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ABSTRACT

Developing oxygen evolution reaction (OER) electrocatalyst based on earth-abundant materials holds
great promise for ascertaining water-splitting to surmount its deprived kinetics. In this regard, NiFe-LDH
(layered double hydroxide) receives considerable attention owing to their layered structure. However,
they still suffer from poor electronic conductivity and structural stability. We combined NiFe-LDH
nanosheets with Magnéli phase Ti4O7 into a heterostructured composite. A series of analyses reveal
that decorating Ti4O7 facilitates charge transfer to enhance the conductivity of NiFe-LDH-TizO7. During
electrochemical measurement, Ni?* is transformed to metastable Ni** (Ni (OH)— NiOOH) before the
OER onset potential. Thus, the presence of Ni>* as the main active sites could improve the chemisorption
of OH™ to facilitate OER. As a result, the NiFe-LDH-Ti4O7 catalyst delivers as low as onset potential
(1.43 V). Combining the holey structure (NiFe-LDH and Ti4O7) and the defect engineering generated on
NiFe-LDH-Ti4O7 as a synergistic effect improves the OER performance. The inclusion of Ti4O7 in the
composite leads to more vacancy sites, as evidenced by the extended X-ray absorption fine structure
(EXAFS) analysis. The obtained defective structure with a low coordination environment would improve
the electronic conductivity and facilitate the adsorption process of H;O onto metal cations, thereby
increasing the intrinsic catalytic activity of NIOOH. The strong coupling of NiFe-LDH and Ti4O7 also in-
creases the stability, and the heterostructured composite helps maintain the structural robustness of the
LDH.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

polluting characteristics, water splitting is considered an impor-
tant pathway to produce spotless energy and substantially increase

The world has never needed energy more than it does today. The
quest for abundant, convenient, and sustainable energy sources
continues to be the primary concern to confront the ever-increasing
standard of living [1]. The principal energy source across the globe
is fossil fuels, which are rapidly depleted. In addition to the limited
resources, the problem is further intensified by the growing world
population and global warming due to CO, emissions from fossil
fuel combustion [1—3]. Owing to its high energy density and non-
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the share of renewable energy sources for powering the globe
[4—8]. However, the oxygen evolution reaction (OER) with sluggish
kinetics has remained a grand bottleneck to realize efficient water-
splitting technologies meeting the desired goals. Even the
conventionally accepted benchmark catalysts such as IrO, and RuO;
are not satisfactory in catalyzing OER, not to mention their scarcity
and high cost [9]. OER also plays a pivotal role in achieving
rechargeable metal—air batteries [5]. This necessitates the explo-
ration of catalysts driving OER at a lower overpotential and faster
kinetics. In this regard, metal oxides/double-layer hydroxides have
been acknowledged for their promising performances in ORR [10],
OER [11]. However, they are challenged by their intrinsically poor
conductivity, impeding the electron transfer rate and thereby
jeopardizing the entire catalytic activity [12].
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Recently, layered double hydroxides are excellent alternatives in
this field. Among them, Ni-based LDH materials have attracted
significant interest since Considering the effective charge transport,
appreciable stability, immensely exposed active surface sites,
composed of materials that are found naturally on earth, and
because they exhibit impressive catalytic activity [12,13]. Despite
the great progress, low conductivity and self-aggregation are still
the current primary issues for NiFe-LDHs, which inhibit the opti-
mization of electrocatalytic performances.

Lately, strategies have been developed to overcome these
problems, such as creating three-dimensional (3D) nanostructures,
[14] or adjusting the cation valences, or stacking the structure of
LDH [15]. Carbon support has important featuring like low cost,
high surface area, and conductivity, making it a popular material
in various electrocatalytic systems [16—19]. However, poor sta-
bility caused by carbon corrosion and the predominance of weak
contacts among support and catalyst leads to the agglomeration
and detachment of catalyst from support. These also lead to a
consequent decrement in active surface area and loss in activity
after long-term operation [20]. Researchers have designed robust
non-carbon support materials, such as conductive and stable
metal oxide support, to avoid the issue of carbon corrosion
[21-23], to introduce a synergistic co-catalytic, and to create
metal and oxygen vacancy [10,24]. Therefore, blending LDH with
metal oxide enhances the stability of the material in an alkaline
electrolyte, primarily when the conductive Ti4O7 instead of TiO; is
employed.

With this outlook, we systematically investigated combining
the NiFe-LDHs and TizO; (NiFe-LDH-Ti4O7) as high-performance
and stable catalysts for OER. Based on the above contemplations,
it is hoped that the heterostructured composite of NiFe-LDHs on
Ti4O7 has several additional effects. (i) Decorated TizO7 can in-
crease the oxygen vacancies on the interface to improve OER
catalytic activity. (ii) The poor electronic conductivity of LDHs can
be improved via catalyst—support interactions. (iii) The electronic
coupling and structural defects caused by the composite are
testified by the X-ray absorption spectroscopy (XAS) technique.
Furthermore, how these features are translated into actual cata-
lytic performance is of major concern. It is envisaged that the
suggested heterostructured composite offers a new strategy and
understanding in developing intrinsically highly active, stable, and
robust OER electrocatalysts.

2. Experimental section
2.1. Synthesis of Ti4O7 as catalyst support

Ti4O7 was synthesized by dissolving TiO, with ethanol and
followed by (3-aminopropyl) trimethoxysilane. The pH of the so-
lution was maintained by adding NHs. Then, tetraethylorthosili-
cate was added under continuous stirring. The synthesized
material was collected through centrifuged, repeatedly washed,
filtered, and dried at 80 °C. Afterward, the sample was ready to
reduce with pure H, [10]. Finally, SiO, was removed through
etching Ti4O7 with HF.

2.2. Synthesis of NiFe-LDH

NiFe-LDH was prepared with a hydrothermal method at 120 °C
for 12 h. Then, the resulting powder NiFe-LDH was washed and
dried at 80 °C[25]. To prepare NiFe-LDH-Ti4O7 Ti4sO7 was added and
followed the same procedure for NiFe-LDH synthesis. The detailed
procedures, characterization methods, techniques about the elec-
trochemical measurements are summarized in the supplementary
information.
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2.3. Characterization

The crystal structure of the sample was studied by using an X-
ray diffractometer (Bruker D2 Phaser XRD machine, equipped with
a Cu-Ko irradiation photon source (A = 1.5406 A, Ni filter, 40 kV, and
100 mA). Morphologies and elemental analysis of the samples were
examined using a field emission scanning electron microscope
(FESEM, JEOL 7600 F) equipped and an energy dispersive spectro-
scope (EDX).

Electrochemical measurements were implemented with Ni-
foam (diameter: 5 mm; 1.6 mm thickness) in a three-electrode
setup. The catalyst ink for the Ni-foam test was prepared by
dispersing 0.014 g of the sample into 1 ml (4:1) solution of IPA:
H,0: 5% Nafion. The ink was drop-cast onto a Ni-foam tip to attain a
mass loading of 0.2 mg cm~2. Ni-foam, graphite counter electrode,
and Ag/AgCl (3 M KCl) reference electrode were immersed in 1 M
KOH previously purged by O,. The catalytic activity of the samples
was investigated via cyclic voltammetry (CV) and linear sweep
voltammetry (LSV). CV was carried out at a scan rate of 5 mV/s. The
samples were cycled about 20 times until stable CV curves were
obtained. LSV was performed at a scan rate of 1 mV/s to get po-
larization curves. Commercial carbon paper (CeTech Co. Ltd.,
Taiwan; 0.18 mm thick and batch number 201120) was adopted for
the durability test with a fixed reaction area of 1 cm?. The carbon
was rinsed with IPA before use without any further pretreatment.

2.4. Electrochemical impedance spectroscopy

The ohmic resistance (Rq) (which includes resistance from
components such as the electrolyte and electrode) and the charge
transfer resistance (R¢) of electrocatalysts were determined from
electrochemical impedance spectroscopy (EIS), whose frequency
ranged from 100 mHz to 100 kHz (amplitude = 10 mV). EIS
was conducted using a computer-controlled potentiostat
(PGSTAT302 N, Metrohm Autolab) assembled with a rotational
system (Pine Research Instrumentation, Durham, NC, US.A.)in 1 M
KOH electrolyte solution at 25 °C and ~1.45 V (vs. RHE), which is the
typical potential used for assessing the electrochemical activity of
the electrocatalyst for OER. The total mass loading was 1 mg/cm?.

3. Result and discussion
3.1. Materials characterization

The LDH ink was directly cast on Ni-foam to measure electro-
chemical performance. Ni-foam was adopted due to its high elec-
tronic conductivity. More importantly, it could minimize the
oxygen bubble and facilitate electrolyte diffusion across the active
catalyst. The individual images of as-prepared NiFe-LDH and TizO7
are seen in Fig. 1a and b. The morphology of the NiFe-LDH-TizO7
composite, characterized by SEM in Fig. 1c, shows a well-aligned
LDH nanosheet structure uniformly decorated by Ti4O7. It further
confirms that the decoration of TisO; did not change the
morphology and crystal size of NiFe-LDH. EDS analysis in Fig. S2
validates Ni and Fe’s existence in an atomic ratio of 3:1, showing
their uniform distribution in the NiFe-LDH-Ti4O7 nanosheets.

The crystal structure of NiFe-LDH exhibits a series of Bragg
diffraction that best fits with NiFe-LDH is assigned to
JCPDF#89—7111. The XRD graph depicted in Fig. 1d confirms no
impurity phases after decorating Ti407. It also shows that the
supporting material does not diffuse into the interlayered structure
of LDH meanwhile. The Raman spectra in Fig. 1e show the peaks are
correlated with a representative nitrate-intercalated NiFe-LDH,
such as v(NO3) at 1500 cm~’. Raman peaks at 470 cm~! and
565 cm~! are assigned to M-O-M, M—OH, and M—O vibrations.
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Fig. 1. SEM images for (a) NiFe-LDH (b) Ti407, and (c) NiFe-LDH-Ti407 composite; (d) XRD patterns of NiFe-LDH, Ti4O, and NiFe-LDH-Ti4O7; (e) Raman spectra of as-prepared NiFe-

LDH and Ti4O7 at smaller ranges.

Compared to NiFe-LDH, NiFe-LDH-Ti4O7 shows a visible red-shift of
the band ascribed to the O—M-0 and O—M bending, likely caused
by crystal defects [26]. Meanwhile, the strong and weak peaks at
high wavenumbers at 3580 cm™~! and 2950 cm ™! shown in Fig. S3¢
were attributed to the stretching mode of OH bonds in the hy-
droxide layer and H,O. It further proves the intercalation of OH™ ion
and water molecule, respectively. FTIR measurement was also
conducted to confirm the intercalation of anions (Fig. S3d). LDH
material shows a sharp peak at 1366 cm~' and confirms the
stretching vibration of the interlayer NO3 ions. The bands in the
low-frequency region, approximately 700 cm™" belong to M-O-M
(Fe/Ni—O, and Ni/Fe—O—Fe) vibrations of the layer cations of LDH.
The broad shoulder band near 3500 cm~! may be ascribed to the
O—H group stretching vibration from the interlayer water mole-
cules and hydroxide layers. The vibration at 1630 cm ™~ is attributed
to the angular deformation mode of H,O molecules. Therefore, FTIR
measurement combined with Raman confirms the formation of
NiFe- LDH with interlayer anions that play their parts in OER
activity.

The change in electronic structure, surface chemical state,
elemental information, and interaction amongNiFe-LDH-Ti4O; was
examined by XPS. The full wide-range spectra (Fig. S4) first confirm
the co-existence of Ni, Fe, Ti, and O in the as-synthesized material in
their respective binding energy. Concerning the individual spectra
for Ni, Fe, and Ti, as depicted in Fig. 2, the Ni 2p spectrum shows
deconvoluted into four peaks, confirming the split of 2p orbital into
2p12 and 2p3p; doublets due to spin-orbit coupling. The band
center of Ni 2p at 859.3 eV and 876.9 eV homologous to Ni 2p3; and
Ni 2pq)2, respectively in Fig. 2a, imparts the presence of Ni%* in
NiFe-LDH. However, the Ni 2p orbital in NiFe-LDH-Ti4O7 shifts by
1.3 eV to higher binding energy than the Ni 2p spectrum in the
NiFe-LDH, suggesting the Ni>* was oxidized into Ni [3]+. Similarly,
the appearance of two distinct peaks at 714.5 eV and 727.2 eV in
Fig. 2b corresponds to Fe3* 2p12 and Fe3+ 2ps3p2, respectively.
Noticeably, the BE for the peaks of Fe 2p3; and Fe 2pqp; in NiFe-
LDH-Ti4O7 shows a slightly negative shift compared to Fe 2p
spectrum in NiFe-LDH. However, the BE of Ti 2p3; (458.4 eV) in

NiFe-LDH-Ti4O7 shifts to a lower binding energy position compared
to the Ti 2p32 in Ti4O7, as seen in Fig. 2c. This could be attributed to
the presence of corundum Ti,O3 (Ti>*) or oxygen vacancies in the
composite and the electronic coupling, i.e., charge transfer, be-
tween the supporting Ti4O; oxide and the NiFe-LDH. Similarly, a
shoulder peak at a lower energy of 456.0 eV in NiFe-LDH-TizO7
(Fig. 2¢) can be attributed to the existence of the valence state of
Ti%* ions. It has been suggested that electronic coupling could play
an important role in OER catalysts, such as NiMn-LDH and Ag
nanowires [14] and NiRu-LDH [10]. In the following, how this effect
in the heterostructure composite could affect the OER activity will
be discussed.

3.2. XANES and EXAFS analysis of the heterostructured composite

X-ray absorption spectroscopy was conducted at the beamline
station 17C, NSRRC, Taiwan, to investigate the interaction between
NiFe-LDH and Ti4zO7, variation in oxidation state, and local sym-
metry of metal ions. The structural and electronic effects are
gathered from EXAFS and XANES, respectively. The threshold en-
ergy position of the K-edge XANES spectra of the transition metals
is sensitive to their oxidation states. At the same time, the shape of
the peaks is sensitive to the local structural environment of the
absorbing element. Based on this, Ni, Fe, and Ti K-edge XANES
spectra are characterized by three common parts, i.e., edge jump (1s
— 3d), main edge (dipole transition 1s — 4p), and multiple
scattering peak positions. Fig. 3a shows the Ni K-edge XANES of
NiFe-LDH- Ti4O7, together with NiFe-LDH, NiO, and Ni(OH); as the
references. The oxidation state of as-prepared NiFe-LDH is close
to +2 since the main absorption edge position coincides with that
of NiO. However, the main edge position of NiFe-LDH-Ti4O7 shows
shifts to a higher energy than NiFe-LDH, suggesting the increased
oxidation state of Ni in NiFe-LDH-Ti4O- due to the electron transfer
from the Ni site to the Ti4O7 support, agreeing with the finding from
XPS. The lower white line peak implies the lower unfilled state of Ni
in NiFe-LDH-Ti4O7 compared to Ni in NiFe-LDH. Fig. 3b shows the
Fe—K edge XANES spectra for NiFe-LDH and NiFe-LDH-TizO-,
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Fig. 2. XPS spectra of (a) Ni 2p, (b) Fe 2p, and (c) Ti 2p in NiFe-LDH and NiFe-LDH-Ti4O7.

together with reference compounds a-Fe;03 and y-Fe;03. The edge
position of the NiFe-LDH-Ti4O7 sample is slightly shifted toward
higher binding energy than NiFe-LDH and the other iron oxide
samples, suggesting that the oxidation of Fe in NiFe-LDH-Ti4O7 is
higher than Fe3*. It is to note that the trend of Fe oxidation state in
various samples observed by XANES is different from the afore-
mentioned XPS results. The inconsistency might result from the
difference in the probing depths in the two analysis techniques.
On the other hand, the Ti K-edge in Ti4O7 shows shifts to lower
energy relative to TiO,, both commercial and synthesized, insinu-
ating the partial reduction of Ti** to Ti>* in Ti4O~. In contrast, the
edge position of Ti K-edge in NiFe-LDH-Ti4O7 has a noticeable shift
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to lower energy compared to Ti4O7 (Fig. 3¢), suggesting the valence
state of Ti in NiFe-LDH-Ti4O7 becomes lower after the decoration.
This was rationalized by the charge compensation mechanism
because there is more loss of metal sites in LDH during the deco-
rating by Ti4O7. In the XANES analysis, the positive and negative
shifts of the (Ni, Fe) and Ti K-edge reveal the strong electronic
interaction between NiFe-LDH and Ti4O; when forming a hetero-
structured composite, whereby the electrons are primarily trans-
ferred from the Ni sites in NiFe-LDH (i.e., oxidation state from +2
to > +2) to TizO7. The coupling effect between NiFe-LDH and Ti4O7
regulates the redox behaviors of Ni and Fe cations, resulting in
active phases during the OER process. The combination of LDH and
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Fig. 3. XANES at the (a) Ni K-edge, (b) Fe K-edge, and (c) Ti K-edge curves of catalysts and standards.
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oxide and the composite formation gives rise to some changes in
the coordination environment and structural order/disorder. This
evidence is believed to be associated with enhancing intrinsic
properties of NiFe-LDH, which remarkably improves the OER ac-
tivity of NiFe-LDH- TizO7 which will be discussed in the next
section.

Tailoring the electronic structures of electrocatalysts through
defect engineering (such as oxygen vacancies (Ovac) and Ni>* de-
fects) is the fundamental strategy to increase the number of active
sites, shorten the electron/ion path to facilitate their transfer rates
and improve the intrinsic activity, thus substantially increase OER
performance [27]. Next, EXAFS spectra provide direct evidence for
the as-synthesized catalyst’s local structure and atomic arrange-
ment. Thus, EXAFS spectra of Ni and Fe K-edges of both NiFe-LDH
and NiFe-LDH-TizO7 display two main peaks assigned to the near-
est neighbor metal-oxygen (M—0) and metal-metal (M—M) cor-
relation, as seen in Fig. 4a and b and Fig. S6. The Ni—O EXAFS spectra
for NiFe-LDH-Ti4O7 has a slightly lower bond length (Ni—O 1.98 A)
and coordination number (N = 5.77) (Fig. 4a, Table S1) relative to
Ni(OH), (2.06 A, N = 6.0) and NiFe-LDH (2.03 A, N = 5.86). There-
fore, the M — O and M—M bond for Ni K-edge spectra before and
after decorating by TizO; show a negligible change in intensity
(Fig. 4a), suggesting both Ni’s local structure and crystalline size
NiFe-LDH is not affected by decorating TizO7. Likewise, the EXAFS Fe
K-edge (Fig. 4b and Table S2) in NiFe-LDH-TizO7 shows a lowered
intensity of these two peaks compared to NiFe-LDH. This indicates
that the NiFe-LDH-Ti4O; composite contains fewer Fe cations
caused by the increased number of edge defects and vacancies, as
estimated by the fitting parameters summarized in Table S1. The
lowered intensity of the peaks suggested that the material con-
tained massive oxygen and metal vacancy defects, indicating
structural distortion and the existence of vacancy resulting from
blending TizO7. The obtained defective structure with a low coor-
dination environment would improve the electronic conductivity
and facilitate the adsorption process of H,O onto metal cations,
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thereby increasing the intrinsic catalytic activity of NiOOH [28].
Further, defect-induced structural distortions can also be observed.
The K-edge kx oscillation curve of Ni in NiFe-LDH-Ti4O (Fig. S5)
demonstrated a minor change. Still, Fe's K-edge k>x oscillation curve
shows a significant change in Fe the oscillation amplitude, sug-
gesting a change for Fe atoms’ coordination environment. Concur-
rently, in Fig. 4c, the Ti K-edge spectra show an insignificant change
in intensity before and after combining with LDH, implying that the
Ti K-edge was not much affected by the combination between
catalyst and support. Fig. 4d showed the schematic process with
oxygen and metal multivacancies, which could be expected sub-
stantially to alter the electronic structure and enhance the elec-
trocatalytic performance for NiFe-LDH-TizO>.

3.3. Oxygen evolution reaction

The OER is a surface practice and is considerably inclined by the
surface nature of the electrocatalyst. Thus, the degree of disorder,
coordination number of the surface atoms, and bond configurations
in the electrocatalyst affect its electrocatalytic activity. Therefore,
linear sweep voltammetry (LSV) was performed to confirm the OER
electrochemical activity of NiFe-LDH-Ti4O7. In Fig. 5a, the polari-
zation curve of the as-synthesized material, with an oxidation peak
and onset potential for OER at ~1.38 V, and 1.43 V (vs. RHE),
respectively. The best OER activity (lower onset overpotential) is
ascribed to the oxidation of Ni(OH); to NiOOH species. Interest-
ingly, the oxidation of Ni** to Ni** NiFe-LDH-Ti4O; appears at a
lower overpotential than NiFe-LDH and Ni(OH),. A lower potential
is required for the formation of NiOOH phase on the NiFe-LDH-
Ti4O7 than on the NiFe-LDH and Ni(OH),, indicating the faster
kinetics of the NiFe-LDH-Ti4O; to realize the Ni2"-Ni** trans-
formation, corresponding to a smaller overpotential [29—31]. The
much easier formation of NiOOH species in NiFe-LDH-Ti4O7 than
that of NiFe-LDH is mainly ascribed to factors, including 1) better
conductivity of TizO7 whose conductivity is much higher than
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anatase TiO, (and NiFe-LDH), which facilitates the charge transfer;
2) abundant unsaturated sites created due to the formation of a
heterostructured composite, as evidenced in XAS/EXAFS analysis.
Notice that Ni>* reacts with water to generate oxygen. As a result,
the coexistence of Ni>*/Ni** species is crucial to activating water,
and the OER is likely to occur at the domain Ni3* sites. As confirmed
in our FTIR spectra Fig. S3d, the presence of NO3 at around
1385 cm ™! resulted from metal precursors and OH™ in the elec-
trolyte would intercalate into the interlayer galleries of LDH to
maintain the charge neutrality when Ni?* is transformed into Ni>*.
Thus, the faster and easier formation of more NiOOH involved in
the reaction demonstrates faster kinetics and higher intrinsic OER
activity of the NiFe-LDH-Ti4O~. During this measurement, there was
no redox transition in Fe observed at a similar potential range.
Hence, Fe in NiFe-LDH can benefit the O* radical formation, and Ni
facilitates the O—O coupling, but the weak adsorption of oxygen-
ated intermediates (especially *OH) to the NiFe-LDH is potentially
the highest energy-consuming step.

To reach a current density of 10 mA/cmZ, NiFe-LDH-TizO7
required an applied overpotential of 270 mV, whereas the com-
mercial benchmark IrO, could be operated at an overpotential of
260 mV. The comparable overpotential indicates that NiFe-LDH-
Ti4O7 is efficient toward OER and can be an effective alternative to
expensive IrO;, which surpasses barely with 10 mV less. For com-
parison, the other two electrocatalysts, Ni(OH), and NiFe-LDH, had
overpotentials of 350 and 320 mV under the same conditions. The
NiFe-LDH-Ti4O7 composite exhibits a lower OER overpotential than
NiFe-LDH, which confirms that the heterostructured composite
material is highly active for OER, most probably due to the syner-
gistic effects between NiFe-LDH and conductive TizO; and the

increased number of active sites. To further investigate the OER
reaction kinetics, the Tafel slope of each sample was estimated in
Fig. 5b. A smaller Tafel slope implies a higher OER kinetics activity.
It is interesting to know that the estimated Tafel slope of IrO,, NiFe-
LDH-Ti40O7, NiFe-LDH, and a-Ni(OH); are 31, 35, 37, and 44 mV/dec,
respectively. The estimation results show the inclusion of conduc-
tive Ti4O7 is beneficial for NiFe-LDH with faster charge transfer,
which enhances the OER activity in return. Moreover, the catalysts’
double-layer capacitance (Cq)) was estimated to compare the
electrochemically active surface area (ECSA) of LDH samples and
Ti4O7 by measuring the charging current in a potential window free
of the Faradic process, as seen in Fig. S7. The ECSA value is presented
by the linear slope of the capacitive current versus scan rate,
equivalent to twice the double-layer capacity Cq; [29,30]. The Cq
values (Fig. 5¢) of the catalysts were 1.08, 0.062, and 1.26 mF cm 2
for NiFe-LDH, Ti4O7 and NiFe-LDH-Ti4O7, respectively. It is to note
that the ECSA of the heterostructured composite increased
approximately 16.7% from the pristine NiFe-LDH. The large ECSA
value for the NiFe-LDH-Ti4O7 composite is another main contrib-
uting factor to an increase in OER catalytic activity. To avoid the
confusion of the contribution of Ni foam when used as a current
collector, we drop cast our catalyst on carbon paper, which has no
OER performance with good electronic conductivity and can release
the oxygen bubbles quickly from the surface. However, the per-
formance does not vary with NiFe-LDH-TizO7/Ni foam. Both have
the same onset potential of 1.43 V, as depicted in Fig. 5d. Further, to
compare synthesized catalysts’ intrinsic activities, ECSA normalized
LSV (Fig. S8) is provided. As a result, the intrinsic activity for NiFe-
LDH-Ti4O7 shows an increase after taking ECSA normalization
compared to NiFe-LDH [34]. Although the increased
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electrochemical current in NiFe-LDH might actually be from the
increased surface area, Ti4O7 can affect the surface area for NiFe-
LDH-TizO7. As discussed in the EXAFS analysis, the decoration of
Ti4O; resulted in the additional generation of metal vacancies
(mainly Fe sites) and oxygen vacancies, which help create and
expose more active sites. As mentioned, the presence of conductive
Ti4O7 in the LDH composite also enables a stronger electronic
coupling with the electrocatalyst itself and allows faster charge
transfer. More assessable active sites with improved reaction ki-
netics give consequently superior activity.

The electrocatalytic kinetics and charge transfer process were
also investigated further through electrochemical impedance
spectroscopy (EIS) of as-synthesized samples at an overpotential of
220 mV. In Fig. 6a and Table 1, NiFe-LDH-Ti4O; possesses the
smallest semicircle, which indicates that the composite material
has the lowest R, among all samples at the corresponding elec-
trode/electrolyte interface, pointing to a fast reaction rate of NiFe-
LDH-Ti40O7. The R value of NiFe-LDH is twice as high as that of the
R¢¢ of NiFe-LDH-Ti4O7. The decorated Ti4O7 dramatically improves
the conductivity of the NiFe-LDH and hence enhances its OER
performance. Besides the activity, the durability of the electro-
catalysts is another critical parameter. Then, we measured using the
chronopotentiometry method at a potential of 1.45 Vvs.RHE in 1 M
KOH solution after drop-casting on carbon paper to avoid extra
bubbles from Ni foam. During durability measurement, the increase
in current density observed for the first 10 h in NiFe-LDH-TizO7
(Fig. 6b), which might be attributed to insufficient wetting of car-
bon paper, or an electro-activation process (i.e., phase trans-
formation) [35], the loss of intercalated anions ions [36], and
activation process of Ni(OH), material to produce high oxidation
intermediates [37,38]. The heterostructured NiFe-LDH-TizsO; com-
posite showed satisfying durability for 30 h without noticeable
degradation in the activity or structure.
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Table 1
Fitting data for corresponding equivalent circuit Nyquist plots of the electrochemical
impedance spectra.

Electrode R, (ohm) Ree (ohm) CPE1 (QS~'7?)
NiFe-LDH 47.35 4227 0.62
Tis07 45.77 375.2 0.76
NiFe-LDH-Ti,0, 46.75 106.3 0.77

To sum up the overall effects of the decoration of Ti4O7 and the
heterostructured composite, the insertion of Fe into hexagonal
nickel hydroxide, and the decoration of NiFe-LDH with TizO7 result
in metal vacancies (primarily Fe) and oxygen vacancies and
increased activity. Furthermore, it is known the redox trans-
formation of Ni** to Ni>* in Ni(OH); can be seen as the activation of
active sites. Hence, the required onset overpotential ratio for
Ni(OH),, NiFe-LDH, and NiFe-LDH-Ti4O; can be termed as a
benchmarking percentage for the site activity among these elec-
trocatalysts with a similar layered structure. As seen in Fig. 6¢, the
corresponding onset overpotentials for NiFe-LDH and NiFe-LDH-
TizO7 require 95% and 92% of the reference sample Ni(OH),. As
confirmed by XPS and XANES results, the electronic coupling in the
composite is reflected by the redox transformation of Ni** to Ni**.
The electron transfer from Ni to TizO is believed to facilitate the
mechanism. Thus, a lower overpotential percentage than the
reference indicates the higher site activity of the decorated mate-
rial. We also propose that larger lattices (from XRD) favor the ionic
intercalation of NO3, OH™ and the exposure of more active sites for
oxygen-evolving (Fig. 6d), which is confirmed by the increase of
ECSA from Ni(OH), — NiFe-LDH — NiFe-LDH-TizO7 (Fig. 5c).
Furthermore, for NiFe-LDH-Ti4O7, the Ni—M (M = Ni, Fe, Ti) elec-
tronic interaction evidenced from XAS and XPS (Figs. 2 and 3) is
an important factor in enhancing the catalytic activity of NiFe-LDH-
TisO7.
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Fig. 6. (a) Nyquist spectra at an overpotential of 220 mV. Inset: the corresponding equivalent circuit; (b) Chronopotentiometry OER stability test for NiFe-LDH, NiFe-LDH-Ti,O at a
potential of 1.45 V vs. RHE in 1 M KOH solution; (c) Percentage of vacancies (both oxygen and metal) and oxidation overpotential where Ni(OH), was referred as a benchmarking
sample; (d) Comparison of the OER onset potential and the cell voltages of electrocatalysts to produce 10 mA/cm?.
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Providing Ni(OH); as the standard sample with a coordination
number of 6 for both Ni and O atoms, the comparative meal va-
cancies (V) and oxygen vacancies (Vo) in LDH samples can be
estimated from the EXAFS-derived parameters summarized in
Table S3 and definition stated in the supporting information. The
percentages of Vg for NiFe-LDH and NiFe-LDH-Ti4O7 are 2.3% and
3.8%. The induced Vg can decline the reference of H,O adsorption
on the surface of the catalyst, leading to increased site activity and
improved OER activity of NiFe-LDH. The effect of oxygen vacancies
and site activity are correlated. Although the TizO; decoration
slightly decreases Vy; of NiFe-LDH-Ti4O7, the formation of metal
vacancies also allied with the size reduction of LDHs increase the
accessible active sites [32]. Therefore, the Ti4O; decoration in
conjunction with the Fe introduction into LDHs increases both
accessible active sites and oxygen vacancies.

It is evident that both Ni and Fe (Ni—O—Fe) interactions play a
critical role in optimizing the OER performance. For that reason, Ni
sites with oxygen vacancies in concert with metal vacancies,
created by the insertion of Fe to Ni(OH), and strain effect from
Ti407, act as the centers of water activation, favoring the dissocia-
tion of H,O molecules through increasing active site activity in the
electrocatalyst. Several NiFe-based OER electrocatalysts reported in
literature (for example: Co—CH@NiFe-LDH [40], CoO—CosN@NiFe-
LDH [41], Ag@NiFe-LDH [24], NiCo2S4@NiFe-LDH [33], CoSx@NiFe-
LDH [42], Mo—Ni3S,@NiFe-LDH [30], NizSe,@NiFe-LDH [43],
C09Sg@NiFe-LDH [44], Ag@NiMn-LDH [14], NiFeRh-LDH [31], NiFe-
LDH [29,39], and Ta—NiFe-LDH [45]) are compared in Fig. 6d. The
heterostructured composite NiFe-LDH-Ti4O7 has a satisfying OER
activity with comparably low overpotential and retains 100% of the
activity for 30 h, indicating its superior durability attributed to the
Magnéli phase Ti4O7.

4. Conclusion

The heterostructured composite of NiFe-LDH-Ti4O; has a
comparably high activity toward the oxygen evolution reaction
(OER) with an overpotential of 270 mV to achieve 10 mA/cm?. Its
Tafel slope is 35 mV/dec, showing superior reaction kinetics. The
composite has demonstrated several advantages over the 2D NiFe-
LDH. First, Ti4O7 anchored on NiFe-LDH provides a fast electron
transport pathway, dramatically enhances the conductivity, and
reduces the charge transfer resistance of the NiFe-LDH. The inclu-
sion of Ti4O7 also brings more structural defects to the NiFe-LDH, as
confirmed by EXAFS analysis. The increased oxygen vacancy ratio
correlates well with then enhanced activity, whereby it is under-
stood that more active sites are created and become accessible. The
presence of metal and oxygen vacancies also affects the interfacial
electron redistribution of the NiFe-LDH-Ti4O7; on the interface,
which influences the adsorption of the active species and improves
the catalytic activity. The XPS and XAS results confirm various
valence states of Ni, Fe, and Ti. The electronic coupling with elec-
tron transfer from Ni sites in NiFe-LDH to T407 indicates that the
earlier redox transformation of Ni?* to Ni>* effectively decreases
the onset overpotential for OER. In the chronopotentiometry test at
1.45V vs. RHE, the heterostructured composite NiFe-LDH-Ti4O7 can
maintain its durability for 30 h. Consequently, this work gives
mechanistic insights into designing non-precious, durable, and
competitive OER electrocatalysts reinforced by highly conductive
and robust materials.
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