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NiFe-based oxyhydroxides are promising electrocatalysts for the
oxygen evolution reaction (OER) in alkaline media, but further
enhancing their OER performance remains a significant challenge.
Herein, we in situ incorporated polyoxometalates into NiFe oxy-
hydroxides to form a homogeneous/heterogeneous hybrid mate-
rial, which induces the electronic interaction between Ni, Fe and Mo
sites, as revealed by a variety of characterization experiments and
theoretical calculations. The resulting hybrid electrocatalyst
delivers a low overpotential of 203 mV at 10 mA cm 2 and a TOF
of 2.34 s ! at 1.53 V in alkaline media. This work presents a critical
step towards developing high-performance OER catalysts by con-
structing metal-POM hybrids.

Solar-to-hydrogen conversion through electrochemical water
splitting is a promising technology for utilizing renewable energy
resources.”” However, the overall efficiency of water splitting is
hampered by the sluggish kinetics of the anodic oxygen evolution
reaction (OER). Although IrO, and RuO, have shown promising
catalytic activity for the OER, their scarcity and high costs remain
major obstacles to their large-scale applications.®* A large number
of strategies have been developed to optimize the catalytic perfor-
mance of OER electrocatalysts.>® The catalytic activity can be
modified by designing nanostructured electrocatalysts,” heteroatom
doping,® strain effects,” and defect engineering.'® The stability of
catalysts can be improved by in situ growing catalysts on conductive
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substrates,"" synthesizing carbon composite catalysts,'? or incorpor-
ating stabilizers,'® etc. Despite significant advancements in this
field, the development of non-precious metal electrocatalysts with
high activity and stability remains a formidable challenge.

Among the critical factors contributing to this challenge are
low intrinsic activity and limited utilization of active sites. By
contrast, homogeneous catalysts, with their tunable structures at
the molecular level, exhibit ultrahigh intrinsic activity."*"> How-
ever, the poor stability and recyclability dramatically hinder their
practical application. Thus, constructing efficient and stable
catalysts by leveraging the advantages of both homogeneous
and heterogeneous catalysts is highly desired.’® Polyoxometalate
(POM)-based materials, with rich redox chemistry and tunable
structures, have attracted widespread attention as potential can-
didates in electrocatalysis."”” Typically, phosphomolybdic acid
(H3PMo0,,0,49, PMA) has a classical Keggin structure with 36
oxygen atoms exposed and is an ideal platform for anchoring
sites.'® The POM-based materials have been verified as promising
molecular water oxidation catalysts under close-to-neutral pH
conditions.'® Nevertheless, POM-based compounds face the pro-
blems of poor stability and conductivity in electrochemical pro-
cesses. To address this, heterogenization of POM with conductive
substrates or construction of electron transfer between the POM
matrix and the active sites is urgently necessary for accelerating
the OER process and increasing the stability.

Herein, by adopting the cluster-nuclei assembly strategy, we
controllably synthesized a carbon nanotube (CNT) supported
hybrid NiFe oxyhydroxide-PMA catalyst (denoted as NiFe-PMA/
CNTs) on a carbon fiber paper (CFP) substrate for the alkaline
oxygen evolution reaction (OER). CNTs can control the mor-
phology of catalysts, increasing the surface area of the electrode
and accelerate the charge transfer between the electrode
and catalysts. The preparation of the NiFe-PMA/CNTs/CFP
electrode follows a two-step synthesis approach (Fig. S1, ESIT).
Typically, CNTs were first in situ grown on CFP by chemical
vapor deposition to obtain CNTs/CFP electrodes (Fig. S2, ESIt),
on which PMA clusters were incorporated with inorganic
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Fig.1 Morphological characterization of NiFe—PMA/CNTs. (a) SEM; the
inset shows the TEM of the catalyst, (b) HRTEM of one nanotube, (c) AC
HAADF-STEM image of NiFe-PMA/CNTs, and (d)-(i) the corresponding
EDX elemental mapping, scale bar: 5 nm.

NiFeO, by a solvothermal method to obtain the target catalyst.
For comparison, the control samples of CNT supported NiFeO,
(NiFe/CNTs), CNT supported PMA (PMA/CNTs) or bare CNTs
were prepared (see the ESIT for details).

The as-obtained NiFe-PMA/CNT catalyst (Fig. 1a) displays a
typical three-dimensional nanostructure similar to the CNTs/
CFP, which can potentially supply a large number of tunnels for gas
release. A closer look at the catalyst by transmission electron
microscopy (TEM) and aberration-corrected high-angle annular
dark field scanning transmission electron microscopy (AC HAADF-
STEM) reveals the coverage of small nanoparticles/clusters on
carbon nanotubes (Fig. 1b, ¢ inset and Fig. S3, ESIt), indicating
the tight connection between CNTs and the catalyst.>® The lattice
fringe with a spacing of 0.34 nm is ascribed to the (002) plane of
graphite-2H (Fig. 1b), while no prominent lattice fringe assigned to
the NiFe or PMA species could be found, suggesting the amorphous
character of the catalyst. Consistent results can be found in the X-ray
diffraction (XRD) patterns of the catalysts in Fig. S4 (ESIT), where no
signals of Ni(Fe)OOH or PMA can be detected in the XRD patterns
for NiFe-PMA/CNTs. The homogeneous distribution of Ni, Fe, Mo,
P and O elements was confirmed by energy dispersive X-ray (EDX)
elemental mapping (Fig. 1d-i). Furthermore, the elemental contents
of transition metals for different electrocatalysts were examined by
inductively coupled plasma-atomic emission spectroscopy (ICP-AES)
and the Ni: Fe: Mo ratio in NiFe-PMA/CNTs was determined to be
1:1:0.6 (Table S1, ESI}). Fourier transform infrared (FTIR) spectra
show that the characteristic peaks assigned to PMA at 1070, 966,
869, and 791 cm ' are well preserved for the NiFe-PMA/CNT
electrocatalyst (Fig. S5, ESIT).>" The shift of the corresponding
characteristic peaks verifies the strong interaction between PMA,
carbon materials, and NiFe (oxy)hydroxide catalysts.
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The chemical states of the NiFe-PMA/CNT catalyst (Fig. S6
and S7, ESIt) were analyzed by X-ray photoelectron spectro-
scopy (XPS). The high-resolution spectrum of Fe 2p;, in NiFe/
CNTs exhibits a prominent peak at 711.0 eV, corresponding to
the Fe*" species (Fig. 2a). By contrast, the main peak of Fe 2ps/,
for NiFe-PMA/CNTs experiences a slightly negative shift of
~0.2 eV, suggesting the interaction between PMA and Fe
element. A similar negative shift in the binding energy of Ni
2ps/, can be found in NiFe-PMA/CNTs as compared with the
NiFe/CNTs (Fig. 2b). It is worth noting that Ni** (858.0 eV and
857.4 eV) peaks appear in the Ni 2p spectrum of these two
samples, respectively, which is known to be beneficial for
prompting the formation of intermediate species (*OOH) for
the OER.”*> Accordingly, the binding energy of O 1s in NiFe-
PMA/CNTs was found to be higher than that in PMA/CNTs
(Fig. 2¢), suggesting the electron transfer from O to Ni and Fe
sites, which is further supported by the theoretical calculation
results (Fig. 4).

The local coordination structure of the NiFe-PMA/CNT
electrocatalyst was further verified by X-ray absorption fine
structure (XAFS). For NiFe-PMA/CNTs, the Fe K-edge X-ray
absorption near-edge structure (XANES) spectra exhibit similar
absorption edge of NiFe-PMA/CNTs, NiFe/CNTs and Fe,O3,
indicating that the oxidation state of catalysts is around +3
(Fig. 2d). However, the Fe absorption edge in NiFe-PMA/CNTs
is slightly lower than that of the NiFe/CNTs. This result sug-
gests the prominent interaction between NiFe and PMA in
which electrons are transferred from PMA to Fe, in accordance
with the XPS result (Fig. 2a and c). The Fourier transform
extended XAFS (FT-EXAFS) curves in Fig. 2e reveal the existence
of the Fe-O peak at about 1.5 A (Fig. 2e), which is further
supported by the fitting results obtained from NiFe/CNTs and
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Normalized K-edge XANES spectra, and (e) and (g) the corresponding k-
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transform of EXAFS for Mo foil, MoO,, MoOsz, and NiFe—PMA/CNTs.
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NiFe-PMA/CNTs (Fig. S8 and Table S2, ESI). The Mo K-edge
absorption of NiFe-PMA/CNTs indicates the oxidation valence
of Mo is between +0 and +4 (Fig. 2f). The Mo-O coordination is
validated by FT-EXAFS data and the corresponding wavelet
transform (WT) (Fig. 2g, h and Table S3, ESIT).>*>*

The electrocatalytic OER activity of NiFe-PMA/CNTs was
evaluated in 1 M KOH. Remarkably, the NiFe-PMA/CNT catalyst
exhibits the highest catalytic OER activity as compared with the
NiFe/CNT catalyst and the other control samples (Fig. 3a and
Fig. S9, ESIT), underscoring the synergistic effect between PMA
and NiFeO, species. Specifically, the overpotentials at 10 mA cm >
and 50 mA ecm > reach 203 mV and 246 mV for the NiFe-PMA/
CNT catalyst (Fig. 3b), respectively. When considering all metals
as active sites, the TOF value of the NiFe-PMA/CNT catalyst at
1.53 V (vs. RHE) is 2.34 s, also superior to those of NiFe/CNTs
(0.20 s~ ") and PMA/CNTSs (0.03 s~ *). Notably, the high OER activity
of the NiFe-PMA/CNT catalyst surpasses those of most non-noble
metal electrocatalysts in alkaline solution (Table S4, ESIf). The
high OER activity is also reflected by the much lower Tafel slope
(Fig. 3c), revealing the fast reaction kinetics.

To investigate the effect of PMA on the catalytic activity of
NiFe-PMA/CNTs, the double layer capacitance (Cq) and the
electrochemically active surface area (ECSA) were evaluated. As
shown in Fig. S10 (ESIt), the calculated Cy, value of NiFe-PMA/
CNTs is 29.8 mF cm ™2, which is smaller than that of NiFe/CNTs
(Cq1 = 50.0 mF cm ™ ?), indicating the higher intrinsic activity of
NiFe-PMA/CNTs (Fig. 3d). The Nyquist plots at 1.48 V (vs. RHE)
and related fitting results of EIS spectra were applied to compare
the interface kinetics of comparative samples (Fig. 3e and Table
S5, ESIt). NiFe-PMA/CNTs showed relatively lower interface
charge transfer resistance (R, = 1.0 Q) than NiFe-C/CNTs (R, =
2.2 Q), suggesting their enhanced interface kinetics.

To further evaluate the long-term stability of NiFe-PMA/CNTs,
chronopotentiometric (CP) measurements were carried out at
10 mA cm 2 in 1.0 M KOH electrolyte. As depicted in Fig. 3f,
the overpotential exhibits marginal change during a 100 h test,
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Fig. 3 (a) LSV polarization curves of NiFe—PMA/CNTs, NiFe/CNTs, and

IrO, in 1 M KOH. (b) OER overpotentials at 50 mA cm™~2 for the various
electrocatalysts in 1 M KOH. (c) Tafel plots of NiFe—PMA/CNTs, NiFe/CNTs,
and IrO, in 1 M KOH. (d) Plots of current densities at 0.1 V (vs. Hg/HgO)
versus scan rates of typical samples, respectively. (e) Nyquist plots of
typical samples in 1 M KOH at 1.48 V (vs. RHE) with the frequency range
from 0.1 to 100 KHz. (f) Chronopotentiometry curve of NiFe—PMA/CNTs at
10 mA cm~2in 1 M KOH.
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demonstrating excellent stability for NiFe-PMA/CNTs. During this
process, the faradaic efficiency of the NiFe-PMA/CNT electrocata-
lyst was around 100% (Fig. S11, ESIY), indicating the pure water
oxidation reaction process. Additionally, the metal content in the
electrolyte after the electrochemical reaction (Table S6, ESIt)
shows insignificant changes and thus manifests the robustness
of the NiFe-PMA/CNT catalyst. In comparison, NiFe/CNTs also
show comparative stability for 100 h (Fig. S12, ESIt). Based on the
analysis of characterization studies such as SEM, TEM, XRD and
XPS before and after stability, NiFe-PMA/CNTs and NiFe/CNTs
show non-considerable changes in the structures and composi-
tions (Fig. S13-S16, ESIY).

To further clarify the interaction of PMA and NiFe in the
NiFe-PMA-CNT catalyst, density functional theory (DFT) calcu-
lations were performed. The calculation model was built based
on the experimental characterization studies. The optimized
structures of PMA/CNTSs, NiFe/CNTs and NiFe-PMA/CNTs are
shown in Fig. S17 (ESIt) and Fig. 4a. The electronic structure of
the NiFe-PMA/CNT catalyst was studied using the differential
charge density (Fig. 4b). It is revealed that electrons move from
PMA to NiO or FeO by metal-O bonds, resulting in increased
charge density of Ni and Fe, which is consistent with the results
from XPS and XAFS (Fig. 2). The charge transfers between PMA
and NiFe demonstrate the robust interaction existing between
them. Then, the charge transfers between the PMA and NiFe
were investigated further by Bader charge analysis. As shown in
Fig. 4c, the charges of Ni and Fe on NiFe-PMA/CNTs (9.01 and
6.63, respectively) are higher than those on NiFe/CNTs
(8.81 and 6.37, respectively). The oxidation states of Ni and Fe
from the Bader charge analysis were calculated and are
depicted in Fig. 4d. It manifests that the Ni and Fe atoms in
NiFe-PMA/CNTs (0.99 and 1.37, respectively) have lower
chemical valence states than NiFe/CNTs (1.19 and 1.63,
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Fig. 4 (a) Optimized structures of the NiFe—PMA/CNT catalyst. The balls
in grey, red, pink, blue, violet and cyan represent C, O, P, Ni, Fe and Mo
atoms, respectively. (b) The 3D differential charge density of the NiFe—
PMA/CNT catalyst. The green symbols represent a decrease in charge
density, while the yellow symbols represent an increase in charge density.
(c) The charge of Ni and Fe atoms on NiFe/CNTs and NiFe—PMA/CNTs
from Bader charge analysis. (d) The chemical valence state of Ni and Fe
atoms on NiFe/CNTs and NiFe—PMA/CNTs from Bader charge analysis.
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respectively), which is consistent with XPS and XAFS results.
Accordingly, the redistribution of electron density can promote
the absorption of metal centers to intermediate species and
optimize the catalytic performances of electrocatalysts.>*>®

In summary, PMA was introduced as a promoter to enhance
NiFe oxyhydroxides for the OER in alkaline media. The con-
structed homogeneous/heterogeneous hybrid catalyst exhibits
superior catalytic activity for the OER, with a low overpotential
of 203 mV at 10 mA cm™ > and a high TOF of 2.34 s ' at 1.53 V.
The incorporation of PMA induces the electronic interaction
between Ni, Fe and Mo sites, as revealed by a variety of character-
ization studies and DFT calculations, which regulate the electro-
nic structure of NiFe, and improve the catalytic performances of
the hybrid electrocatalyst. The introduction of PMA not only
enhances the activity of the NiFe catalyst but also maintains the
high stability of the catalyst for the OER, delivering a high stability
of 100 h at 10 mA cm~> without prominent decay. This work
provided a new pathway for the synthesis and application of
metal-POM hybrids for high-performance electrocatalysis.
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