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Abstract High-performance and stable electrocatalysts
are vital for the oxygen evolution reaction (OER). Herein,
via a one-pot hydrothermal method, Ni/Fe/V ternary
layered double hydroxides (NiFeV-LDH) derived from Ni
foam are fabricated to work as highly active and durable
electrocatalysts for OER. By changing the feeding ratio of
Fe and V salts, the prepared ternary hydroxides were
optimized. At an Fe:V ratio of 0.5:0.5, NiFeV-LDH
exhibits outstanding OER activity superior to that of the
binary hydroxides, requiring overpotentials of 269 and
274 mV at 50 mA-cm? in the linear sweep voltammetry
and sampled current voltammetry measurements, respec-
tively. Importantly, NiFeV-LDH shows extraordinary
long-term stability (= 75 h) at an extremely high current
density of 200 mA-cm™. In contrast, the binary hydroxides
present quick decay at 200 mA-cm™ or even reduced
current densities (150 and 100 mA-cm™2). The outstanding
OER performance of NiFeV-LDH benefits from the
synergistic effect of V and Fe while doping the third metal
into bimetallic hydroxide layers: (a) Fe plays a crucial role
as the active site; (b) electron-withdrawing V stabilizes the
high valence state of Fe, thus accelerating the OER
process; (c) V further offers great stabilization for the
formed intermediate of FeOOH, thus achieving superior
durability.

Keywords oxygen evolution reaction, electrocatalysts,
ternary layered double hydroxides, long-term stability

Received February 14, 2022; accepted April 29, 2022

E-mails: huiqin_yao@]163.com (Yao H.), wuzl@bnu.edu.cn (Wu Z.),
lihuifeng@bnu.edu.cn (Li H.), mashulan@bnu.edu.cn (Ma S.)

1 Introduction

With the increasing power demand of human society and
the rapid consumption of fossil fuels, the exploration of
renewable energy has become a hot topic. Hydrogen, due
to its high energy density and zero carbon emission, has

been considered as a promising substitute [1].
Electrocatalytic water splitting can produce pure
hydrogen, which involves two half-reactions, i.c.,

hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER) [2]. Compared to the relatively simple
HER (a two electron-transfer reaction), the OER (a four
electron-proton coupled reaction) requires an excessively
high overpotential, which severely hinders water splitting
[3]. Ru- and Ir-based materials are recognized as
optimized electrocatalysts that can effectively reduce
overpotentials [4]. However, due to their high cost and
scarcity, their large-scale industrial application is
hampered. For the design of electrocatalysts, high activity
and economic applicability are important targets.
Recently, transition metal-based compounds have
attracted considerable attention as non-noble OER
catalysts. Layered double hydroxides (LDHs) are widely
used two-dimensional materials composed of positively
charged brucite host layers and interlayer anions to
balance the charge. LDHs have many advantages such as
high specific surface area, enriched chemically active
sites, tunable laminate composition, exchangeable guest
anions and low-cost manufacturing processes [5].
Recently, transition-metal-based LDHs have been
reported to exhibit outstanding electrocatalytic activity
toward OER, especially Ni-based LDHs [6-8]. In
comparison with bimetallic LDHs, ternary LDHs usually
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display improved electrocatalytic performance [9], which
benefits from the optimized electron structure due to the
synergistic effect among the metal ions. Bi et al. [10]
reported that incorporation of cobalt into NiFe-LDH
caused a smaller onset potential, and the introduced Co
ions in varied valence depicted different effects on OER;
for instance, Co”" helped to reduce the overpotential of
the formed intermediate active substance of *OOH, while
the doping of Co®" accelerated the deprotonation step
during OER. Via a coprecipitation method by adding
NaOH into an aqueous solution of NiCl,, VCl, and FeCl,,
Fe-doped NiV-LDH was fabricated [11], showing
enhanced OER activity with an overpotential of 269 mV
at 10 mA-em? (,, = 269 mV). The good OER
performance can be attributed to Fe’" doping, which
increased the oxidation capacity of Ni** and improved the
charge transport of NiV-LDH. The phenomenon that Fe
incorporation increases OER activity in catalysts is called
the ‘Fe effect’ [12]. The dominance of Fe’" jons in
enhancing OER performance over other 3d trivalent
cations (such as Co>", Mn*", Cr’", and V") has been
well-verified and greatly emphasized [13].

In addition to activity, stability is another important
criterion to assess an electrocatalyst. In particular, long-
term stability at high current density guarantees the
industrialization of electrocatalysts. The V-based catalysts
have been found to exhibit superior OER stability. For
example, FeOOH-containing Fe;V,50;5(OH)y'9H,0 can
steadily operate for 36 h at 100 mA-cm 2 [14], and NiV-
LDH@FeOOH may remain at a 95% current density
within a 20 h test at 100 mA-cm™ [15]. The synergistic
effect of Fe and V has been explored, and it is found that
V can offer considerable stabilization for unstable
FeOOH [16]. Actually, the oxyhydroxide of FeOOH
generated from surface reconstruction during OER was
considered the real active species [17]. Thus, it is possible
to simultaneously realize superior catalytic activity and
high stability by integrating Fe and V into one
electrocatalyst.

Besides, from the perspective of catalyst application,
integrating active materials with conductive and robust
substrates to fabricate self-supported electrodes can both
improve the electrical conductivity and enhance
mechanical strength. Ni foam, which has an interlinked
cellular structure with high porosity > 95% and extremely
large surface area, is widely utilized to overcome the
barrier of low electron transfer efficiency. Meanwhile, Ni
foam can offer a growth scaffold for other species.
Additionally, Ni foam can act as a Ni source to produce
Ni-based materials. Through a hydrothermal method
using Ni foam as a Ni source, Yu et al. [18] prepared an
efficient and stable NiFe-LDH catalyst (,, = 211 mV),
which can be steadily operated at 100 mA-cm 2 for
60000 s. Analogously, without adding any metal salts,
Zeng et al. [19] gave Fe—Ni bimetallic foam a hydrother-
mal treatment in a KOH aqueous solution to obtain an
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Fe-Ni hydroxide nanosheet network (7,, = 261 mV),
retaining a current density of 10 mA-cm™ for 14 h
without clear attenuation. Li et al. [20] prepared V-doped
NiFe-LDH as an OER catalyst (17,, = 195 mV, remaining
98% of the current density of 187 mA-cm™ after 18 h),
while in the synthesis, Ni(NO,), was added as the Ni
source. However, the preparation is material-consuming
compared with approaches that do not use adscititious Ni.

Herein, through a one-step hydrothermal reaction using
Ni foam as the substance and Ni source, we design a
ternary LDH of Ni/Fe/V. The molar ratios of Fe and V
were adjusted to optimize the OER property. At an Fe:V
molar ratio of 0.5:0.5, the as-prepared NiFeV-LDH
requires overpotentials of 269 and 274 mV at 50 mA-cm >
(without iR drop compensation) in linear sweep voltam-
metry (LSV) and sampled current voltammetry (SCV)
measurements, respectively. More importantly, NiFeV-
LDH exhibits excellent long-term durability (= 75 h) at a
very high current density of 200 mA-cm™2, providing an
important guarantee for large-scale hydrogen production.
The synergistic effect of Fe and V contributes to the
superior OER catalytic activity and stability of ternary
NiFeV-LDH compared to the two conventional LDH
materials. This work provides new insights for the design
of metal foam-derived self-supporting ternary LDH
electrode materials applied for efficient and durable OER.

2 Experimental

2.1 Preparation of LDH-based electrocatalysts

A series of NiFeV-LDH materials were prepared via a
facile one-step hydrothermal method. Different Fe:V
molar ratios (Fe:V =0:1, 0.3:0.7, 0.5:0.5, 0.7:0.3 and 1:0)
were used, while the total amount of Fe + V was fixed at
2 mmol. Taking the sample with an Fe:V ratio of 0.5:0.5
as an example, 1 mmol (0.157 g) VCl;, 1 mmol (0.404 g)
Fe(NO;);-9H,0, and 10 mmol (0.61 g) urea were
dissolved in 35 mL of distilled water and stirred to obtain
a homogenous solution. The mixed solution was
transferred into a 50-mL Teflon-lined autoclave. Two
pieces of pretreated Ni foam (4 cmx 1 cm) were added to
the solution and reacted at 120 °C for 12 h. After the
autoclave was cooled to room temperature, the as-
synthesized NiFeV-LDH was collected and subsequently
rinsed with distilled water and ethanol and dried in a
vacuum oven at 60 °C overnight. The average mass
loading of NiFeV-LDH on Ni foam was approximately
1.5 mg-cm 2. The products synthesized at molar ratios of
Fe:V of 0:1 (no Fe) and 1:0 (no V) are defined as NiV-
LDH and NiFe-LDH, respectively.

2.2 Electrochemical measurements

Electrochemical measurements were performed on a
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CHI660E electrochemical workstation with a three-
electrode system at room temperature. An Hg/HgO
electrode and graphite rod were used as the reference and
counter electrodes, respectively. The as-prepared LDH
derived from Ni foam with a size of 1 cm x 1 cm was used
as a self-supported working electrode. An O,-saturated
1 mol-'L”! KOH aqueous solution was used as the
electrolyte.  All  potentials from electrochemical
measurements were converted to reversible hydrogen
electrode (RHE) using the following equation: Egyr =
Eygmeo T 0.059 x pH + 0.098 [21]. LSV were recorded
with a sweep rate of 5 mV-s™! and without iR drop
compensation. The overpotential (77) was calculated using
the equation: # = Epy; — 1.23 V. A steady-state technique
(here, SCV) was utilized to avoid potentially detrimental
exaggeration of activity by LSV. Via sampling the OER
current density at the 150th second of chronoampero-
metry (CA) responses acquired at 1.25, 1.30, 1.35, 1.40,
1.45, 1.50, 1.55, 1.60, 1.65, 1.70, 1.75, and 1.80 V (an
interval of 0.05 V) for 180 s, the steady-state polarization
curves were constructed, and corrected for an iR drop (by
40%) taking the uncompensated resistance (R,) from
electrochemical ~ impedance  spectroscopy  (EIS)
measurements, using the equation of # = Egyp — 1.23V —
40%:i-R, (i refers to the current). Tafel plots were derived
from the 40% iR corrected steady-state polarization
curves based on the Tafel equation [22]: n = b logj + a (a
is a constant, b refers to the Tafel slope). The EIS
measurements were performed at constant potentials
(1.45, 1.50, 1.55, 1.60, 1.65, 1.70, 1.75 V vs. RHE). The
frequency range is from 0.1 Hz to 100 kHz, and the AC
amplitude is 5 mV. The cyclic voltammetry (CV) method
was used to determine the absolute electrochemical active
surface area (ECSA) values with a scan rate of 5 mV-s!
in the region of 1.20-1.60 V vs. RHE. The CV curves
were recorded at different scan rates (2, 4, 6, 8, 10 mV-s’l)
in the range of 1.2-13 V (vs. RHE), and the
electrochemical double layer capacitance (Cdl) was
estimated by determining the slope from a linear
relationship between j (= j, — j,, j, and j, refer to the
anodic and cathodic current densities at 1.25 V vs. RHE,
respectively) and the scan rate. Chronopotentiometry
curves were obtained from /¢ tests implemented at
current densities of 100, 150 and 200 mA-cm 2 for NiFe-
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LDH, NiV-LDH and NiFeV-LDH, respectively. For
comparison, RuO, (loaded on Ni foam with 1.50 mg-cm?)
and bare Ni foam were employed for OER measurements.

3 Results and discussion

Figure 1 shows the synthesis process of NiFeV-LDH via
a one-pot hydrothermal reaction. Ni foam served as both
the support and Ni source. Fe(NO,);-9H,0 and VClI,
were taken as Fe and V sources while urea was used as a
precipitant. The influence of Fe:V feeding ratio was
studied. LDHs based on different molar ratios of Fe:V
(0:1, 0.3:0.7, 0.5:0.5, 0.7:0.3 and 1:0) were synthesized
under the fixed total amount of Fe + V (2 mmol). ICP
results (Table S1, cf. Electronic Supplementary Material,
ESM) demonstrate that the atomic ratio of Fe:V in the
obtained products is close to the molar ratios of the
starting materials.

Figure 2 shows the powder X-ray diffraction (XRD)
patterns of the as-prepared LDH materials. For all
samples, there are observed three strongest reflections at
44.5°, 51.8° and 76.4° (labeled as ‘#’) assigned to Ni°
metals of the Ni substrate (JCPDF: 04-0850). For NiFeV-
LDH (Fig. 2(a)), a series of diffraction peaks at 11.7°,
23.6°, 34.8°, 39.3°, 46.9°, 60.0° and 61.5° are assigned to
the (003), (006), (012), (015), (018), (110) and (113)
planes, suggesting a hexagonal crystal phase. The basal
spacing (d, ) of 0.758 nm is consistent with the reported
CO,* intercalated LDH with dj_ of 0.74-0.78 nm [23].
The d,,, values of NiFe-LDH (Fig. 2(b)) and NiV-LDH
(Fig. 2(c)) are 0.769 and 0.752 nm, respectively.

The difference in the d, ,, of the three types of LDHs is
caused by the substitution effect of different ions in the
lattice matrix [11]. According to Forano et al. [24], the
difference in interlayer spacing can be attributed to the
influence of metallic ions with different ionic radii. In
LDH, when the bivalent ions (here, Ni2+) are the same,
the charge density of the layers depends on the radius of
the trivalent ions, and the smaller is the ionic radius, the
higher is the charge density of the layers. The local
charge density of the layers affects the layer-anion
interactions, i.e., the interlayer spacing [25,26]. Here, the
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Fig. 1 Schematic illustration of the synthesis of NiFeV-LDH derived from Ni foam via a one-pot hydrothermal reaction.
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Fig. 2 XRD patterns of (a) NiFeV-LDH, (b) NiFe-LDH and
(c) NiV-LDH (d-values in nm).

jonic radius of Fe> of 0.645 A is larger than that (0.640 A)
of V3*. Additionally, V3" can be easily oxidized to V*#*
(0.580 A) and V" (0.540 A) with much smaller radii
[27]. Thus, the charge density of NiFe-LDH layers would
be lower than that of NiV-LDH layers, thus resulting in a
larger interlayer spacing (0.769 nm). With the increased
Fe content (decreased V content) (Fig. S1, cf. ESM), the
dy o Values of the LDH samples increase, further
confirming the abovementioned conclusions. The sharper
and stronger diffraction peaks of NiFeV-LDH and NiFe-
LDH indicate that the presence of Fe is beneficial to the
improvement of the crystallization of the LDH materials.
From another perspective, the introduction of V into
NiFe-LDH decreases the crystallinity. This may be
caused by the generation of a localized amorphous phase
after doping. The crystallinity of hydroxides plays a
critical role in catalytic activity. Song et al. [28] reported
that doping-induced localized amorphization in
a-Ni(OH), could provide more accessible active sites
than fully crystallized structures, thus boosting OER
activity. In addition, performance enhancements in the
electrocatalysis of water splitting utilizing amorphous
materials as catalysts have been widely reported [29].
This inspires us that the controllable crystallinity of
NiFeV-LDH achieved by adjusting the molar ratio of Fe
and V may provide an opportunity for promoting its
catalytic performance.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) measurements were
performed to characterize the morphology of the LDH
materials, and the results are shown in Fig. 3. From
Fig. 3(a), we observe that interconnected NiFeV-LDH
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Fig. 3 (a) SEM image; (b) EDS elemental mapping (Ni, Fe and
V); (c) TEM image; (d) HRTEM image of NiFeV-LDH.

nanosheet arrays uniformly vertically grow on Ni foam.
These interlaced nanosheets with a lateral size of ~3 um
constitute a three dimensional (3D) porous firm network
nanoarchitecture, which can expose as many active sites
as possible and provide convenience for electrolyte
transport and the release of the generated gas during
water splitting. Energy dispersive spectroscopy (EDS)
mapping (Fig. 3(b)) shows the coexistence of three
metallic elements of Ni, Fe and V and their uniform
distribution throughout the material. The TEM image of
NiFeV-LDH scraped from the Ni substance under
ultrasonication treatment (Fig. 3(c)) has a nanosheet-like
morphology. From the high resolution TEM (HRTEM)
image (Fig.3(d)), well-resolved lattice fringes are
observed, and a spacing of 0.25 nm is assigned to the
(012) plane of the LDH structure [11].

Of note, although the three LDHs (NiV-LDH, NiFe-
LDH and NiFeV-LDH) all present nanosheet-like
morphologies, there are still slight differences in the
morphology among them (Fig. S2, cf. ESM). The NiV-
LDH nanosheets (Figs. S2(a) and S2(a’)) are smaller and
stack to form nanoflowers. The lateral size of NiFe-LDH
(Figs. S2(b) and S2(b")) is similar to that of NiFeV-LDH
(Figs. S2(c) and S2(c")), while the latter is more uniform
in arrangement on the surface of the Ni foam. Reasonable
arrangement of active substances on the substrate is
particularly important to develop a robust nanostructure
with maximized surface area to boost the OER activity
and durability of the catalyst.

X-ray photoelectron spectroscopy (XPS) measurements
were performed to determine the composition and
elemental oxidation state of the LDH materials (Fig. 4).
All peak positions were corrected using the C 1s peak
(284.8 eV). Figure 4(a) shows the XPS survey spectra of
NiV-LDH, NiFe-LDH and NiFeV-LDH, demonstrating
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Fig. 4 (a) XPS survey and (b—d) XPS spectra with the deconvolution of corresponding XPS peaks: (b) Ni 2p of NiV-LDH, NiFe-
LDH, and NiFeV-LDH, (c) Fe 2p of NiFe-LDH and NiFeV-LDH, (d) V 2p of NiV-LDH and NiFeV-LDH.

the presence of Ni, Fe, V and O in NiFeV-LDH, the
absence of V in NiFe-LDH and the absence of Fe in NiV-
LDH. From the Ni 2p spectra shown in Fig. 4(b), we see
that NiFeV-LDH (with V) and NiFe-LDH (without V)
have the same binding energies of 873.4 and 855.9 eV,
corresponding to Ni 2p,,, and Ni 2p,, of Ni?* [30]. For
NiFeV-LDH (having Fe), the binding energies (873.4 and
855.9 eV) of Ni*" are lower than the energies (873.6 and
856.1 e¢V) of NiV-LDH (no Fe). Thus, in NiFeV-LDH,
the valance state of Ni is mainly affected by Fe instead of
by V, which is consistent with previous work reporting
that V doping tends to modify the coordinating
environment of Fe rather than Ni [20,31]. From the Fe 2p
spectra shown in Fig. 4(c), NiFeV-LDH has two peaks at
725.6 and 711.9 eV assigned to Fe 2p,,, and Fe 2p,, of
Fe* [32]. Compared to the Fe(III) 2p energies (725.2 and
711.5 eV) of NiFe-LDH (without V), the Fe 2p peaks of
NiFeV-LDH (with V) apparently shifted (+0.4 eV) to
higher energies. This suggests that the presence of V
leads to an increase in the valence state of Fe. Figure 4(d)
shows the V 2p spectra. NiV-LDH exhibits peaks with

binding energies of 524.7 and 517.0 eV attributed to V
2p,,, and V 2p;,, respectively. In contrast, NiFeV-LDH
has lower binding energies of 524.5 (V 2p,,) and 516.8 eV
(V 2p;,,), giving a negative shift of 0.2 eV (-0.2 eV). The
peak at 517.0 eV can be fitted into three peaks at 516.1,
517.0 and 517.6 eV, attributed to V>*, V*" and V°*, and
the peak at 516.8 eV can be fitted into three peaks at
515.9, 516.8 and 517.6 eV, attributed to V**, V** and
V3, respectively [8,33]. The peak positions of V>* and
V# both show a negative shift after Fe doping, while that
of V' remains unchanged. Based on the peak area
integration information shown in Table S2 (cf. ESM), we
see that the molar ratio of V3*:V#":V>" in NiV-LDH is
0.139:0.417:0.444. After Fe doping, the molar ratio of
V3 V4V in NiFeV-LDH changes to 0.247:0.295:
0.458. This result confirms that the electronic structure of
NiV-LDH is modified after Fe introduction. The drastic
reduction of V#' and increase in V3* along with the few
changes in V> give us some inspiration for the deduction
that V4" may play a key role as an electron acceptor in the
Fe doping process, and consequently, the percentage of V
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ions with a lower oxidation state would rise. Certainly,
the fact that V ions can be easily oxidized to high valance
states in synthetic processes should not be ignored.

The change in binding energy implies that the chemical
environment of related atoms has been changed. Based on
the abovementioned discussions, we conclude that the
electronic structures of the binary LDHs (NiFe-LDH or
NiV-LDH) are tuned after the third metal ion (V or Fe)
incorporation. Heteroatom doping of non-noble metal-
based catalysts has been recognized as an effective
electronic structure tuning strategy generally accompa-
nied by improved conductivity, favorable adsorption
ability and reduced kinetic energy barrier, thus boosting
the catalytic performance [34]. In the ternary hydroxide
NiFeV-LDH, the V tends to act as an electron acceptor,
while Fe works as an electron donator, causing a negative
shift of V (compared to NiV-LDH) and a positive shift of
Fe (compared to NiFe-LDH). These results indicate the
electron transfer from Fe to V. It has been reported that
metals with higher oxidation states, such as Fe*', Ni*',
WO, and Cr*", demonstrate higher OER performance
owing to the optimized bond strength between the catalyst
and the water molecules/intermediate species [14,35].
Some researchers achieved the goal of keeping the active
sites for the high valence state in the LDH structure by
doping W% or Mo%" into the laminate [36,37]. This
occurs from the electron-withdrawing effect of such metal
ions with a higher valance state. In addition, V4" and V>*
ions were also reported to be efficient in increasing the
valence of adjacent 3d transition metals to accelerate the
water oxidation reaction [37,38]. Here, we attribute the
electron transfer from Fe to V observed from the XPS
spectrum to the electron-withdrawing effect of high-
valent V ions, which can help stabilize the high valence
state of adjacent Fe. Apparently, the synergistic
interaction of the ternary metal system is crucial to the
OER activity of the ternary LDH material, which was
verified in a later electrochemical test.

The OER performance of the as-prepared catalysts was
measured, and the obtained results are shown in Fig. 5.
From the iR drop uncompensated LSV (Fig. 5(a)),
NiFeV-LDH exhibits the best catalytic OER activity,
requiring extremely low overpotentials of 269, 320 and
408 mV to deliver large current densities of 50, 100, and
200 mA-cm 2, that is, 75, = 269 mV, 77,4, = 329 mV, and
Ma00 = 408 mV. In contrast, much higher overpotentials,
such as 296, 351, 416 and 469 mV for NiFe-LDH, NiV-
LDH, RuO, and bare Ni foam, respectively, are required
at a current density of 50 mA-cm 2. Table S3 (cf. ESM)
shows that NiFeV-LDH exhibits prominent ascendancy
over many reported non-noble OER catalysts. For
example, Co’"- and Co*'-doped NiFe-LDH loaded on
carbon fiber both need > 300 mV to drive the current
density of 50 mA-cm 2 (775, > 300 mV) [10]; Fe-Ni bime
tallic foam-derived hydroxide possessed a moderate
catalytic activity with an 75, of 290 mV [19], and the Ni
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foam-supported CoFeV LDH synthesized via a solvother-
mal method exhibited an 75, of 290 mV [38]. An
electrochemical activated NiFeV-LDH (A-NiFeV-LDH),
which was prepared through a combined strategy of
hydrothermal and in situ electrochemical activation,
presented an 75, of 310 mV [39]. The influence of the
Fe:V feeding ratio on the OER performance of LDHs was
also explored. Figure S3 (cf. ESM) shows the LSV curves
and the histogram of overpotentials at 50 mA-cm™> (150)
and 100 mA-cm™> (1,00) of the five LDH samples with
different Fe:V ratios. At Fe:V molar ratios of 0:1, 0.3:0.7:
0.5:0.5, 0.7:0.3, and 1:0, the LDH materials give s,
values of 351, 285, 269, 276, and 296 mV, respectively,
showing a trend from large to small and then increasing.
The OER activity trend of LDH samples follows the Fe:V
molar ratio of 0.5:0.5 > 0.7:0.3 > 0.3:0.7 > 1:0 (no V) >
0:1 (no Fe). We can conclude that the OER activity of all
ternary LDHs is better than that of any of the binary
LDHs (NiFe-LDH or NiV-LDH). At an Fe:V molar ratio
of 1:1, the Ni/Fe/V LDH exhibits the optimal OER activity.

Considering that the activity determined from LSV can
be overestimated [40], we further employed a steady-state
technique, SCV, to estimate our electrocatalysts. The CA
responses were acquired at 1.25, 1.30, 1.35, 1.40, 1.45,
1.50, 1.55, 1.60, 1.65, 1.70, 1.75, and 1.80 V (a regular
interval of 0.050 V) for 180 s. Figures 5(b) and S4 (cf.
ESM) show the CA responses of NiFeV-LDH and NiFe-
LDH, NiV-LDH, RuO, and Ni foam. It is clear that the
LDH samples possess higher OER current densities than
RuO, and bare Ni foam at the same given potential.
Meanwhile, the quick decay of current density at the
potential beyond 1.7 V is also observed, which indicates
that such high given potential is not proper for the steady
operation of catalysts. Figure 5(c) shows the plots of the
sampled current densities (sampling the OER current
densities at the 150th second) against potential without iR
correction. The 75, values of NiFeV-LDH, NiFe-LDH,
NiV-LDH, RuO, and Ni foam are 274, 301, 358, 428 and
549 mV, respectively. There is a non-negligible
difference in OER overpotential obtained from the LSV
and SCV. However, the OER activity of ternary NiFeV-
LDH is still better than that of the binary LDH catalysts
RuO, and Ni foam. The sampled steady-state OER
current densities are corrected for iR drop (40%) using the
R, (obtained from the EIS measurements). From Fig. 5(d),
the corrected overpotentials at 50 mA-cm™2 of NiFeV-
LDH, NiFe-LDH, NiV-LDH, RuO, and Ni foam are 257,
277, 333, 401 and 511 mV, respectively. Because the iR
drop compensation method (automatic or manual
compensation) and the percentage of iR drop
compensation have a great influence on the value of
overpotential, we emphasize the significance of using the
uncompensated overpotentials at the benchmark current
densities to compare the OER activity of catalysts from
different studies [41].

Of note, the OER process involves four electron
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potential with (c) zero and (d) 40% iR drop compensation for NiFeV-LDH, NiV-LDH, RuO, and Ni foam, (e) the corresponding

Tafel plots.

transfers, which are expressed by the following four
equations: (1) OH™ + *— *OH + ¢7; (2) *OH + OH™ —
*O+H,0+e7;(3) *O+OH — *OOH +¢7; (4) *OOH +
OH — *+ 0, + H,O + e". Here, ‘*’ denotes the catalyst
active sites. The multiple electron transfer steps
contribute to the sluggish kinetics of OER. Thus, OER
electrocatalysts could accelerate the kinetics. To compare
the OER kinetics of the catalysts, Tafel slopes can be
calculated from the Tafel plots. The corresponding Tafel
plots to steady-state polarization curves are shown in
Fig. 5(e). The Tafel slopes of NiFeV-LDH, NiFe-LDH,
NiV-LDH, RuO, and Ni foam are calculated to be 82.3,

104.8, 124.2, 120.4 and 158.9 mV-dec!, respectively.
Generally, a smaller Tafel slope indicates that the current
density can increase faster with a smaller overpotential
change, implying faster electrocatalytic kinetics [42]. The
NiFeV-LDH exhibits the lowest Tafel slope, suggesting
that it has the fastest mass and electron transport rate.
This may benefit from the synergistic effect among metal
ions and the unique 3D porous structure of Ni foam with
interconnected nanosheets growing vertically on it. In
addition, the smaller Tafel slope of NiFe-LDH than that
of NiV-LDH evidently promoted performance after Fe
incorporation into binary LDH, confirming that Fe plays a
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crucial role in the OER. Many theoretical and
experimental studies have shown that Fe’" sites have
“fast” OER kinetics because they have optimum bond
energetics for the adsorption of OER intermediates [12].
V, although it is not an active site for OER, makes
important contributions to the improvement of kinetics by
keeping high-valence state of active Fe3" sites [20].

We adopted a well-known double layer capacitance
method to determine the ECSA of the catalysts. Figure S5
shows the CV curves of NiFeV-LDH, NiFe-LDH and
NiV-LDH at different scan rates (2, 4, 6, 8, 10 mV-s‘l)
and the corresponding Cdl values based on the potential
at 1.25 V (vs. RHE). Notably, NiFeV-LDH possesses the
largest Cdl of 26.1 mF-cm™ compared to NiFe-LDH
(22.7 mF-cm™?) and NiV-LDH (4.9 mF-cm2). The larger
ECSA of NiFeV-LDH allows more exposed active sites
to promote OER performance. The vast difference in the
Cdl value between Fe-containing LDH and NiV-LDH
again confirms the great significance of Fe and suggests
that Fe may act as the main active site. However, many
reports have pointed out that not every ion adsorption site
is a necessary OER active site [43]. Therefore, it is not
entirely correct to compare the ECSA by calculating the
Cdl values. For 3d-metal-based catalysts, we used the
redox peak method [44] to calculate the surface
concentration of the active sites (see the related
calculation in the electronic supplementary material), and
the obtained results are shown in Fig. 6.

Figure 6(a) shows the CV curves of NiFeV-LDH, NiFe-
LDH, NiV-LDH, and Ni foam obtained from a backward
sweep at 5 mV-s~!. Figure 6(b) shows that the integrated
areas associated with the reduction of M(III) to M(II) for
NiFeV-LDH, NiFe-LDH, NiV-LDH and Ni foam are
0.002465,0.002043, 0.002008, and 0.0002417 VA, respec-
tively. Hence, their associated charge values are 0.5290,
0.4086, 0.4017, and 0.04834 C. We obtained the absolute
ECSA value by dividing the elementary charge of an
electron, as shown in Fig. 6(c). The respective absolute
ECSA values show that NiFeV-LDH benefits from the
improved electrochemical surface area compared to the
two binary LDH materials. It is clear that growing the
active series on the bare Ni foam results in an exponential
increase in the number of active sites. To distinguish the
intrinsic OER activity differences of the LDH catalysts,
we further report the specific activity by utilizing ECSA
to normalize the current densities. To minimize the
influence of the substrate (here, Ni foam), we revised the
absolute ECSA value of NiFeV-LDH, NiFe-LDH, and
NiV-LDH by subtracting that of the Ni foam. Then, we
equated the ECSA of NiV-LDH to 1 and those of NiFeV-
LDH and NiFe-LDH to 1.358 and 1.018, respectively [45].
Figure 6(d) shows the plots of the relative ECSA
normalized sampled current densities against the iR
corrected potential, and the turnover frequency (TOF)
was also calculated and is shown in Fig. 6(e). The same
trend of OER activity (NiFeV-LDH > NiFe-LDH > NiV-
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LDH) observed in Figs. 6(d) and 6(e) once again implies
that our approach of doping the third metal into the binary
LDH materials not only increases the ECSA but also
enhances its intrinsic OER performance.

EIS was conducted to obtain more information about
the electron transfer rate of the catalysts, and the results
are shown in Fig. 7. To make a rational comparison, we
performed the EIS measurements at constant potentials
(1.45, 1.50, 1.55, 1.60, 1.65, 1.70, 1.75 V vs. RHE), and
the resultant Nyquist and Bode absolute impedance plots
are shown in Figs. 7(a—f) and S6 (cf. ESM). Given the
small potential of 1.45 V vs. RHE, not every eletrocata-
lyst would undergo a charge-transfer controlled reaction,
which is suggested by their Bode impedance plots and
Nyquist plots. Figure 7(e) shows that NiV-LDH did not
exhibit semicircle-shaped Nyquist plots until the potentials
of the EIS measurements were increased to 1.60 V vs.
RHE. It is not correct to compare the electron transfer rate
of a set of catalysts at the potential that some of them do
not begin water oxidation electrocatalysis but still exhibit
capacitive behavior. Hence, we focused on the EIS plots
obtained at potentials beyond 1.60 V vs. RHE. The radius
of the semicircle of the Nyquist plot implies the value of
the charge transfer resistance (R,). Clearly, at any
potential beyond 1.60 V vs. RHE, the radius of the
semicircle of the Nyquist plot (shown in Fig. 7(a)) for
NiFeV-LDH is the smallest, implying that NiFeV-LDH
has fast electron transport during the electrochemical
reaction. Generally, a lower phase angle value in the
Bode phase angle plot indicates a better charge transfer
across the interface and a lower value. The ternary
NiFeV-LDH has the smallest phase angle, which
confirms that NiFeV-LDH is a superior active interface in
the OER. As shown in Figs. 7(g) and 7(h), the fitting
equivalent circuit model provides the specific R, values
of the materials. R, decreases as the potential increases,
which is consistent with a Faradaic process. The order of
R, values of our five types of catalysts at 1.60, 1.65, 1.70,
and 1.75 V vs. RHE is NiFeV-LDH < NiFe-LDH < NiV-
LDH < RuO, < Ni foam. For example, the R, values of
NiFeV-LDH, NiFe-LDH, NiV-LDH, RuO, and Ni foam
at 1.75 V vs. RHE is 0.082, 0.16, 0.39, 0.98, and 2.51 Q,
respectively, which resonates well with the activity trend
mentioned above. These results strongly confirm that
NiFeV-LDH has a superfast electron transfer rate in the
electrocatalytic process. This can be explained by the fact
that Fe integration is effective in improving the electronic
conductivity of Ni-based materials, consistent with
previous reports [46]. The V incorporation further
regulates the electronic structure of Fe, resulting in the
most efficient electron conduction of NiFeV-LDH [20].

In addition to -electrocatalytic activity, long-term
stability at high current density is also an important
characteristic of good electrocatalysts. The stability test
results are shown in Fig. 8. Chronopotentiometry tests
with current densities of 100, 150 and 200 mA-cm 2 for
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Fig. 6 (a) CV curves of NiFeV-LDH, NiFe-LDH, NiV-LDH and Ni foam; (b) the corresponding area of redox features considered
for the calculation of the number of active sites; (c) absolute ECSA calculated by dividing the elementary charge of an electron for
NiFeV-LDH, NiFe-LDH, NiV-LDH and Ni foam; (d) plots of the relative ECSA normalized sampled current densities against the iR
corrected potential; (e) plots of TOF values as a function of potential.

NiFe-LDH, NiV-LDH and NiFeV-LDH were conducted.
As shown in Fig. 8(a), at an extremely high current
density of 200 mA-cm2, NiFeV-LDH shows superb
stability with a 95% current density maintained after 75 h
of OER testing. In contrast, NiFe-LDH and NiV-LDH
present quick decay of the initial current density of 200
mA-cm 2. At the lower current density of 150 mA-cm ™2,
the NiV-LDH retains only 90% of the initial current
density after 20 h of electrolysis, while NiFe-LDH shows

quick decay at this current density. Therefore, we
continued to study the stability at a much reduced current
density of 100 mA-cm2, and NiFe-LDH only maintains
80% of the initial current density of 100 mA-cm™2 after
electrolysis for 20 h. These results indicate that the V-
containing LDHs possess increased electrocatalytic
stability, and the synergy between V and Fe (electron
transfer) is more conducive to the improvement of
stability. Figure 8(b) shows the LSV curves recorded for
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Fig. 7 Nyquist plots of (a) NiFeV-LDH, (c) NiFe-LDH, (e) NiV-LDH acquired at 1.45, 1.50, 1.55, 1.60, 1.65, 1.70, 1.75 V vs.
RHE and (b, d, f) their corresponding Bode absolute impedance plots, (g, h) plots of R values against 1.45, 1.50, 1.55, 1.60, 1.65,
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Fig. 8 (a) CA curves of NiFeV-LDH, NiFe-LDH and NiV-LDH; (b) LSV curves recorded for NiFeV-LDH before and after the /¢
test (75 h); (c) XRD pattern of NiFeV-LDH after the OER durability test; (d) SEM images of NiFeV-LDH before and after the
durability test; XPS spectra of (e) Fe 2p and (f) V 2p for NiFeV-LDH before and after the OER durability test.

NiFeV-LDH before and after the /¢ test. As shown, there
is a negligible degradation of current density, which
indicates the good stability of NiFeV-LDH.

XRD, SEM and XPS analyses were performed to
further explore whether there was structural change in
NiFeV-LDH after the long-term stability test. As shown
in Fig. 8(c), the XRD pattern of NiFeV-LDH after the /¢
test is similar to that before the test. The SEM images
shown in Fig. 8(d) indicate that NiFeV-LDH after the /—¢
test still retains the interlaced nanosheet-like morphology.

XPS spectra of NiFeV-LDH after the /- test shows that
the Ni 2p spectra (Fig. S7, cf. ESM) remain the same as
before. For Fe 2p shown in Fig. 8(e), the two new peaks
at 712.2 and 725.9 eV indicate that Fe’" can be partially
oxidized into FeOOH during the OER [47]. For V 2p
shown in Fig. 8(f), the existence of V3" and V*' in
NiFeV-LDH after the /- test exhibits the robust stability
of the material. The disappearance of V> may be due to
the release of the [VO,] tetrahedron [39] arising from
lattice distortion during the OER. Many articles have



Lihong Chen et al. NiFeV-LDH derived from Ni foam as an ultra-durable electrocatalyst for OER

reported that oxyhydroxides generated during surface
reconstruction processes are the real active species for the
OER. In other words, the materials we synthesized are
only pre-catalysts and the real active centers only appear
after the surface reconstruction processes [48]. For an
OER catalyst employed in effective and practical
electrocatalysis, a low activation energy barrier for
initiating reconstruction and the stabilization of
metastable active species are crucial but challenging to
achieve. Luckily, we see that the ternary NiFeV-LDH
possesses the lowest onset potential, which means that it
has the fastest surface reconstruction kinetics among the
examined catalysts. According to Fan’s work [16], V3"
can easily dope into FeOOH and offer considerable
chemical stabilization. In this way, we can explain well
the large stability difference between NiFeV-LDH and
NiFe-LDH. In the alkaline solution (1 mol-L™' KOH), the
phase transformation of unstable FeOOH into soluble
FeO,> is prevented by V3*, which guarantees the steady
operation of the catalyst. In addition, the detachment of
V>* is much more favorable for creating a defective
environment, thus benefiting the catalytic performance.
These results again confirm that NiFeV-LDH is highly
stable in alkaline medium. The extraordinary stability at
high current density (75 h at 200 mA-cm™2) of NiFeV-
LDH is higher than that of the reported LDH-based
materials (see Table S3), such as Ni, ;sFe; 1,5V ;,5-LDHs
(15 h for 30 mA-cm2) [49], CoFeV-LDH (32 h for
30 mA-cm™2) [38], Fe-Ni LDH (14 h for 10 mA-cm2)
[19] and NiFe LDH/NiCo,0, (10 h for 50 mA-cm ) [50].

As discussed above, compared to binary LDHs of
NiFe-LDH or NiV-LDH, NiFeV-LDH possesses
improved OER activity and long-term durability under
high current density, which qualifies it as a promising
OER electrocatalyst for commercialization. This can be
attributed to three aspects. First, the crystallinity and
electronic structure of the original binary LDH materials
can be modified by the introduction of the third metal ion
(V or Fe) to be a more favorable OER. In the ternary
LDH, Fe mainly acts as the active site, while electron-
withdrawing V can stabilize the high valence state of
adjacent Fe, thus benefiting the OER. Second, V ions
offer considerable stabilization for FEOOH generated in
the surface reconstruction process, which is the real active
species of OER, thus achieving superior long-term
durability at high current densities. Third, Ni foam as the
support and Ni source not only improves the conductivity
of NiFeV-LDH but also considerably strengthens the
mechanical strength through a closer interaction between
active species and the substrate.

4 Conclusions

In summary, a self-supported NiFeV-LDH derived from
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Ni foam is developed via a simple and cost-saving
hydrothermal method. Ni foam plays a dual role as a
substrate and Ni source. Both transient and steady-state
techniques were employed to determine the activity trend
of the prepared catalysts. Under a moderate Fe:V ratio of
1:1, the optimized ternary NiFeV-LDHs display the best
OER performance, requiring overpotentials of 269 and
274 mV at 50 mA-cm > (without iR compensation) in the
LSV and SCV measurements, respectively. Compared to
binary LDH materials, NiFeV-LDH exhibited an increased
ECSA and improved charge transfer characteristics. The
ECSA normalized current densities and TOF calculation
results indicate that the approach of doping the third
metal into the binary LDH materials can enhance the
intrinsic OER performance. In addition, NiFeV-LDH
exhibits excellent long-term durability (> 75 h) under
extremely high current densities, such as 200 mA-cm™2.
Fe plays a crucial role as the active site in boosting the
OER activity, while V contributes to the high stability of
NiFeV-LDH. This work provides a new viewpoint for
rationally  designing active and highly stable
electrocatalysts for the OER.
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