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Abstract: Perovskite-based electrocatalysts with compositional flexibility and tunable electronic
structures have emerged as one of the promising non-noble metal candidates for oxygen evolution
reaction (OER). Here, we propose a heterostructure comprising perovskite oxide (LaNiO3) nanorods
and iron oxide hydroxide (FeOOH) nanosheets as an effective electrochemical catalyst for OER.
The optimized 0.25Fe-LNO catalyst with an interesting 1D-2D hierarchical structure shows a low
overpotential of 284 mV at 10 mA cm−2 and a small Tafel slope of 69 mV dec−1. The enhanced
performance can be explained by the synergistic effect between LaNiO3 and FeOOH, resulting in
an improved electrochemically active surface area, facilitated charge transfer and the optimized
adsorption of OH intermediates.

Keywords: perovskite oxide; oxygen evolution; FeOOH; electrocatalyst

1. Introduction

Faced with the growing energy crisis and environmental issues, it is imperative to
exploit effective and green devices for energy storage and conversion [1–3]. The rational
design of oxygen evolution reaction (OER) electrocatalysts is of great significance to the
applications of water electrolyzers [4,5]. However, the sluggish kinetics and high over-
potential of OER caused by the complex multiple electron transfer process are obstacles
to its large-scale application [6]. Although Ir- and Ru-based oxide are recognized as the
benchmark OER catalysts with high electrochemical activity, their high cost and low abun-
dance have compelled the development of earth-abundant and efficient non-noble metal
OER catalysts [7,8]. In recent years, tremendous efforts have been devoted to research
on transition metal-based catalysts, such as transition metal oxides, [9] sulfides [10] and
oxyhydroxides [11].

As the promising candidates, perovskite oxides with a general formula of ABO3 have
attracted increasing attention owing to their compositional flexibility, tunable electronic
structures and chemical stability [12,13]. To guide the design of ABO3 catalysts for OER,
(∆GO* − ∆GOH*) [14] and eg orbital filling [15] have been proposed as catalytic activity
descriptors. According to the volcano maps obtained by describing OER activity with
the descriptors, LaNiO3 (LNO) shows better performance in the family of ABO3 and is
considered a prospective candidate for optimization [14–16]. Nonetheless, the electrocat-
alytic performance of the LNO remains unsatisfactory due to its limited active sites and
poor electrical conductivity [13,17]. On the one hand, the perovskite oxides synthesized by
traditional solid-state and sol-gel methods generally have a large size and low surface area,
resulting in poor catalytic activity. Previous studies have demonstrated that morphology
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engineering is an effective method to enhance the activity of perovskite-based electrocata-
lysts by increasing the surface area, such as nanorods [18], nanofibers [19] nanotubes [20]
and porous structure [21]. On the other hand, intrinsic catalytic activity is also an important
consideration in perovskite-based catalyst design [22]. The adsorption and desorption of
OH are key steps in the alkaline OER process, and optimizing the adsorption energy of
intermediates can boost OER intrinsic catalytic activity [23,24]. Constructing heterogeneous
structures is a general method which can not only modulate the electronic structure but
also generate synergistically active sites [13,19,25]. Among the various perovskite-based
composites, perovskite/transition metal-based composites exhibit excellent performance,
such as CoS2/LaCo0.2Fe0.8O3, [12] MoSe2/La0.5Sr0.5CoO3−δ [26] and Fe2O3/LaNiO3 [27].
Meanwhile, FeOOH is considered a promising catalyst for OER, with high OH adsorption
capacity [28,29] that can be introduced into perovskite-based composites to accelerate
OER kinetics.

Here, we propose the 1D-2D LaNiO3 nanorods-FeOOH nanosheets heterostructure
as an effective catalyst for oxygen evolution reaction. The optimized 0.25Fe-LNO catalyst
displays a lower overpotential and a smaller Tafel slope when compared with the other
counterparts. The experimental results demonstrate that the excellent OER catalytic perfor-
mance of LaNiO3/FeOOH could be attributed to the synergistic effect between LNO and
FeOOH as well as the morphology engineering of LNO, encouraging the strong electron
interaction, the facilitated charge transfer and the improved active sites.

2. Results and Discussion

Scheme 1 schematically illustrates the synthesis process for hierarchical LaNiO3/FeOOH
composites by two steps. Briefly, the perovskite LNO nanorods were synthesized by
the hydrothermal method and then immersed in alkaline solutions of K2FeO4 with dif-
ferent concentrations to obtain the hierarchical LNO-FeOOH composites, denoted as
xFe-LNO, x = 0.125, 0.25, 0.5, 0.75. The more experimental details are shown in the
experimental section.
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Scheme 1. Schematic illustration for the synthesis of Fe-LNO.

The powder X-ray diffraction (XRD) patterns of LNO, FeOOH and xFe-LNO are
shown in Figure 1a. The diffraction peaks of the obtained LNO match well with the
standard peaks of LaNiO3 (JCPDS No. 33-0711), whereas FeOOH shows no diffraction
peak. Generally, FeOOH prepared by hydrolysis at low temperatures has poor crystallinity
without obvious diffraction peaks in the XRD spectrum [30–32]. Although the diffraction
peaks of FeOOH appear in some cases, the peak intensity is also very weak due to the room
temperature synthesis [33]. In addition, experimental conditions such as concentration and
whether or not to stir could also affect the crystallinity. According to the XRD spectrum, the
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FeOOH prepared in this work has a lower crystallinity and presents an amorphous form.
It is worth noting that the diffraction peaks’ position corresponding to LaNiO3 (JCPDS
No. 33-0711) remains unchanged in the xFe-LNO samples, but the corresponding peak
intensity gradually decreases with the increase in x value. This phenomenon is inconsistent
with Fe doping, which will cause a shift in the diffraction peaks corresponding to LaNiO3
to lower angles in the XRD spectrum [34,35], but it is consistent with the formation of
amorphous substances on the surface of LNO [20]. Furthermore, new diffraction peaks
corresponding to La(OH)3 (JCPDS No. 36-1481) appear, owing to the presence of NaOH in
the K2FeO4 solution, but the perovskite structure remains. To identify the FeOOH phase,
Raman spectra were performed (Figure 1b). For the hydrolysis products of K2FeO4, the six
characteristic peaks (214, 283, 310, 377, 517 and 674 cm−1) are well-indexed to the layered
γ-FeOOH structure. The peak at 377 cm−1 is the characteristic of γ-FeOOH, and the peaks
at 310 and 517 cm−1 are ascribed to the Fe–OH stretching modes. The broad peak located
at 674 cm−1 can be attributed to the stretching of Fe–O, [33,36,37] while the weak peak at
1310 cm−1 corresponds to the H2O intercalated in the layered FeOOH [37–39]. Note that
the LNO sample has no vibrational modes of Raman response, and the 0.25Fe-LNO exhibits
weaker vibrational bands at 310, 377, 517 and 674 cm−1 compared with the LNO nanorods
counterpart. The peaks at 214 cm−1 and 283 cm−1 correspond to the layer structure, which
mainly depends on the degree of disorder (stacking fault) and/or grain size [40]. The
disappearance of the peaks only indicates that the LNO stacking on the FeOOH surface
weakens the mode of the layer structure. These results suggest the successful formation of
the FeOOH-LNO composite.
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Figure 1. (a) XRD pattern of LNO, FeOOH and Fe-LNO samples (b) Raman spectrum of LNO,
FeOOH and 0.25Fe-LNO.

Scanning electron microscopy (SEM) reveals that the hydrothermal synthesized LNO
exhibits a nanorod structure with lengths of 30–100 nm and diameters of 10–20 nm
(Figure 2a), while the FeOOH, as the hydrolysates of K2FeO4, is composed of aggregated
nanosheets (Figure S1, Supplementary Materials). The drying process in the preparation
leads to agglomeration, which makes the SEM image of 0.25Fe-LNO unable to fully display
the morphology of the sample. Nonetheless, the nanosheets can still be identified in the
marked regions of Figure 2b, demonstrating the successful introduction of FeOOH and
forming the composites. Note that this hierarchical structure results in an increase in the
specific surface area (SSA). The Brunauer–Emmett–Teller (BET) analysis actually shows
that the SSA of the obtained 0.25Fe-LNO is 40.4 m2 g−1, which is almost twice that of
the LNO nanorods (22.8 m2 g−1) (Figure S2, Supplementary Materials). Transmission
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electron microscopy (TEM) was carried out to further unveil the morphology and struc-
ture of LNO and 0.25Fe-LNO. TEM images at different magnifications of 0.25Fe-LNO
(Figures 2d and S3, Supplementary Materials) demonstrate that the morphology of the
LNO nanorods with the diameters of 10–20 nm remained basically unchanged, which
is consistent with the SEM and TEM image of the LNO (Figure 2a,c). More importantly, it
can be clearly seen that the nanorods attach randomly to the thin nanosheets, indicating
the existence of 1D-2D heterostructures that are consistent with the synthesis results of
Scheme 1. The composition of this heterostructure was further determined by the high-
resolution TEM (HRTEM) images. The lattice fringes of the LNO nanorods are measured
to be 0.273 and 0.384 nm, corresponding to the (110) and (101) facets of LaNiO3 (JCPDS
No. 33-0711), respectively (Figure S4, Supplementary Materials). As shown in Figure 2e,f,
the HRTEM images of 0.25Fe-LNO reflects the intact contact between the LNO nanorods
and the FeOOH nanosheets, and the FeOOH has no regular interplanar spacing due to poor
crystallinity, which is consistent with the results of the XRD. To further identify the compo-
sition of the nanosheets, the HAADF-TEM image of 0.25Fe-LNO and the corresponding
elemental mapping images are shown in Figure S5 (Supplementary Materials), which can
further prove the existence of FeOOH nanosheets and the formation of a 1D-2D LaNiO3
nanorods-FeOOH nanosheets heterostructure. The clear and coherent interface between
the LNO and FeOOH displayed in the TEM image of 0.25Fe-LNO can favor the electronic
transfer and the biphasic synergy catalysis, as verified by subsequent X-ray photoelectron
spectroscopy (XPS) and electrochemical measurements [19].
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Figure 2. SEM images of (a) LNO and (b) 0.25Fe-LNO. TEM images of (c) LNO and (d) 0.25Fe-LNO.
HRTEM image of 0.25Fe-LNO corresponding to the (e) Area 1 and (f) Area 2, as marked in (d).

The elemental compositions and electronic structure of the LNO, FeOOH and 0.25Fe-LNO
were investigated by XPS. The survey spectra (Figure S6, Supplementary Materials) confirm
that La, Ni, Fe and O are the main elements in the 0.25Fe-LNO. The XPS spectra of the La 3d
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and Ni 2p of LNO and 0.25Fe-LNO are shown in Figure 3a,b. Considering that the binding
energy region of La 3d3/2 and Ni 2p3/2 partially overlap, [41,42] the peak position and
intensity of La 3d3/2 and Ni 2p3/2 are distinguished by those of La 3d5/2 and Ni 2p1/2 [43].
Moreover, it is noted that the peaks of La 3d3/2 and 3d5/2 are multiplet-split owing to the
charge transfer from the bonded oxygen to the empty La 4f [44]. The La 3d5/2 and 3d3/2 of
LNO are located at 834.37/837.80 and 850.79/853.43, whereas those of 0.25Fe-LNO are po-
sitioned at 834.87/838.35 and 851.34/853.98, respectively. It demonstrates a binding energy
upshift of 0.55 eV in the 0.25Fe-LNO compared to the LNO nanorods [44,45]. Similarly,
the Ni 2p spectra of 0.25Fe-LNO consist of Ni 2p3/2 (855.65 eV) and Ni 2p1/2 (872.95 eV),
with two satellites whose binding energy is 0.20 eV higher than those of LNO, implying
an increased oxidation state of Ni [46]. These shifts in the peak positions indicate a shift
in the Fermi level with respect to the core levels rather than the charging effects. First,
the charge compensation and energy calibration were used to remove the charge effect.
Further, the charging effect caused by a significant net positive charge accumulates at the
surface of insulators and will lead to a positive shift in the binding energy of the sample.
Given that the conductivity of LNO is worse than that of 0.25Fe-LNO, the charging effect
of LNO should be more obvious than that of 0.25Fe-LNO. However, the binding energy
of 0.25Fe-LNO is positively shifted compared to that of LNO in the Ni 2p and La 3d XPS
spectrum. High-spin Fe3+ and Fe2+ cause complex multiplet-split in the Fe 2p spectrum [47].
Since the multiple splitting of Fe2+ and Fe3+ is too complicated to distinguish, and dividing
Fe 2p into different oxidation states could also identify the shift in the peak positions well,
it is not necessary to distinguish multiple peaks for each oxidation state [33,48]. As demon-
strated in Figure 3c, the Fe 2p spectra consist of two spin–orbit doublets with satellites,
and the Fe species could be deconvoluted into Fe2+ and Fe3+. The peaks of 0.25Fe-LNO at
712.16/725.42 and 710.19/723.45 eV correspond to Fe3+ 2p3/2/2p1/2 and Fe2+ 2p3/2/2p1/2,
respectively [49]. Further, the peak at around 706 eV is assigned to the Ni Auger peak in
the 0.25Fe-LNO. Compared with those of pure FeOOH, the Fe 2p peaks of 0.25Fe-LNO
downshift 0.29 eV. The chemical shifts strongly confirm the electron transfer from the LNO
nanorods to the FeOOH in 0.25Fe-LNO, which can lead to a synergetic effect to improve
the OER electrocatalytic activity. [50] In addition, Figure 3d displays the O 1 s spectra
of LNO and 0.25Fe-LNO, which can be deconvoluted into four peaks corresponding to
the lattice oxygen species (O2−, 528.32 eV), superoxidative oxygen (O22−/O−, 529.44 eV),
hydroxyl groups (–OH, 531.12 eV) and adsorbed water (H2O, 532.18 eV) [51]. The content
of adsorbed water oxygen mainly depends on the atmospheric conditions rather than the
material properties [48]. When calculating the proportion of oxygen species, the content of
adsorbed water should be removed. It is noted that the proportion of hydroxyl groups in
the oxygen species of 0.25Fe-LNO (76.3%) is significantly higher than that of LNO (62.5%),
indicating the higher surface coverage (θ) of the OH species in the 0.25Fe-LNO sample [52].
A high θ value is beneficial for OH adsorption on the catalyst surface, which can enhance
OER intrinsic activity [26,52].

The OER catalytic performance of as-prepared catalysts was measured in a 1 M KOH
electrolyte. As shown in Figure 4a, the linear sweep voltammetry (LSV) polarization curves
demonstrate that the OER activity of the xFe-LNO catalysts significantly exceeds that
of the LNO or FeOOH alone. Among them, the 0.25Fe-LNO catalyst displays the best
performance, with the lowest overpotential of 284 mV at the current density of 10 mA
cm−2—even better than commercial RuO2 and IrO2 (Figure S7, Supplementary Materials).
The LNO and FeOOH exhibit poor performance, with overpotentials of 363 and 330 mV,
generating the same density current of 10 mA cm−2, respectively. The Tafel slopes of
xFe-LNO, FeOOH and LNO are shown in Figure 4b, which are used to reflect the OER
kinetics reaction rate and the charge transfer ability [7,53]. As expected, the 0.25Fe-LNO
sample displays the lowest Tafel slope of 69 mV·dec−1, which is significantly smaller
than those of the LNO nanorods (120 mV·dec−1), FeOOH nanosheets (92 mV·dec−1) and
RuO2 (84 mV·dec−1). Note that all the Tafel slopes of the other xFe-LNOs catalysts are
smaller than those of the individual components. For the four-electron transfer oxygen
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evolution reaction, the Tafel slope is closely related to the reaction mechanism and can even
predict the rate-determining step. Furthermore, the rate-determining step moves closer
to the beginning part of the multiple-electron transfer reaction as the Tafel slope increases.
As the first electron transfer reaction, when the adsorption of the OH groups is the rate-
determining step, the corresponding Tafel slope is 120 mV dec−1 [54]. This suggests that the
adsorption of OH groups is the OER rate-limiting step of LNO. These low Tafel slopes of the
xFe-LNO could be attributed to the high coverage of the hydroxyl group and the obvious
charge transfer between FeOOH and LNO, as discussed above. During the electrochemical
test of perovskite-based catalysts, conductive agents are usually added to the ink in a
certain mass ratio to remove the electrode conductivity limit. To further demonstrate
the catalyst-specific results, the LSV polarization curves and corresponding Tafel plots of
these samples without Ketjenblack carbon were added in the Supplementary Materials
(Figure S8). The catalyst-specific activity of 0.25Fe-LNO significantly surpasses that of LNO
and FeOOH. The addition of Ketjenblack carbon can improve the performance of these
catalysts to varying degrees, and the positive influence on LNO and FeOOH is greater
than that on 0.25Fe-LNO, indicating that the heterostructure enhances the conductivity
of LNO and FeOOH. The resistivities of 0.25Fe-LNO are almost twice those of LNO, as
tested by a four-probe resistance tester, which further confirmed the above conclusion
(Supplementary Materials).
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To further elucidate the enhanced electrochemical performance of 0.25Fe-LNO, cyclic
voltammetry (CV) and EIS measurements were carried out. The CV curves measured
from 20 mV S−1 to 120 mV S−1 of the LNO, xFe-LNO and FeOOH samples are dis-
played in Figure S9 (Supplementary Materials). The electrochemically active surface
area (ECSA) is in direct proportion to the double-layer capacity (Cdl) [10,55,56]. The Cdl
value of the 0.25Fe-LNO (9.81 mF cm−2) is approximately 3.1 and 2.0 times higher than
that of the FeOOH nanosheets (3.17 mF cm−2) and LNO nanorods (4.95 mF cm−2), in-
dicating that the composite holds more electrocatalytically active sites than the single
component (Figure 4c). The increased ECSA should be the reason, at least in part, for
the enhanced OER activity of the 0.25Fe-LNO catalyst, which is highly consistent with
the results of SSA discussed above. The LSV curves normalized by the ECSA of LNO,
xFe-LNO, FeOOH and RuO2 are presented to probe the intrinsic activity of the active
sites in Figure S10 (Supplementary Materials). Among them, 0.25Fe-LNO has the highest
intrinsic activity, indicating that the composite can not only increase the ECSA but also
enhance the intrinsic activity. In Figure 4d, the Nyquist plots of each catalyst are manifested
as two semi-circles, and the semicircles at the lower and higher frequency ranges represent
the interface resistance and charge transfer resistance, respectively [57]. The corresponding
equivalent circuit, which consists of the solution resistance (Rs), the interface resistance
(Ri), the charge-transfer resistance (Rct) and two constant phase elements (CPE), is shown
in the inset of Figure 4d. We found that the Rct of 0.25Fe-LNO (19.1 Ω) was significantly
reduced in comparison with those of LNO (250.6 Ω) and FeOOH (166.4 Ω), suggesting that
the composite catalyst possesses rapid charge-transfer kinetics [58,59]. The more fitting
parameters of the Nyquist plots are listed in Table S1 (Supplementary Materials), and the
trend of Rct is line with the results of the Tafel slopes. To demonstrate the positive effect
of the close contact between LNO and FeOOH, the electrochemical performance of the
LaNiO3/FeOOH composite prepared by physical mixing (0.25Fe/LNO) was measured
as a comparison (Figure S11, Supplementary Materials). 0.25Fe/LNO displays increased
OER activity when compared with LNO and FeOOH. However, the OER performance of
0.25Fe/LNO is far inferior to that of 0.25Fe-LNO due to the smaller active surface area
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and the larger charge-transfer resistance. Compared with 0.25Fe/LNO, 0.25Fe-LNO ex-
hibits enhanced synergy and charge transfer between LNO and FeOOH. In addition, the
turnover frequency (TOF) of the LNO, xFe-LNO and FeOOH catalysts at 1.60 V vs. RHE
was calculated and is listed in Table S2 (Supplementary Materials). 0.25Fe-LNO exhibits a
TOF value of 0.243 S−1, an order of magnitude higher than those of LNO (0.031 S−1) and
FeOOH (0.022 S−1), proving that 0.25Fe-LNO possesses superior intrinsic activity [7]. The
durability test shows that the overpotential of the 0.25Fe-LNO composite catalyst only
increased by 14 mV at the current density of 10 mA cm−2 after 500 CV cycles (Figure 4e).
The peak at 1.45 V vs. RHE after 500 CV cycles is the oxidation peak of the Ni species,
because the Ni based electrocatalyst LaNiO3 experiences the self-surface reconstruction
during the electrochemical activation process, forming the amorphous active phase. [53,60].
A clear activation process is also observed during the first as-shown 20,000 s (Figure 4f).
For the Chronoamperometry test, the Ni foam was covered by the catalyst as the working
electrode, and the interaction and the interface effect between the catalyst and the Ni foam
are usually negligible [22,59]. On the one hand, the activity of the Ni foam is far inferior to
that of the prepared catalyst (Figure S12, Supplementary Materials); on the other hand, the
catalyst dropped on the Ni foam is on a microscale and has less effect than that growing
on it.

3. Materials and Methods
3.1. Material Synthesis
3.1.1. Synthesis of LNO Nanorods

The LNO nanorods were synthesized by the hydrothermal method. A stoichiometric
amount of La(NO3)3·6H2O (0.125 mmol, 54.2 mg) and Ni(HCO2)2·2H2O (0.125 mmol,
24.1 mg) were dissolved in 22.5 mL of deionized (DI) water followed by strong stirring to
form a clear solution. Then, 2.5 mL 1 M KOH solution was slowly dropped into it to form a
light green suspension and was continuously stirred for 15 min. Thereafter, the suspension
was transferred into a 50 mL Teflon-lined stainless-steel autoclave and heated at 180 ◦C for
10 h in an oven. The resulting product was washed by DI after cooling to room temperature
naturally and then dried. The light green powders were calcined at 250 ◦C for 2 h and then
calcined at 650 ◦C for 5 h in air, with the heating rate at 5 ◦C min−1. The obtained black
powders were stirred in 12.5 mL 0.01 M HNO3 solution for 15 min to remove the impurities.
The LNO nanorods were obtained after being dried.

3.1.2. Synthesis of xFe-LNO (x = 0.125, 0.25, 0.5, 0.75)

Different amounts of the substance K2FeO4 were dissolved in 50 mL 6 M NaOH solu-
tion by sonication for 10 min to obtain the K2FeO4 solution with different concentrations.
The role of NaOH is to regulate the hydrolysis rate of K2FeO4, which can promote uniform
distribution of the composites. Next, the as-prepared LaNiO3 nanorods (0.375 mmol) were
added into the solution and sonicated for another 10 min to disperse uniformly. In addition,
x stands for the molar ratios of K2FeO4:(LaNiO3 + K2FeO4) in the xFe-LNO samples. For
example, the 0.25Fe-LNO sample with the best OER catalytic performance corresponds to
0.125 mmol K2FeO4. Subsequently, the above suspension was stirred for 24 h. Finally, the
xFe-LNO samples were obtained after being washed several times with DI water.

3.2. Material Characterizations

The phase structures were determined by X-ray diffraction (XRD, D8-Focus with
Cu Kα radiation, BRUKER, Karlsruhe, Germany). The Raman spectra were scanned
with an excitation wavelength of 532 nm on a Horiba LabRAM HR Evolution instrument
(HORIBA Scientific, Paris, France). The morphology and microstructure of the samples
were characterized by scanning electron microscopy (SEM, S4800, HITACHI, Tokyo, Japan)
and transmission electron microscopy (TEM, JEM-F200, JEOL, Tokyo, Japan). The Brunauer–
Emmett–Teller (BET) specific surface area of the samples was obtained via N2 desorption-
adsorption isotherms (SSA-7000, BJBulider, Beijing, China). The surface chemical states
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were analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha+,
ThermoFisher Scientific, Waltham, MA, USA). For XPS, the pass energy is 50.00 eV, and the
photoemission angle is 45◦. To remove the charging effect leading to the peak positions’
shift towards high binding energy, charge compensation was used during the testing, and
the energy was calibrated by C 1s = 284.8 eV for all samples.

3.3. Electrochemical Measurements

All of the electrochemical measurements were performed in a 1 M KOH electrolyte in
a standard three-electrode system on a CHI 760E (Shanghai Chenhua Instrument, Shanghai,
China) electrochemical station at room temperature, in which a graphite rod and Ag/AgCl
(3.5 M KCl) were respectively applied as the counter and reference electrodes. A glassy
carbon (GC) electrode with a diameter of 3 mm, which was covered by a thin catalyst film,
was used as the working electrode (except for special instructions). All the catalysts were
mixed with conductive carbon (Ketjenblack carbon) at a mass ratio of 7:3 to remove the
electrode conductivity limitation. Typically, 3.5 mg of the as-prepared catalyst and 1.5 mg
of Ketjenblack carbon were dispersed in a 1 mL solution containing 0.45 mL deionized
water, 0.5 mL ethanol and 50 µL 0.5 wt% Nafion solution, followed by ultrasonication for
at least 1 h to form a homogeneous ink. Then, 5 µL of ink was dropped on the GC electrode
with a catalyst loading density of 0.352 mgtotal cm−2 (0.246 mgcat cm−2) and dried at room
temperature. The measured potentials were calibrated to the standard reversible hydrogen
electrode (RHE) according to the Nernst equation (ERHE = EAg/AgCl + 0.059 pH + 0.196).

The linear sweeping voltammograms (LSVs) were obtained at a scan rate of 5 mV
s−1 with iR compensation (EiR corrected = E − IRs, where Rs is the Ohmic resistance of
1 M KOH and i is the current). The electrochemical double-layer capacitance (Cdl) was
calculated by cyclic voltammogram (CV) measurements, with different scan rates of 20, 40,
60, 80, 100 and 120 mV S−1 in a non-Faradaic current region. Electrochemical impedance
spectra (EIS) measurements were recorded at 1.56 V versus the RHE in a frequency range of
106–10−1 Hz under an AC voltage of 5 mV. The ECSA of a catalyst sample was calculated
by the formula: ECSA = Cdl/Cs, where Cs is the specific capacitance and was generally
around 0.04 mF cm−2 in the alkaline solution [61,62]. The turnover frequency (TOF) was
calculated by the formula: TOF = (j × A)/(4 × F × n), where j (A cm−2) is the current
density obtained by the LSV measurement, A is the geometric area of the GC with catalysts
(0.07065 cm−2), F is the Faraday constant (96485.3 C mol−1) and n is the number of active
sites of the catalysts coated on the electrode. The stability test of the 0.25Fe-LNO by CV
cycling was conducted in a potential range of 1.0–1.58 V versus the RHE at a scan rate of
100 mV s−1, and a chronoamperometry test was conduct at 1.56 V versus the RHE with Ni
foam covered by the catalyst (0.375 mgtotal cm−2) as the working electrode.

4. Conclusions

In summary, we proposed a two-step strategy for the synthesis of perovskite oxides
and FeOOH heterostructures with an interesting 1D-2D hierarchical structure. By adjusting
the different ratio of the two components, a variety of xFe-LNO composites were prepared.
The catalytic performance test shows that the optimized 0.25Fe-LNO catalyst displays a
significantly enhanced the OER performance in alkaline electrolytes in comparison to the
pristine LaNiO3 nanorods and FeOOH nanosheets, even outperforming the RuO2. We
found that the enhanced performance could be explained by the morphology engineering
of LNO and the synergistic effect of the perovskite oxides and FeOOH. The introduction
of this hierarchical structure not only increases the electrochemically active surface area
but also results in an abundant contact area between LNO and FeOOH. Therefore, an
accelerated charge transfer and synergistic effect are observed. This strategy also provides
a new way to obtain perovskite oxides OER catalysts with better performance.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12060594/s1, Figure S1: SEM image of FeOOH nanosheets;
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Figure S2: N2 adsorption–desorption isotherms of LNO and 0.25Fe-LNO; Figure S3: TEM image
of 0.25Fe-LNO; Figure S4: HRTEM image of LNO; Figure S5: HAADF-TEM image of 0.25Fe-LNO
and the corresponding elemental mapping images; Figure S6: XPS survey spectra of LNO and
0.25Fe-LNO; Figure S7: (a) LSV of LNO, FeOOH, Fe-LNO and IrO2 samples. (b) The corresponding
Tafel plots; Figure S8: (a) LSV of LNO, FeOOH and 0.25Fe-LNO samples without Ketjenblack carbon.
(b) The corresponding Tafel plots; Figure S9: CV curves measured from 20 mV S−1 to 120 mV S−1 of
(a) LNO, (b) 0.125Fe-LNO, (c) 0.25Fe-LNO, (d) 0.5Fe-LNO, (e) 0.75Fe-LNO and (f) FeOOH; Figure S10:
ECSA-normalized LSV of LNO, xFe-LNO, FeOOH and RuO2; Figure S11: (a) LSV of LNO, FeOOH,
0.25Fe-LNO and 0.25Fe/LNO samples. (b) The corresponding Tafel plots. (c) Linear fits of half
capacitive currents versus scan rates for the extraction of the double-layer capacitances. (d) Nyquist
plots; Figure S12: The LSV of Ni foam; Table S1: The fitting parameters of Nyquist plots; Table S2:
TOF @ 1.60 V vs. RHE (S−1) of the LNO, xFe-LNO and FeOOH samples. Table S3: Atomic ratios of
xFe-LNO from the SEM-EDS results.
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