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hydroxides for superb water oxidation†
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Multi-metallic (oxy)hydroxide materials are some of the most prom-

ising alternatives for superb water oxidation electrocatalysts. Herein,

a series of graphene/NiFe (oxy)hydroxides were fabricated to investi-

gate the role of the Fe/Ni ratio in regard to the resultant physical

structures, decoration styles, and combined catalytic activities. With

the Fe content increasing, a phase evolution from Fe doped Ni(OH)2/

NiO(OH) to Ni doped FeO(OH) was demonstrated. The moderate

guest-metal substitution into the host-oxyhydroxide framework (Fe

into Ni or Ni into Fe) substantially enhanced the oxygen evolution

activity with a decrease in both the Tafel slope and overpotential. In

addition, the NiO(OH) and FeO(OH) frameworks exhibited distinct

properties and performances for the oxygen evolution reaction due to

the different metal–oxygen bond lengths and adsorption energies of

the intermediates.
The looming fossil energy crisis and urgent need for CO2

emission reduction have stimulated intense attention and
research for sustainable energy systems and next-generation
energy storage technologies over past decades.1 Recently, energy
conversion and storage based on the hydrogen cycle rather than
the carbon cycle has emerged rapidly and has been demon-
strated to be a promising alternative, including H2 generation
from water splitting using electricity or sunlight and trans-
formations between electrical/solar and chemical energy.2–7 The
oxygen evolution reaction (OER) (4OH� / 2H2O + O2 + 4e�, in
base) occupies the core status of the water splitting process;
nevertheless, it is a kinetically sluggish half-reaction due to the
four proton-coupled electron transfers and oxygen–oxygen bond
formation. So far, noble metal oxides such as IrO2 and RuO2 are
acknowledged as the state-of-the-art electrocatalysts for the
OER, especially in acid, but they suffer greatly from their high
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cost as scarce resources.8 Therefore, it is emergent to explore
highly active, earth-abundant, and chemically stable catalysts to
expedite this process and boost the reaction rate towards
practical application.

Recently, transition-metal-based materials (Ni, Fe, Co, Mn,
etc.) and their (oxy)hydroxides have been investigated exten-
sively and have turned out to be excellent alternatives for OER
catalysis, for example NiFe, NiFeAl, NiCo, CoFe, ZnCo, CoMn
(oxy)hydroxides, etc.,5,9–24 and particularly NiFe (oxy)hydrox-
ides.14,16,18,23–26 It's notable that among all of the reports, the
multi-metallic (oxy)hydroxides are demonstrated to greatly
surpass their monometallic counterparts, which has motivated
systematic investigation of multi-metallic catalytic systems in
terms of their chemical composition, physical structure, and
hierarchical morphologies to ascertain the structure–property
relationships and underlying catalytic mechanism.12,14,27–29

Firstly, the partial substitution of the host (oxy)hydroxide
framework is suggested to increase the electrical conductivity30

and generate a layered double hydroxide (LDH) structure with
enhanced electron transfer and mass intercalation.16,31 In
addition, a partial-charge-transfer activation effect is hypothe-
sized from the doped metal cations,16,32 which alters the elec-
tronic structure and oxidation states of adjacent host metal
cations and the oxyhydroxide framework towards an increased
activity.12,31,33,34 In some other cases, the host (oxy)hydroxides
are considered as a conductive and stable substrate35 while the
incorporated metal cations serve as the real active sites with
a contractive metal–oxygen bond and edge-sharing octa-
hedra.29,36,37 In spite of studying all of these processes both
experimentally and theoretically, there is still controversy about
the actual active sites and the detailed mechanism, and thereby
ambiguous instructions on the design and development of
optimal multi-metallic catalysts for OER.6

The mechanistic investigation and elucidation is challenged
by overcoming the poor conductivity, fully accessing the pre-
conceived active sites, and the effective regulation of both the
chemical composition and the crystal phases.31 To address these
issues, herein, we developed a series of novel graphene/NiFe (oxy)
This journal is © The Royal Society of Chemistry 2016
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hydroxides (G/NiFe) for the study of the different roles of Ni/Fe,
the optimized structure and underlying activity origins of multi-
metallic (oxy)hydroxides involved in OER catalysis (Scheme 1a).
Nanosized NiFe (oxy)hydroxides were uniformly located in the
conductive graphene framework. A phase evolution from Fe
doped Ni(OH)2/NiO(OH) to Ni doped FeO(OH) with increased Fe
addition is demonstrated for the rst time, and the relationship
between the composition and properties is elucidated in depth
(Scheme 1b and c).

The mesoporous graphene framework was rstly fabricated
through a MgO-templated chemical vapor deposition (CVD)
method and then moderately oxidized to serve as the substrate.
NiFe (oxy)hydroxides were generated on the graphene substrate
via a typical urea-assisted co-precipitation with different molar
ratios of the Ni/Fe precursors (4 : 0, 3 : 1, 1 : 3, 0 : 4). The
resultant samples are denoted as G/NiFex (0, 0.30, 0.56, 1.00),
where x is the molar ratio of Fe/(Fe + Ni) as determined by X-ray
photoelectron spectroscopy (XPS) (Fig. S1, Table S1†). For x ¼
0 and 1.00, the symbols are simplied as G/Ni and G/Fe. Taking
G/NiFe0.30 as example, the as-fabricated composite exhibits
a pizza-like structure, with the mesoporous graphene and
nanosized hydroxides decorated onto the scaffolds, as indicated
in scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) images (Fig. 1a–c). Notably, the NiFe0.30
hydroxides exhibit quite a uniform distribution, with an ultra-
thin and nanosized appearance of typically ca. 5 nm, which is
attributed to the interfacial anchor and spatial connement
from the mesoporous graphene substrate. Such a fabrication
method leads to a composite with fully-accessible active sites of
NiFe hydroxides and enhanced electrical conductivity from
graphene, rendering it a promising material platform for the
elucidation of the mechanism.

For G/Ni, however, much larger Ni hydroxide akes grow
outside the graphene with few conned in the pores (Fig. 1d).
This morphology is consistent with those formerly observed for
typical metal hydroxides, which have brucite-like structures
with hexagonal sheets composed of metal cations. When Fe is
introduced, the morphology and hydroxide decoration style
Scheme 1 Schematic diagram of the G/NiFe (oxy)hydroxide
composites. (a) Nanosized and ultra-thin NiFe (oxy)hydroxides
uniformly decorated on the surface of conductive and mesoporous
graphene flakes. (b) Fe doped Ni (oxy)hydroxides at a low Fe content
and (c) Ni doped Fe (oxy)hydroxides at a higher Fe content, indicating
a phase evolution associated with the Fe/Ni ratio.

This journal is © The Royal Society of Chemistry 2016
become similar to that of G/NiFe0.30 (Fig. 1e and f). Interest-
ingly, with the Fe ratio increased, the amount of metal
hydroxide nanoparticles rises while the distribution remains
uniform, as suggested by the TEM images (Fig. 1b–f) and ther-
mogravimetry analysis (TGA) results (Fig. S2†). The morphology
diversity is rationalized by the electrostatic affinity difference
between Ni2+ and Fe3+. Herein, the CVD-derived graphene was
gently oxidized in advance, resulting in a slightly defective and
negatively charged surface. Hence, the more positive Fe3+

cations exhibited a stronger electrostatic affinity towards the
graphene than Ni2+ and thereby accelerated the nucleation
during the co-precipitation process for a higher decoration
density.

The phase and electronic structures of different NiFe
hydroxides were investigated using X-ray diffraction (XRD),
Fourier transform infrared (FT-IR) spectroscopy, and XPS. As
shown in Fig. 2a, G/Ni and G/NiFe0.30 share similar diffraction
patterns, with the (003) peak representing the intercalation of
water and reactive ions in the a-Ni(OH)2 structure (the same as
LDH), which has been reported to be the most efficient phase of
Ni(OH)2 for OER catalysis.13 The (012) diffraction peak at 2q ¼
33.72� corresponds to a d-space of 0.26 nm, which agrees well
with the lattice fringes in the high resolution TEM (HRTEM)
image (Fig. S3a and b†), and its asymmetric nature indicates the
formation of a turbostratic a-Ni(OH)2 lattice. Meanwhile, in the
case of higher Fe content, the XRD patterns are consistent with
FeO(OH) rather than with lamellar hydroxide structures
(Fig. 2b). The weak intensity and high noise-signal ratio of the
G/NiFe0.56 and G/Fe diffraction patterns indicates relatively
poor crystallization. The hydroxide in the G/Fe sample is
assigned to be a polymorph of g-FeO(OH) and d-FeO(OH), while
the pattern of NiFe0.56 suggests successful incorporation of Ni
into the FeO(OH) framework to form a Fe0.67Ni0.33O(OH)-like
structure. A set of lattice fringes with a spacing of 0.25 nm can
also been observed in the nanoplates of G/NiFe0.56 and G/Fe,
which is assigned to the (100) lattice planes (Fig. S3c and d†).
Altogether, these results suggest that with the increasing Fe
content, the resultant materials are transformed from well-
crystallized hydroxides (a-Ni(OH)2 and NiFe LDHs) to amor-
phous oxyhydroxides (Ni substituted FeO(OH) or an FeO(OH)
polymorph, predominantly d-FeO(OH)) (Fig. S4†), which is
believed to be the crucial factor for the corresponding electro-
catalytic activities.31

The XPS survey scan of the G/NiFe hybrids (Fig. S1,
Table S1†) conrms the presence of both Ni and Fe elements in
the (oxy)hydroxides and C in the graphene. No distinct spec-
trum of any Fe species can be identied from the G/Ni sample
compared with G/NiFe0.30 (Fig. S5a†), which is also supported by
the inductively coupled plasma optical emission spectrometry
characterization, rationally indicating the a-Ni(OH)2 structure
in the G/Ni samples. The high-resolution O 1s spectra of all of
the composites reveal three distinct peaks at ca. 529.9, 531.3,
and 532.4 eV, representing the binding energies of oxygen in
C]O or metal–oxide bonds, metal–OH or OH� bonds, and
physi- or chemisorbed water, respectively (Fig. S5b†).40,41

In addition, it's notable that the Ni 2p and Fe 2p from the
NiFe bimetallic (oxy)hydroxides are both slightly shied
J. Mater. Chem. A, 2016, 4, 3210–3216 | 3211
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Fig. 1 Morphology of the G/NiFe composites. (a) SEM and (b and c) TEM images of G/NiFe0.30, showing a uniform decoration of nanosized NiFe
LDHs on graphene. TEM images of (d) G/Ni, (e) G/NiFe0.56, (f) G/Fe, indicating different decoration morphologies compared to G/NiFe0.30.
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compared with the monometallic hydroxides (Fig. 2c and d),
indicating a variable electronic environment altered by the Fe/
Ni ratio. For G/NiFe0.30, Ni 2p1/2, and Ni 2p3/2, the peaks are
upshied (�0.9 eV) aer the Fe incorporation, while the Fe 2p1/2
and Fe 2p3/2 are almost the same. For G/NiFe0.56, however, the
upshi of the Ni 2p peaks is decreased to �0.4 eV but with an
obvious downshi (�0.4 eV) for the Fe 2p peaks. This difference
is believed to be contributed from the guest–host substitution
and the bond length variation. For a low Fe content, Fe
substitutes into the g-NiO(OH) lattice and the bond length of
Ni–O in the g-NiO(OH) host is supposed to be expanded; while
for a high Fe content, it is Ni substitution into the FeO(OH)
framework and the Fe–O length in FeO(OH) host is expected to
be contracted, which has been previously demonstrated by
Friebel et al.29

Furthermore, as shown in Fig. 2e, several characteristic FT-
IR peaks for hydroxides are generated in addition to the peaks
for the oxidized graphene substrate. The peaks around 1380 and
1470 cm�1 are assigned to the interlayer CO3

2�,38 and also
suggested as the O–H bend of the lattice OH in the metal (oxy)
hydroxides.39 The wide band at about 1630 cm�1 is attributed to
the O–H bend of layer or free H2O. The enhanced absorption
band at ca. 3430 cm�1 is ascribed to the O–H stretching vibra-
tion of the layer or free H2O.39 Notably, a narrow peak appears at
3645 cm�1 only for G/Ni and G/NiFe0.30 samples, which origi-
nates from the O–H stretch of the brucite-like structure.40 The
FT-IR results also support the formation of metal (oxy)hydroxide
structures on the graphene substrate.

From the morphological characterization to the physical
structure analysis, it is notable to conclude that the Fe/Ni ratio
not only tunes the morphology and decoration style in the
3212 | J. Mater. Chem. A, 2016, 4, 3210–3216
resultant composites, but also, more importantly, modies the
physical and electronic structures. These diversities arising
from the substitution of guest metals into the host (oxy)
hydroxide framework contribute to the different properties and
performances in OER electrocatalysis.

The OER catalytic activity was measured under alkaline
environment (0.10 M KOH), using a standard three-electrode
system, with a 0.25 mg cm�2 loading of catalyst. At a 5.0 mV s�1

scan rate, the typical linear scan voltammogram (LSV) (Fig. 3a)
shows that the anodic current densities of all G/NiFe catalysts
increase as the potential becomes more positive, which is
a common phenomenon in OER catalysis. The peaks at an
overpotential of �250 mV are related to the Ni2+/Ni3+ redox
reaction. The appropriate incorporation of Fe substantially
decreases the onset overpotential from 361 mV for G/Ni to 303
mV for G/NiFe0.30 (Table 1). With more Fe substitution,
however, the onset overpotential is increased gradually to 430
mV for G/Fe. The overpotentials required to achieve a 10.0 mA
cm�2 current density, which is a critical OER catalytic param-
eter, are 567, 372, 390, and 482 mV, for G/Fe, G/NiFe0.30,
G/NiFe0.56, and G/Fe, respectively (Table 1). To assess the
durability of different catalysts, a series of chronoamperometric
tests were carried out at potentials for an initial OER current
density of 1.0 mA cm�2 (Fig. 3b). The G/Ni sample shows the
best stability with nearly 100% current retention aer 8000 s,
even at a much higher operation overpotential (360 mV) than G/
NiFe0.30 (305 mV) or G/NiFe0.56 (342 mV). It illustrates the
importance of the well-crystallized laminar structure for a better
OER stability. The poor stability of G/Fe may be ascribed to the
high overpotential (400 mV) required for a similar current
density and the amorphous structure. The TEM images and XPS
This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Structural characterization of the G/NiFe composites. (a) XRD
spectra of G/Ni and G/NiFe0.30, showing patterns similar to that of a-
Ni(OH)2 (JCPDS card no. 38-0715 and 22-0444). (b) XRD spectra of G/
Fe and G/NiFe0.56, indicating polymorphs of g-FeO(OH) (JCPDS card
no. 44-1415) and d-FeO(OH) (JCPDS card no. 13-0087), or Fe0.67-
Ni0.33O(OH) (JCPDS card no. 44-0556). (c) High resolution Ni 2p
spectra of G/NiFe0.30 and G/NiFe0.56 compared to G/Ni, with an
obvious shift to higher binding energies. (d) High resolution Fe 2p
spectra of G/NiFe0.30 and G/NiFe0.56 compared with G/Fe, with a slight
shift to a lower binding energy. (e) FT-IR spectra of the G/NiFe
materials and the oxidized graphene substrate.

Fig. 3 Oxygen evolution catalysis performances of the G/NiFe
composites in 0.10 M KOH electrolyte. (a) LSV curves. Scan rate was
5.0 mV s�1. The loading was about 0.25 mg cm�2 for all samples. (b)
Chronoamperometric responses for the different samples at
a constant potential with an initial current density of 1.0 mA cm�2. (c)
Tafel plots of the G/NiFe composites. (d) OER performance as
a function of Fe content in consideration of both the activity (over-
potential required to achieve 10.0 mA cm�2) and the kinetics (Tafel
slope).
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spectra of G/NiFe0.30 aer the 8000 s test indicate the structural
stability during OER catalysis (Fig. S6†). Comprehensively, the
G/NiFe0.30 material exhibits the most promising OER perfor-
mance, considering the activity and stability.

Meanwhile, the LSV curves of these catalysts exhibit some
novel features at higher potentials. For those samples with
higher Fe content, the current density rises slowly at rst but
shows a sharp rise aer certain potentials; as indicated by the
Tafel plots, G/Fe exhibits the lowest slope of 60 mV dec�1, even
lower than that of G/NiFe0.30 by 16 mV dec�1 (Table 1, Fig. 3b). It
is quite interesting that with low Fe content (Fe-substituted
NiO(OH)), the overpotential is decreased, while with a higher Fe
content (Ni-substituted FeO(OH)), the kinetics is greatly accel-
erated, but less active until reaching a certain overpotential
(Fig. 3c). This should be contributed to the different roles of Ni,
Fe, and their oxyhydroxide frameworks, which will be discussed
later. The G/NiFe bimetallic (oxy)hydroxide composites have
This journal is © The Royal Society of Chemistry 2016
been well-demonstrated to possess an enhanced OER perfor-
mance over their monometallic counterparts, with an optimized
Fe content in the range of 25–60 at%, consistent with other
reports.14,29,34,42

To elucidate the variation of OER performance in correlation
with Fe/Ni ratio, we rstly analyzed the Ni2+/Ni3+ redox behav-
iors for different samples (Fig. 4a). The resultant NiO(OH)
phase, oxidized from Ni(OH)2, is believed to be crucial to the
activity of NiFe (oxy)hydroxides for OER, whatever the real active
sites.16,29,36 The incorporation of Fe regulates the oxidation state
of Ni2+, leading to different redox potentials and current
densities.43 Fig. 4b presents the transferred charge integrated
from the redox peak area and corresponding percentage of
oxidized Ni2+. The Ni(OH)2/NiO(OH) transformation is demon-
strated to be suppressed with increased Fe content. This is
consistent with other observations in various NiFe systems34

and CoFe (oxy)hydroxides as well.35 If the LSV curves are
normalized based on the amount of redox active Ni (resultant
Ni3+) in each electrocatalyst, the current density of G/NiFe0.56
outperformed that of G/NiFe0.30, while still keeping the same
onset overpotential trend (inset of Fig. 4b). It is notable that
G/NiFe0.56 exhibits an oxyhydroxide framework of FeO(OH)
rather than NiO(OH) (Fig. 2b). Therefore, this observation can
be rationalized by the different intrinsic activities of the host-
metal (Ni or Fe) oxyhydroxides and also the distinct modulation
effects exerted from the guest-metal (Fe or Ni) substitution.

Besides the active framework and modulation effect, the
electrochemically active surface area (ECSA) is another impor-
tant factor responsible for catalytic activities. The ECSA was
J. Mater. Chem. A, 2016, 4, 3210–3216 | 3213
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Table 1 OER parameters of the G/NiFe electrocatalysts

Sample G/Ni G/NiFe0.30 G/NiFe0.56 G/Fe

Overpotential for 10.0 mA cm�2 (mV) 567 372 390 482
Onset potential – 1.23 V (mV) 361 303 325 430
Tafel slope (mV dec�1) 173 76 67 60

Fig. 4 Elucidation of OER activity versus Fe content. (a) Enlargement
of the Ni2+/Ni3+ redox range in the LSV curves. (b) The charge trans-
ferred during the Ni2+/Ni3+ transformation and the oxidized
percentage from the total Ni2+ based on the integral of the redox peak
area. The inset LSV curves were normalized based on the amount of
redox active Ni (resultant Ni3+) in each material. (c) Charging current
density differences plotted versus scan rates. The linear slope, equiv-
alent to twice that of the double-layer capacitance Cdl, was used to
represent the ECSA. (d) TOF depicted based on Fe, Ni, or the total
number of Fe and Ni in the working electrodes, correlated with the Fe
content.
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estimated from the electrochemical double-layer capacitance
(Cdl) of each electrocatalyst. According to Fig. 4c, G/NiFe0.30
possesses the highest ECSA, more than twice that of G/NiFe0.56
or G/Fe, which is ascribed to the nanosized lamellar structure
and uniform distribution of NiFe oxyhydroxides. The G/Ni
sample with its aggregations of much larger Ni(OH)2 akes
delivers the lowest ECSA. As all samples are fabricated under the
same condition except for their Fe/Ni ratios, it suggests that the
Fe/Ni ratio alters the physical structure and decoration style of
the obtained (oxy)hydroxides and results in regulated ECSAs.

To make more eloquent evaluations of the activity variation
related to the Fe content, the turnover frequency (TOF) was
calculated to compare the intrinsic activities and elucidate their
fundamental origin. However, the accurate calculation of TOF is
always challenging due to the controversy about the real active
sites and also the difficulty of measuring the number of active
sites that actually take part in the catalytic process. Here, we
systematically calculate TOF values based on the number of Ni
and Fe atoms separately or together (denoted as TOFNi, TOFFe,
3214 | J. Mater. Chem. A, 2016, 4, 3210–3216
TOFtotal), assuming that only Ni or Fe or both are involved in the
catalysis. As plotted in Fig. 4d, both the TOFNi and TOFFe
increase linearly when the number of assumed active sites
decrease. It is ambiguous to conclude whether Ni or Fe atoms
are responsible for the real activity sites, as the trends can be
ascribed to the net effect rather than intrinsic origin. However,
the TOFtotal of both of the bimetallic (oxy)hydroxides rises
almost tenfold compared with their monometallic counter-
parts, which unequivocally demonstrates the synergistic role of
guest and host metals in the multi-metallic (oxy)hydroxides
regardless of which one constitutes the host framework.

The observations described here are mostly consistent with
other reports;29,34,35 nevertheless, some new phenomena shed
a novel light on the roles of the different components in multi-
metallic (oxy)hydroxides. Previous work reports that NiO(OH)
serves as the main active substrate in NiFe (oxy)hydroxide OER
catalysts, while pure Ni(OH)2/NiO(OH) itself has little activity,16

and FeO(OH) is an unstable and inactive framework for OER.35

The Fe incorporation, even at an ultra-low concentration
(0.01%) will activate the next-nearest Ni sites for an enhanced
activity,30,34 or generate new active sites on Fe rather than Ni.29

With a higher Fe level above the “Fe saturation limit” (25% (ref.
29) or 11% (ref. 36)), a separate and inactive Fe-rich phase (such
as a g-FeO(OH) phase) is supposed to form and decrease the net
activity. However, in our research presented here, the Fe doped
Ni (oxy)hydroxides and Ni doped Fe (oxy)hydroxides both
exhibited superb activities, while distinct in terms of their onset
potentials and Tafel slopes, which is quite different from
previous reports.

On one hand, the NiO(OH) and FeO(OH) exhibit different
physical structures and thereby distinct performances for OER.
The metal–OH bond of Fe is longer than Ni with a signicantly
higher OH affinity. Meanwhile, the lattice Fe–O bond length is
shorter than Ni–O, which is associated with different oxidation
states.29 The recent research of the CoFe (oxy)hydroxide system
has indicated that FeO(OH) exhibits a higher intrinsic OER
activity than CoO(OH), but suffers from poor conductivity and
stability.35 Therefore, a stable and conductive substrate (Ni or
Co oxyhydroxide), as well as a high potential are required to
demonstrate the intrinsic activity of FeO(OH). In this work, the
NiO(OH) phase delivers a lower onset overpotential (361 mV) for
a low Fe content, while the FeO(OH) phase increases the current
density rapidly (Tafel slope: 60 mV dec�1) aer a higher acti-
vation overpotential (�440 mV) for a higher Fe content.

On the other hand, the incorporation of Fe into the NiO(OH)
lattice (G/NiFe0.30) decreases the Tafel slope from 173 to 76 mV
dec�1, and the Ni substitution into the FeO(OH) framework
(G/NiFe0.56) cathodically shis the onset overpotential by
105 mV but with a slightly increased Tafel slope. This
This journal is © The Royal Society of Chemistry 2016
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observation suggests that no matter which one constitutes the
host oxyhydroxide framework, the other substitution and
modulation will signicantly enhance the performance. As the
Ni–O sites adsorb all of the OER intermediates too weakly while
Fe–O sites too strongly,29 the wise modulation of NiFe (oxy)
hydroxides with an optimal Fe/Ni ratio is believed to alter the
metal–oxygen bond length and consequently the intermediate
adsorption energy towards optimal values. Remarkably, the
G/NiFe0.30 exhibits a smaller Tafel slope and onset potential
than those of G/Ni, indicating a favorable synergetic effect of the
Fe substitution and NiO(OH) framework.

In conclusion, we fabricated a series of G/NiFe (oxy)hydrox-
ides, and investigated the role of the Fe/Ni ratio on the resultant
physical structures, decoration styles, and superb OER perfor-
mance. With the Fe concentration increasing, the as-obtained
electrocatalysts evolved from well-crystallized hydroxides
(a-Ni(OH)2 and NiFe LDHs) to amorphous oxyhydroxides (Ni
substituted FeO(OH) or a FeO(OH) polymorph). Moderate guest-
metal substitution into the host oxyhydroxide framework (Fe
into Ni or Ni into Fe) substantially enhanced the OER activity
with a decrease of both the Tafel slope and overpotential. In
addition, both the NiO(OH) and FeO(OH) frameworks exhibited
distinct properties and performances for OER due to the
different metal–oxygen bonds and adsorption energies. Under
the guest incorporation and modulation, both physical and
electronic structures are altered, resulting in an optimal metal–
oxygen bond length and adsorption sites for OER intermedi-
ates. This work provides new insight into the role of the (oxy)
hydroxide substrate and guest-metal incorporation for OER
catalysis. It is expected to shed fresh light on the rational design
of multi-metallic materials for superior electrocatalysis.
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