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Ligand and Anion Co-Leaching Induced Complete
Reconstruction of Polyoxomolybdate-Organic Complex

Oxygen-Evolving Pre-Catalysts

Xiong Liu, Fanjie Xia, Ruiting Guo, Meng Huang, Jiashen Meng, Jinsong Wu,

and Ligiang Mai*

The coordination compounds in the oxygen evolution reaction (OER) have
been researched extensively. However, their poor durability (mostly < 100 h)
and controversial reconstruction mechanism restrict their practical
applications. Herein, a new-type polyoxomolybdate-organic complex (POMo)
via wet-chemistry synthesis with fixed coordination between metal centers
(Ni?* and [MogO,¢]*) and 2-Methylimidazole ligand is introduced. After
introducing iron, a series of Fe-doped Ni-POMo with porous and amorphous
structures are fabricated. These features accelerate the diffusion-leaching
processes of ligands and anions, resulting in rapid and complete phase
reconstruction during alkaline OER. As a result, nickel-iron (oxy)hydroxides
with rich vacancies and poly-/low-crystalline features are in situ generated
through dissolution-redeposition, and serve as the OER-active species.

The optimized Fej o5,Ni-POMo array pre-catalyst has excellent activity and
sustains ultrastable catalysis for 545 h. The complete reconstruction of POMo
enables high catalytic durability (230 h) and stable active phase under realistic
conditions (30 wt% KOH, 60.9 °C). Accordingly, the completely reconstructed
catalysts with unique structures and ultrastable catalysis have the potential to

species.’] These in situ techniques mainly
include X-ray absorption spectroscopy,”®!
X-ray diffraction (XRD),”) Raman,1%-1
transmission electron microscopy (TEM), 13!
electrochemistry-mass ~ spectrometry,'4
and  ultraviolet-visible = spectroscopy
(UV-vis).®l Dynamic reconstruction pro-
cesses of the catalyst have been revealed
under working conditions, and the recon-
structed species are commonly recognized
as actual contributors in electrocatal-
ysis.'®71 OFR is a fundamental reaction in
diverse applications such as water electrol-
ysistl and metal-air batteries.'8! However,
its sluggish kinetics caused by multistep
four-electron reaction remain a key issue
in current researches.'”l Numerous OER
electrocatalysts have been reported with
surface reconstruction in the initial stage
of electrochemical activation, which could
Dbe reflected by dynamically evolving cyclic

be applied in industry.

1. Introduction

Recently, reconstruction-involved electrocatalysis has received
much attention, including oxygen/hydrogen evolution reaction
(OER/HER),-31 CO/CO, reduction™®! and so on. The develop-
ment of advanced in situ techniques has impelled the in-depth
understanding of intrinsic catalytic mechanism and real active
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voltammetry (CV) or chronopotentio-

metric curves and suggests a change in the

pristine catalysts or active centers.[16:19-23]
Nevertheless, the investigations of dynamic reconstruction
processes and actual catalytic contributors still require further
researches.

Due to their structural tunability and diverse chemical prop-
erties,? metal coordination compounds including mainstream
metal-organic frameworks (MOFs) have received extensive
researches on their direct applications in OER. The reconstruc-
tion degree after OER catalysis and catalytic durability of these
materials are summarized (Figure 1a). Non-reconstruction phe-
nomenon and no generation of new species have been observed
in some robust coordination compounds.”>! For instance,
Lang et al. discovered unchanged Fe/Ni/Co-based trimetallic
Fe/Ni, 4/Coy4-MIL-53 (MIL: Material of Institute Lavoisier)
after 60 h-chronoamperometry operation.’¥) Other reported
metal coordination compounds are able to undergo partiall>-]
or even completel ! reconstruction, and thus these com-
pounds should be considered as pre-catalysts.”l Therefore,
there is no definitive answer as to whether reconstruction of
coordination compounds would occur during electrocatalysis.
For these reconstruction-involved pre-catalysts, the catalytic
performance is positively correlated with the number of the
reconstructed species, which provide real active sites. Hence,
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Figure 1. a) Summary of the reconstruction degree after OER catalysis and catalytic durability for reported coordination compounds and POMo in this
work. b) Its fixed coordination mode in synthesizing Ni-POMo nanowires, which is independent of raw materials (nickel/molybdenum sources and

solvents). ¢) Scanning electron microscopy image of Ni-POMo nanowire

complete reconstruction of the catalyst is supposed to produce
more reconstructed species, but it is still a challenge to ration-
ally design pre-catalysts which can be completely reconstructed.
Another major issue is that the durability of these coordination
compounds is currently less than 300 h, far below the require-
ment of industrial water electrolysis applications (>1000 h).[l
The harsh conditions, such as strong alkaline electrolytes
(20-30 wt% KOH) and high temperatures (50-80 °C), are also
required in industrial water electrolysis.[*¢#’] These harsh condi-
tions may determine the reconstruction degree of coordination
compounds and their intrinsic catalytic mechanism. Therefore,
the performance evaluation and reconstruction study of the
catalyst under industrial conditions are necessary and deserve
attention.

Herein, in order to achieve complete reconstruction of the
catalyst, the high-valence Mo species and ligand, which can
easily leach out during OER, are introduced during synthesis
of new-type organic-inorganic compounds. As a result, the
synthesized nickel-based polyoxomolybdate-organic complex
(Ni-POMo) via a facile wet-chemistry method displays low-
crystalline and porous characteristics. The co-leaching of ligand
and [MogO,¢]* anion accelerates the structural crack and thus
promotes the complete phase reconstruction of POMo, which
results in the generation of (oxy)hydroxides with abundant
defects. Combining in situ Raman with ex situ X-ray photoelec-
tron spectroscopy (XPS) analysis, the reconstruction chemistry
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arrays and schematic diagram for OER catalysis.

and intrinsic catalytic mechanisms are uncovered. The obtained
nickel-iron (oxy)hydroxide derived from Fes,Ni-POMo pre-
catalyst displays optimized electrocatalytic performance. Fur-
thermore, this work highlights the advantages of completely
reconstructed catalyst derived from POMo pre-catalysts, such as
unique structures (poly-/low-crystalline structure and rich grain
boundaries) and ultrastable catalysis. The completely recon-
structed catalyst can achieve high OER durability under real-
istic conditions (30 wt% KOH, 60.9 °C). Moreover, the active
(oxy)hydroxide phase is well-remained after OER under harsh
conditions.

2. Results and Discussion

Ni-POMo nanowires were fabricated by a facile solvothermal
method involving the coordination reaction between organic
ligand (2-Methylimidazole, denoted as 2-mim) and metal
centers (Ni?* and [MogO,]*), and the structure in POMo con-
sists of the complex hydrogen-bonding between [Ni(2-mim)¢]**
and [(2-mim),MogO,¢]*.*8#1 Though different nickel/molyb-
denum sources or different solvents were used during syn-
thesis (Figure 1b), the obtained POMo products show nanowire
morphology and similar Mo/Ni atomic ratios (Figure S1 and
Table S1, Supporting Information). It suggests the fixed reac-
tion pathway of coordination processes between metal centers

© 2021 Wiley-VCH GmbH
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(Ni?* and [MogOy¢]*) and 2-mim ligand. This phenomenon has
also been reported in other types of polyoxomolybdates.l*!] In
addition, these Ni-POMo nanowires could effectively grow on
conductive substrates, such as carbon cloth®’ and nickel foam
(Figure 1c). Therefore, these POMo arrays can be applied in
binder-free alkaline OER catalysis as schematically illustrated in
Figure 1c.

Due to the advanced NiFe-based oxygen evolving catalysis,|
iron-containing raw material was introduced during synthesis
to fabricate Fe-incorporated Ni-POMo. A series of experi-
ments by adding different contents of iron nitrate were carried
out. Based on the inductively coupled plasma atomic emis-
sion spectrometry (ICP-AES) analysis (Figure 2a), the Fe/Ni
atomic ratios (denoted as Fe/Ni-AR) of these POMo products
are 0, 0.036, 0.052, and 0.094, respectively. The corresponding
products are referred as Fe,Ni-POMo (x = 0, 0.036, 0.052, and
0.094). Though the iron element could be successfully intro-
duced into Ni-POMo, its content is limited to Fe/Ni-AR < 0.052
to maintain the nanowire morphology (Figure S2, Supporting
Information). From high-angle annular dark-field scanning
transmission electron microscope (HAADF-STEM) images,
the Fe, Ni-POMo (x = 0, 0.036, and 0.052) show nanowire struc-
ture (Figure 2b—-d and Figure S3, Supporting Information).
The Feg (s5,Ni-POMo nanowires show =25 nm in diameter, and
exhibit nearly amorphous characteristic according to high-
resolution TEM (HRTEM) analysis (Figure 2e). Two diffused
and inconspicuous diffraction rings are observed in the corre-
sponding selected area electron diffraction (SAED, Figure 2f).
Such a result suggests the existence of localized and quite small
crystallinity (closed to an amorphous structure),?®! which is con-
sistent to the two broad XRD peaks observed for Fe os,Ni-POMo.
As shown in Figure S4 (Supporting Information), the two XRD
peaks are centered at 75° and 27°, which are similar to that

14]

a b
I Mo

I 100 - Ni
5 B Fe
3 804
E
o 604
£
S 40
@
°
g 20
S
<

0 A

A A e

Fed peot® Fec peoh

of Fe-free one in our previous work.”) HAADF-STEM image
and corresponding energy dispersive X-ray spectroscopy (EDS)
mappings further suggest uniform distribution of Fe, Ni, Mo,
C, N, and O elements (Figure 2g).

As shown in Figure S2 (Supporting Information), the mor-
phology of POMo radically changes from nanowire to irregular
one when the iron content is excessive. Such a change may be
attributed to the large difference between the radius of nickel
ions and iron ions (Ni*, 0.69 A; Fe?*, 0.75 A for low-spin one
and 0.92 A for high-spin one). When the nickel source was
replaced entirely with iron source, the obtained Fe-POMo
shows irregular morphology and could not effectively grow on
the nickel foam (Figure S5, Supporting Information). By con-
trast, only Fe,Ni-POMo (x = 0, 0.036, and 0.052) samples could
remain nanowire array structure, and all of them show low
crystallinity (Figure S6, Supporting Information). In addition,
the nanowires become a little deformed as the iron content
increases.

Due to their diverse topological characteristics, polyoxometa-
lates (POMs) have potential applications in catalysis, photo-
chemistry, etc.’% Although POMs and their derived catalysts
have been reported in OER catalysis, they still have unsatisfac-
tory activity and durability. The summary for OER performance
based on POMs and their derived catalysts is listed in Table S2
(Supporting Information). For example, Song et al. reported a
robust Dexter-Silverton polyoxometalate oxygen evolution cata-
lyst, [Cog gNiy ;W1,042(OH)4(H,0)s].PY When it was tested in 0.1m
KOH at room temperature, a high overpotential of 360 mV was
required to achieve 10 mA cm™ and the stability test time was
only 10 h. It suggests the application of POMs in OER requires
a further breakthrough in catalytic performance, in the respect
of material itself or its derivatives. POMo, one important sub-
class of POMs,*8 has not been reported to directly serve as OER

Figure 2. a) Component atomic ratio variation of Fe,Ni-POMo (x = 0, 0.036, 0.052, and 0.094) from ICP-AES results. b-d) HAADF-STEM images of
Fe,Ni-POMo (x=0, 0.036, and 0.052) nanowires, respectively. e) HRTEM images of single Feg g5;Ni-POMo nanowire. f) SAED pattern of Feg g5,Ni-POMo
nanowires. g) HAADF-STEM image and the corresponding EDS mappings of Feg5,Ni-POMo.
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catalysts. Herein, the electrocatalytic properties of Fe,Ni-POMo
(x =0, 0.036, 0.052, and 0.094) for alkaline OER were investi-
gated in a typical three-electrode system in 1 M KOH at room
temperature. CV techniques were firstly adopted to activate
Fe,Ni-POMo prior to the OER measurements. As shown in
Figure S7 (Supporting Information), the currents of newly
formed oxidation peak (Ni?*—Ni**) and that in OER regions
gradually increase to stable values during 2 to 30-cycle CV. This
implies the more exposure of new catalytic species and acces-
sible sites for redox reaction during the initial CV tests. Sim-
ilar electrochemical behaviors in inorganic pre-catalysts have
also been reported by Song!®! and Hul?”! groups. Combined

MATERIALS
|

www.afm-journal.de

with reconstruction mechanism analyses of POMo hereinafter,
Fe,Ni-POMo materials are considered as pre-catalysts, and their
dynamic phase reconstruction to Ni(Fe) (oxy)hydroxides hap-
pens in the initial electrochemical activation.

The 30™-cycle CV curves of Fe Ni-POMo pre-catalysts are dis-
played in Figure 3a, which reflect enhanced OER activity after
incorporating iron in Ni-POMo. All Fe,Ni-POMo samples dis-
play obvious redox peaks, while the peak area decreases and the
redox potentials are positively shifted after iron incorporation
(Figure 3b). To evaluate the catalytic activities of Fe,Ni-POMo
pre-catalysts after CV activation, linear sweep voltammetry (LSV)
measurements were carried out at a slow scan of 2 mV s7L. All
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Figure 3. OER performance in 1 M KOH at room temperature. a) CV curves of Fe,Ni-POMo (x = 0, 0.036, 0.052, 0.094) arrays at 50 mV s
b) The centered potentials of redox peaks for Fe,Ni-POMo samples, which are obtained from their CV curves. c) Overpotentials at 10 mA cm~2 and
10 mA mF™!, which are obtained from LSV curves of Fe,Ni-POMo normalized by geometric area and ECSA, respectively. d,e) Tafel plots and Nyquist
plots of Fe,Ni-POMo, respectively. f) The prolonged chronopotentiometric response of Feg g5,Ni-POMo at 10 mA cm~2. g) HRTEM, h) HAADF-STEM
images and the corresponding elemental mappings, and i) EDS results of elemental content of Fej ¢s5,Ni-POMo after OER.
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the LSV data are iR-corrected and normalized by geometric area
(GA) or electrochemical active surface area (ECSA). As displayed
in the representative LSV curves of Fe,Ni-POMo (Figure S8,
Supporting Information), the overpotentials by the function of
Fe content present in a volcano-like fashion (Figure 3c). The
Fe0s5,Ni-POMo achieves the optimal catalytic performance
with the lowest overpotential of 255.3 + 1.6 mV at 10 mA cm2
(The, ca) and 259.9 3.7 mV at 10 mA mF (19, gcsa), which
are lower than that of Fe)Ni-POMo and Fe (3;Ni-POMo. How-
ever, with a higher iron content, the 775y ga and 79 gcsa values
of Fep94Ni-POMo catalyst increase. Tafel slope derived from
the polarization curves is an important parameter to describe
the intrinsic OER kinetics.2*?% In Figure 3d, the Fe-doped
Ni-POMo catalysts show a significant decrease in Tafel slope
when compared with Fe)Ni-POMo (70.0 mV dec™?), demon-
strating superior OER kinetics of NiFe-based catalysts. Besides,
the optimal Fey(5,Ni-POMo displays the Tafel slope close
to 40 mV dec’, indicating that a second electron transfer is
involved as a rate-determining step in the electrochemical oxi-
dation steps.? Electrochemical impedance spectroscopy (EIS)
measurements were then operated to investigate the underlying
factors of catalytic activity. The Fe-doped Ni-POMo catalysts
exhibit decreased charge transfer resistances (R, Figure 3e,
which are smaller than that of Fe-free one (8.0 Q). Particularly,
the Fegs5;Ni-POMo shows the smallest R value of only 1.4 Q.
Hence, the Fe dopant can greatly promote the charge transfer
of NiOOH during OER processes. Fe-incorporated NiOOH
has been reported to have over an order of magnitude higher
conductivity than that of pure NiOOH, and Fe could exert a
partial-charge transfer activation effect on Nil>}l Therefore,
the nickel-iron (oxy)hydroxide derived from nickel-iron POMo
exhibits higher activity than the Fe-free one in this work. In
addition, the suitable amount of Fe dopant, on one hand, can
keep the nanowire morphology and microstructure of the pre-
cursor; on the other hand, it can form multi-metallic species
with tuned electronic structure and optimized binding energy
of surface oxygen intermediates.’?l Therefore, the optimized
Feg 05;Ni-POMo locates at the top of volcano-like activity trend,
which is associated with iron content.

Long-term OER stability of Ni-POMo and Fey 5,Ni-POMo
was evaluated via a chronopotentiometric test at 10 mA cm™2
(Figure 3f). For Ni-POMo, the potential to achieve a current den-
sity of 10 mA cm™2 changes a little for at least 350 h (Figure S9,
Supporting Information), which suggests that the recon-
structed NiOOH derived from Ni-POMo can serve as stable
OER-active species. For Fey 5,Ni-POMo, its recorded potentials
display a negligible attenuation over a period of 545 h and the
potential fluctuation is within 8 mV, which is expected to sat-
isfy the industrial durability parameter (>1000 h).* In addi-
tion, the introduction of iron guarantees much enhanced OER
activity with remained catalytic stability. The good catalytic
durability makes Feg 5,Ni-POMo attractive as an advanced OER
pre-catalyst among the reported POM and its derived catalysts
(Table S2, Supporting Information). The characterization of
products after long-term electrocatalysis is of great significance
for the identification of catalytic active species. Different from
the amorphous Fe(5,Ni-POMo pre-catalyst, its post-OER one
exhibits low crystallinity (Figure 3g). The observed lattice spac-
ings of 0.208 and 0.248 nm could be assigned to the (210) and
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(101) planes of NiOOH (JCPDS, No. 27-956), respectively. The
HAADF-STEM image and the corresponding elemental map-
pings indicate the uniform distribution of Ni, Fe, and O ele-
ments in the reconstructed catalyst (Figure 3h). Further EDS
results confirm the nearly complete leaching of Mo and N spe-
cies from the Fe, o5,Ni-POMo pre-catalyst after OER (Figure 3i).
The Mo/Ni atomic ratio is 0.005, suggesting the negligible Mo
species in the reconstructed catalyst. Because the N species
come from 2-Methylimidazole ligand, it can be concluded that
the Fej5,Ni-POMo undergoes the co-leaching of ligand and
Mo species during OER. Finally, the completely reconstructed
catalyst (i.e., nickel-iron (oxy)hydroxide) is in situ formed. The
atomic ratio of iron to nickel in the reconstructed nickel-iron
(oxy)hydroxide is determined as =0.044, which is a little bit
smaller than that in the pristine Fegs5,Ni-POMo. The loss of
iron may be attributed to partial iron leaching into the solution
during reconstruction. The phenomenon of iron loss during
OER also occurred in reported NiFe layered double hydroxide
(NiFe-LDH) catalyst, and this would cause the activity decay.>"
Hence, there is some decrease in the activity of our completely
reconstructed catalyst during stability tests.

Investigations on the dynamic evolution of pre-catalysts
under working operation are helpful to understand the recon-
struction mechanism and reveal the actual contributors in elec-
trocatalysis. In situ electrochemistry-Raman measurements
were conducted, providing the potential-dependent Raman
spectra with in situ recorded polarization curve. During in situ
Raman tests, the applied potentials are within 0.924-1.689 V
versus reversible hydrogen electrode (denoted as Vyyg), and
the potential interval AV is 30 mV. The recorded LSV curve is
displayed in Figure S10 (Supporting Information). As shown
in Figure 4a, no Raman peaks are found for the pristine
Fe( 05,Ni-POMo catalysts. At 1.554 Vyyg, two Raman peaks cen-
tered at 474 and 554 cm™ appear, which can be assigned to the
representative Ni-O vibrations of NIOOH.[®! The new Raman
peaks are well-remained as the voltage bias increases. These
observations indicate the formation of electro-oxidation induced
nickel-iron (oxy)hydroxide, which is an electrochemically stable
phase and serves as OER-active species. Ex situ Raman spectra
for all Fe,Ni-POMo pre-catalysts also confirm the formation of
OER-active (oxy)hydroxides (Figure 4b), which serve as the real
catalytic species.

XPS was carried out to further understand the catalytic recon-
struction mechanism and the change of elemental valence state
of Fej5,Ni-POMo during OER (Figure 4c—f and Figure S11;
Supporting Information). Data collections of three stages were
operated, including the pristine Fej5,Ni-POMo, the activation
sample after 30-cycle CV, and the post-OER sample after 500 h
testing. The disappearance of Mo 3d and N 1s peaks after OER
is observed, consistent with the electron microscopy results,
and further confirm the co-leaching of ligand and anion. For
Ni 2p and Fe 2p, both peaks shift positively after OER activation
and then remain unchanged after 500 h test, confirming the
formation of high-valence Ni/Fe species and the good stability
property of the catalyst, respectively. Zhang et al. also reported
similar XPS results of Ni 2p and Fe 2p and phase transforma-
tion when Ni-Co-Fe MOF served as OER pre-catalyst.[*”] These
results imply that the component stability of coordination com-
pounds needs to be considered when they act as OER catalysts,

© 2021 Wiley-VCH GmbH
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Figure 4. Activation mechanism and intrinsic catalytic active species. a)

Potential-dependent in situ Raman of Feggs,Ni-POMo in 1 M KOH. b) Ex situ

Raman spectra of Fe,Ni-POMo after CV activation. c) Mo 3d, d) N 1s, e) Ni 2p, and f) O 1s XPS spectra of Fe 5,Ni-POMo initially, after CV activation,

and after OER for 500 h.

because it determines the actual catalytic species and catalytic
mechanisms. Furthermore, O 1s XPS data confirm that there
exists large content of O-vacancies in post-OER catalysts, which
is attributed to the rapid reconstruction process and is benefi-
cial for catalytic reaction.l>’]

It raises a curiousness on the reasons for the complete recon-
struction of Fe, Ni-POMo. In fact, in the case of coordination
compounds, the reconstruction phenomena commonly exist
during OER because of their self-instability and the missing
of ligand.’*¥* Some of them display partial reconstruction
with limited phase evolution. Because the reconstructed species
provide real and highly active catalytic sites, complete recon-
struction is thus expected to occur for those coordination com-
pounds to perform better. In our previous works, high-valence
Mo species were confirmed to be soluble in alkaline solution in
the form of molybdate ion.22!l Therefore, we designed this new
Mo-containing coordination compound, i.e., Fe,Ni-POMo, to
promote the phase evolution. For the designed POMo material,
there exists the co-leaching of ligand and the high-valence Mo
species, which are responsible for its complete reconstruction.

As shown in Figure S12a (Supporting Information), the ele-
mental content in solution after soaking Feg 5,Ni-POMo arrays
in 1 m KOH was measured. The Mo/K molar ratio (0.547) is
much higher than that of Ni/K (0.0259) and Fe/K (0.0175).
Similar phenomenon has also been confirmed during the
following electrochemical OER process. CV measurements
were carried out in 0-0.8 V versus Hg/HgO at 50 mV slin 1 m
KOH, and the solution was taken out for ICP-AES tests at
various test stages. As shown in Figure S12b (Supporting Infor-
mation), the Mo/K molar ratio increases with prolonging the
electrochemical cycle time, while the Ni/K and Fe/K molar
ratios change negligibly. These results suggest the inherent
instability of POMo in alkaline solution, which is probably
caused by the leaching of a large number of Mo-species during
both chemical and electrochemical processes. As confirmed by
various ex situ characterizations, the 2-mim ligand in POMo
also completely leaches out. These massive leaches of species
cause rapid, serious, and complete collapse of POMo, and the
nickel-iron (oxy)hydroxides are thus in situ generated through
a dissolution-redeposition way. Besides, numerous nanopores
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could be directly observed from the HAADF-STEM images of
Fe, Ni-POMo (x = 0, 0.036, and 0.052) nanowires (Figure S6g—i,
Supporting Information). These pores facilitate the mass
transfer process in the reconstruction process, including
electrolyte penetration and co-leaching of ligand and anion.
Moreover, amorphous structure possesses good ion diffusion
abilityl®>! for enhancing the co-leaching process. Hence, the
nanoporous and low-crystalline structures and co-leaching pro-
cesses drive the structural disintegration and complete recon-
struction of POMo.

The reconstructed nickel-iron (oxy)hydroxides possess the
characteristics of poly-/low-crystalline structures and rich grain
boundaries (Figure S13a, Supporting Information). For com-
parison, we electrodeposited NiFe-LDH on the nickel foam. The
activated NiFe-LDH possesses relatively higher crystallinity but
no abundant facet orientation (Figure S13b, Supporting Informa-
tion). The lower crystalline property of activated Fe o5,Ni-POMo
than that of activated NiFe-LDH could also be revealed by SAED
patterns (Figure S13c,d, Supporting Information), because the
former displays a more diffuse diffraction ring. OER activities of
these two samples were evaluated in 1 M KOH at room temper-
ature, and the obtained LSV curves were normalized by ECSA
(Figure S13e, Supporting Information). To achieve 10 mA mF~,
the overpotential of activated Fe5,Ni-POMo is 51 mV lower
than that of the activated NiFe-LDH. Therefore, the unique
structure of reconstructed nickel-iron (oxy)hydroxide is respon-
sible for the high OER activity of Fe ¢5,Ni-POMo.

It is important to evaluate the performance of catalysts under
industrial parameters. However, there is a gap in evaluating cat-
alyst performance between current studies and industrial con-
ditions (Figure 5a). To confirm the advantages of the completely
reconstructed catalyst in this work, we evaluated its OER perfor-
mance via chronopotentiometric measurements in 30 wt% KOH
at 60.9 °C. As shown in Figure 5b, the nickel-iron (oxy)hydroxide,
which is completely reconstructed from Fejs5,Ni-POMo,
exhibits stable OER for 230 h with small potential fluctuation
of =60 mV. Nickel metal is one of the commonly used electrode
materials in commercial water electrolysis system,>® while
it shows high OER overpotentials and rapid decay of activity
during 90 h-OER operation. Hence, the Fejgs,Ni-POMo elec-
trode can serve as one of the candidates for water electrolysis
application. Raman spectrum of nickel-iron (oxy)hydroxide
after OER shows two peaks, which are similar to the original

one (Figure 5c). These results demonstrate the good catalytic
stability and stable active phase of the completely reconstructed
catalyst under harsh conditions. Currently, the conditions for
catalytic performance evaluation in laboratory are far less strin-
gent than that in industry. Therefore, it is necessary to consider
the component stability of coordination compounds under
widely demanding conditions. Herein, although the real OER-
active contributors are based on the reconstructed catalyst but
not the original POMo material, the completely reconstructed
one is featured by unique structures (poly-/low-crystalline
structure and rich grain boundaries) and can achieve higher
catalytic activity and better stability. Therefore, the completely
reconstructed catalyst proposed in this work is expected to be
applied to meet the industrial requirements.

3. Conclusion

In conclusion, we have developed a facile wet-chemistry
method for directly growing Fe,Ni-POMo nanowires with a
controlled amount of iron on the nickel foam. The fixed coordi-
nation between metal centers (Ni?* and [MogO,¢]*) and 2-mim
ligand enables the raw material-independent synthesis. In
situ Raman and a series of ex situ characterizations confirm
the complete reconstruction mechanism. The low-crystalline
and porous features of POMo accelerate the diffusion-leaching
processes of ligand and anion. Meanwhile, the applied oxida-
tion potential promotes the formation of OER-active (oxy)
hydroxide. The OER activities of Fe,Ni-POMo pre-catalysts
show a volcano-like trend, and the Fe(os5,Ni-POMo possesses
the optimized catalytic performance with lowest overpoten-
tial and Tafel slope. Especially, the activity of Feg 5, Ni-POMo
maintains for 545 h in the durability test and the potential
fluctuation is within 8 mV, showing its superior OER catalytic
stability. The present work highlights the advantages of com-
plete reconstruction of POMo pre-catalysts, which are essen-
tial for making stable active phase and durable catalysis under
harsh conditions. In terms of stability test time, although there
is still some distance from industrial parameters (> 1000 h),
this work highlights the importance of evaluating performance
against industrial parameters. This work promotes the basic
understanding and practical application of coordination com-
pounds in catalytic applications.

a b c
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5 20] 2 04 =
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Figure 5. a) There is a certain gap between traditional test parameters and industrial test parameters. b) Chronopotentiometric response of Feg gs,Ni-
POMo pre-catalyst and pure nickel foam at 10 mA cm™2. Here, the 30-cycle CV activation was firstly carried out before chronopotentiometric measure-

ment of Feg ¢s5,Ni-POMo. c) Raman spectrum of Fegg5,Ni-POMo after one-day OER measurement.
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