carbon matrix.***” The obtained
results indicate that the organic imidazole ligands of the ZIF
have been converted into carbonaceous compounds after
thermal annealing, which act as heterogeneous support for the
metal oxides formed.

Next, we investigated the electrochemical activity of
Catalyst 1 in alkaline aqueous solution (1 M aqueous KOH, pH=
13.7) with a standard three-electrode electrochemical setup, in
which Hg/HgO was used as reference electrode and platinum
foil as the counter electrode. The catalysts were drop-cast on a
glassy carbon rotating disk electrode (RDE) which was used as
working electrode. All potentials were converted to reversible
hydrogen electrode potentials (RHE, see details in Supporting
Information). The OER electrocatalytic performance was as-
sessed by linear sweep voltammetry (LSV) at a scan rate of
5mV-s~'. Catalyst 1 shows the best performance for OER with
an overpotential of 7=306 mV at the current density of j=
10 mA-cm™2 (Figure 4a, b). In contrast, Catalyst 2, Catalyst 3,
and Catalyst 4 show significantly higher overpotentials at the
current density of j=10 mA-cm™ Tafel plot analysis ( versus
log(j)) was used to assess the OER kinetics (Figure 4c). Amongst
the materials compared, Catalyst 1 shows the lowest Tafel
slope (54 mV-dec™"), while the reference samples show slightly
higher Tafel slopes, suggesting that OER is kinetically favored in
Catalyst 1 compared with the reference samples.

To gain deeper insights into the reaction mechanism of
Catalyst 1, rotating ring-disk electrode (RRDE) voltammetry was
used. While the OER reaction was performed at the disk
electrode, the Pt ring electrode (at E=1.5 V) was used to oxidize
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Figure 4. Electrocatalytic OER performance of Catalyst 1 and reference
catalysts in 1 M aqueous KOH: a) iR-corrected OER polarization curves, b)
Overpotentials at j=10 mA-cm~? ¢) Tafel plot, d) RRDE analysis to determine
faradaic efficiency for Catalyst 1, e) Half of the capacitive current density (Aj/
2) at 0.87 V vs. RHE as a function of the scan rates and f) Chronoamperom-
etry curves at =340 mV (insert: LSV polarization curves comparison before
and after 15 h stability test).
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and detect any partially oxidized intermediates formed, such as
H,O, (see details in Supporting Information). Under the given
conditions, only a very low ring current (1A scale) was detected,
which indicates that peroxide intermediate formation is negli-
gible, so that Catalyst 1 favors the preferred 4-electron OER
pathway (Figure S3). The faradaic efficiency of Catalyst 1 was
also assessed using RRDE voltammetry. Here, the ring potential
was set to E=0.40 V, so that any oxygen formed by OER on the
disk electrode is reductively detected at the ring electrode
(Figure 4d). Based on the observed ring current (~21 pA,
current collection efficiency: 0.15) and disk current (~147 pA),
we were able to calculate an OER faradaic efficiency of 94.3%
for Catalyst 1 (detailed calculation in the Supporting Informa-
tion).

The double-layer capacitance (Cy), which is proportional to
the electrochemically active surface area (ECSA), and electro-
chemical impedance spectroscopy (EIS) were used to gain a
deeper understanding of the electrocatalytic performance. The
resulting Cg indicates Catalyst 1 exhibited comparable ECSAs
with other reference catalysts 2, 3 and 4 (Figure S4 and
Figure 4e). In contrast, EIS analysis indicates that Catalyst 1
features the lowest charge transfer resistance (R,) among the
catalysts studied, which leads to efficient interfacial electron
transfer (Figure S5). Thus, the high OER performance of Catalyst
1 is due to low internal charge transfer resistance as well as
high intrinsic reactivity of the catalyst.

Next, we examined the long-term stability of Catalyst 1
under a given operating condition (1 M KOH, =340 mV) using
chronoamperometry. In this case, the catalyst was dropped on
carbon paper which is chemically stable under OER conditions.
As shown in Figure 4f, the value of j increases by 29.3 % during
the initial first hour. Then it reaches a maximum and drops
slightly (ca. 3%) over the following 14 h. We suggest that the
initial increase of j is due to chemical and morphological
changes of the catalyst, which was studied by post-catalytic
STEM-EDX analyses (Figure S6). The elemental mapping reveals
that Co, Ni, and O are still distributed homogeneously and that
there are no crystalline Co and Ni-based composites present.
However, for W and Fe, aggregation is observed and some
sheet-like crystalline structures are formed. These are identified
as Fe,0; by SAED (lattice spacing) and EDX (elemental ratio
between Fe and O). Based on earlier reports, this formation
could contribute to the catalytic activity of the catalyst.?*! Also,
post-catalytic XPS analysis of Catalyst 1 indicates that the Co®"
ions are oxidized to more OER-active Co®* species during the
catalytic process (Figure S7).”? These factors contribute to the
observed behavior during the chronoamperometric analysis.

Conclusion

A facile design route for the synthesis of noble-metal-free OER
catalysts was reported. Structural and compositional synergisms
lead to enhanced electrocatalytic OER performance with low
overpotential (306 mV at j=10 mA-cm?), high faradaic effi-
ciency (94.3%), and a Tafel slope of 54 mV-dec . The catalyst
shows long-term robustness and offers a new path for the
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scalable design of OER electrocatalysts based on earth-
abundant components.

Experimental Section

Synthesis PW,,@amZIF: In a typical synthesis, aqueous
[H3PW,,0,0]-xH,0 solution (0.07 mmol in 10 mL) was added to
Co(NO;),-6H,0 (0.546 g, 1.8 mmol) methanol solution (25 mL) and
kept under magnetic stirring for 0.5 h. Afterward, 2-meth-
ylimidazole (0.616 g, 7.5 mmol) methanol solution (25 mL) was
added. This reaction was stirred for another 2.5 h. The final, solid
product was collected by centrifugation, washed with methanol,
and dried at 70°C overnight.

Acid etching: PW,,@amZIF: 150 mg of PW,,@amZIF was dispersed
in 5ml of ethanol by sonication for 20 min. The dispersion was
added into ethanol/ DI water (10 mL: 15 mL) solution containing
75mg of tannic acid. The solution was stirred for 10 minutes.
Finally, the material was collected via centrifugation, washing with
ethanol, and drying at 70 °C overnight.

Metal ions exchange: 50 mg of acid etched material was dispersed
in 10 ml of ethanol. Then 24 ml of DI water containing 2.5 mM NiCl,
and 0.25 mM FeCl; were added dropwise. Finally, the solution was
stirred at room temperature for 3 h and the material was collected
via centrifugation, washing with ethanol, and drying at 70°C
overnight.

Annealing process: The as-prepared material was annealed in air at
300°C for 3 h with a heating rate of 5°C-min~' and natural cool-
down to room temperature
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