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Exploring efficient and inexpensive nanostructured catalysts for the oxygen evolution

reaction (OER) is critical for economical electrochemical water splitting. Here,

monodispersed γ-AlOOH/Fe(OH)3 with hierarchical structures have been synthesized

by a facile hydrothermal method and an electrostatic attraction treatment. The low

overpotential of only 289mV at a current density of 10mA cm−2 for γ-AlOOH/Fe(OH)3
with a low Tafel slope of 80.2mV dec−1, which is greatly decreased than that of γ-AlOOH

(347mV and 88.4mV dec−1). The monodispersed γ-AlOOH/Fe(OH)3 with hierarchical

structures and abundance of surface hydroxyls have high specific surface areas and large

pore volumes, which can provide more active sites to help the transfer of the electrons

to improve the electrocatalytic performance for OER.

Keywords: hierarchical micro/nanostructures, mesoporous/macroporous structures, electrocatalyst,

γ-AlOOH/Fe(OH)3, oxygen evolution reaction, solvothermal method

INTRODUCTION

During the past few years, the electrolysis of water to produce oxygen and hydrogen has
become one of the most effective methods to solve the energy crisis and environmental pollution
(Sivanantham et al., 2016; Gao et al., 2018; Huang C. et al., 2018; Lan et al., 2018; Nai, 2018;
Rajeshkhanna et al., 2018; Wu et al., 2018; Yang et al., 2018a; Zhao et al., 2018; Li X. et al.,
2019; Ouyang et al., 2019; Wang J. et al., 2019). However, as an efficiency-determining step for
water splitting, the oxygen evolution reaction (OER) is sluggish because it involves multistep
four-electron-transfer pathway (Yuan et al., 2014). In the early research, electrocatalytic O2-
productions were dominantly achieved by utilizing precious metal ruthenium (Ru) and iridium
(Ir) (Wang et al., 2017). But their high cost and resource scarcity has limited their large-scale
practical application. Many efforts have been made to develop novel electrocatalyst with the aim
of lower potential and high current density (Anantharaj et al., 2017; Liu D. et al., 2017; Liu G.
et al., 2017; Chen and Shi, 2018; Huang Y. et al., 2018; Liu et al., 2018; Li X. et al., 2018; Wang
et al., 2018; Xie et al., 2018; Zhang et al., 2018; Wang S. et al., 2019), but substantial progress
is still needed to reduce the cost and improve the activity and stability of the OER catalysts.
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Metal oxyhydroxide micro/nanomaterials with hierarchical
structures, as one of the most promising catalyst, have been
widely studied due to their large surface areas, high available
active sites and well-defined morphology (Gong et al., 2013;
Tang et al., 2014; Yang et al., 2018b; Ye et al., 2018; Li R. et al.,
2019). Among them, AlOOH has also been widely studied in
photoelectrocatalysis (Roy et al., 2018), photocatalysis (Latifi
et al., 2018; Munusamy et al., 2018), antimicrobial activity
(Bakina et al., 2018), and determination of toxic metal ions ( Qin
et al., 2018; Vo et al., 2018) due to its low cost, low toxicity,
and environmentally friendly nature. Up to now, there are
variable structures of AlOOH, including fiber-like morphologies
(Kim et al., 2010), hollow microspheres (Cai et al., 2010;
Lan et al., 2013), nanoflakes, and other hierarchical structures,
etc. Nevertheless, it still remains urgent to find a way to
prepare AlOOH or AlOOH composite electrocatalysts with facile
preparation method, high surface area, favorable morphology
and excellent electrocatalytic OER properties.

Herein, we prepared an monodispersed γ-AlOOH/Fe(OH)3
composite with hierarchical structures by a facile hydrothermal
method and an electrostatic attraction treatment. As far as we
know, this is the first report to study the OER electrocatalytic
activity of γ-AlOOH/Fe(OH)3 composite. On one hand, the
OER performance of as-prepared γ-AlOOH micro/nanoflowers
is great due to the favorable morphologies. And on the other
hand, with the addition of Fe(OH)3 nanoparticles, there without
any change in morphologies, the surface area has been increased
and the performance of OER has been improved greatly.

EXPERIMENTAL SECTION

All reagents were of an analytical grade and are commercially
available from Sinopharm Chemical Reagent Co., Ltd (China)
and were used without further purification.

FIGURE 1 | XRD patterns of (a) γ-AlOOH/Fe(OH)3 and (b)

γ-AlOOH micro/nanoflowers.

Synthesis of γ-AlOOH
The hierarchical γ-AlOOH nanomaterials were firstly prepared.
In a typical experiment, 1.02 g of sodium aluminate (NaAlO2)
and 8.67 g of urea (H2NCONH2) was dissolved in 30mL of
deionized water under stirring. And then, 0.20 g polyacrylic acid
sodium salt was added into above solution. After being stirred
for 30min, the mixed solution was transferred into a 50mL
Teflon-lined stainless steel autoclave, sealed and maintained at
140◦C for 10 h. After the reaction system was naturally cooled to
room temperature, the white precipitates was separated from the
solution and thoroughly washed three times with deionized water
and absolute ethanol, and then dried in a vacuum oven at 60◦C
for 12 h.

Synthesis of
γ-AlOOH/Fe(OH)3 Micro/Nanoflowers
The γ-AlOOH/Fe(OH)3 were synthesized by boiling forcing-
hydrolysis method. In a typical synthesis, the monodispersed
hierarchical γ-AlOOH (50mg) were well dispersed in 25ml
deionized water and heated to boiling. Subsequently, 5ml of
the saturated ferric chloride solution was added dropwise to
the above boiling solution. Continue to boil the solution until
it became reddish brown, turn off the heat. After the reaction
system was naturally cooled to room temperature, the precipitate
was separated from the solution and thoroughly washed with
deionized water and absolute ethanol for several times, and then
dried in a vacuum oven at 50◦C for 6 h.

Electrochemical Measurements
Five milligram powder of catalyst was dispersed in a mixture of
600 µL water and 400 µl ethanol with 30 µl Nafion solutions,
and then the mixture was under continuous ultrasonication for
20min to obtain a homogenous ink. In a typical experiment, the
NF (Ni Foam, about 1 cm*2 cm) was cleaned by 3MHCl solution
for 5min in an ultrasound bath. And then, the NFs were washed
by deionized water and ethanol for 3 times. Then, using a pipette,
we extracted the catalyst ink and dropped in the NF. 1M KOH
solution was used as the electrolyte in all the electrochemical
process. Pt sheet and Ag/AgCl electrode were employed as the
counter and the reference electrodes, respectively. The linear
sweep voltammetry (LSV) from 0 to 0.8V vs. Ag/AgCl with a
sweep rate of 1 mV/s. Electrochemical impedance spectroscopy
(EIS) were carried out at 0.5 V vs. Ag/AgCl in OERmeasurement,
the frequency scan range was from 1,000 kHz to 0.01Hz. The pH
value of 1MKOH is∼14. In this paper, potentials were converted
to values referring to the reversible hydrogen electrode (RHE)
using the following equation: ERHE = EAg/AgCl+0.197+ 0.059∗
pH, where EAg/AgCl is the experimentally measured potential
against the Ag/AgCl reference electrode. The overpotential (η)
was calculated using the formula: η = ERHE − 1.23.

Characterization
X-ray diffraction (XRD) patterns were obtained in the 2O range
of 10–80◦ using a Philips X’Pert Pro X-ray diffractometer with
Cu Kα radiation (1.5418 Å). Field emission scanning electron
microscope (FESEM) images were taken on a FESEM (Quanta
200 FEG) operated at an accelerating voltage of 10.0 kV.

Frontiers in Materials | www.frontiersin.org 2 July 2019 | Volume 6 | Article 154

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Huo et al. γ-AlOOH/Fe(OH)3 for Efficient Oxygen Evolution Reaction

FIGURE 2 | SEM images of the as-prepared (a,b) γ-AlOOH, (c,d) γ-AlOOH/Fe(OH)3 micro/nanoflowers.

FIGURE 3 | TEM images of the as-prepared (a,b) γ-AlOOH, (c) γ-AlOOH/Fe(OH)3 micro/nanoflowers, and (d) the HRTEM image of Fe(OH)3.
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FIGURE 4 | (a) SEM image; Electron energy loss: (b) Al, (c) Fe and (d) O elemental mapping images, (e) EDS spectrum of the γ-AlOOH/Fe(OH)3 micro/nanoflowers.

Transmission electron microscope (TEM) images were obtained
on a JEOL JEM-2010 high resolution transmission electron
microscope, equipped with X-ray energy dispersive spectroscopy
(EDS) capabilities, working at an acceleration voltage of 200 kV.
The specific surface areas of the samples were measured with
Micromeritics ASAP 2020 M+C Brunauer-Emmet-Teller (BET)
equipment by using nitrogen adsorption and desorption. The
electrochemical measurements were collected by electrochemical
system (CHI-760E).

RESULTS AND DISCUSSION

The XRDpatterns of the samples are shown in Figure 1. From the
curve (b) in Figure 1, all of the diffraction peaks can be indexed
as the γ-AlOOH (JCPDS no. 21-1307). The γ-AlOOH/Fe(OH)3
micro/nanoflowers is confirmed by the XRD pattern in the curve
(a) of Figure 1. Compared with the curve (b) in Figure 1, some
additional peaks appear, which can be attributed to the phase
of Fe(OH)3 colloid nanoparticles (JCPDS no. 22-0346). This
suggests that the sample contains Fe(OH)3 phases. In addition,
from the PDF card and the XRD pattern of Fe(OH)3, the obvious
peak can be observed at about 35 degrees. The intensity of
the XRD pattern of Fe(OH)3 is weak due to the low content
of Fe(OH)3.

The morphology and structure of γ-AlOOH and γ-
AlOOH/Fe(OH)3 are investigated by SEM as shown in
Figure 2. From Figures 2a,b, there are many monodispersed
hierarchical γ-AlOOH micro/nanoflowers with a diameter of
700 nm and the micro/nanoflowers are assembled by nanosheets.
The uniform-sized, flower-like and hierarchical structures of
the γ-AlOOH/Fe(OH)3 are well-maintained compared to the
γ-AlOOH, as shown in Figures 2c,d.

The two samples are further investigated by the transmission
electron microscopy (TEM) images in Figure 3. From
Figures 3a,b, it is apparent that the structure of γ-AlOOH
is assembled by some smooth nanosheets. In addition, there are
many particles in the nanosheets in Figure 3c, which indicate
that Fe(OH)3 colloid particles are successfully adsorbed on
the surface of γ-AlOOH nanosheets. And from Figure 3d, the
diameter of these nanoparticles is about 5 nm (red circles) which
may provide more active sites for the OER process. And the
lattice stripes with d-spacing of 0.481 and 0.211 nm indexed to
(111) and (400) crystal plane of Fe(OH)3 colloid nanoparticles
(JCPDS no. 22-0346) can be observed.

In order to further confirm the component and the
presence of the Fe(OH)3 on the surface of γ-AlOOH/Fe(OH)3
micro/nanoflowers, they are investigated by electron mapping
image analysis (Figure 4). Apparently, the different color areas
shown in Figures 4B–D indicate Al-, Fe-, and O-enriched
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FIGURE 5 | Nitrogen adsorption/desorption isotherm (A) γ-AlOOH and (B) γ-AlOOH/Fe(OH)3, BJH pore size distribution plot of (C) γ-AlOOH and (D)

γ-AlOOH/Fe(OH)3 micro/nanoflowers.

FIGURE 6 | (A) OER polarization curves without iR-compensation, (B) Tafel slopes, (C) Nyquist plots measured at 0.5 V vs. Ag/AgCl for various catalysts, and (D)

Durability test at 10mA cm−2 for 22 h of γ-AlOOH/Fe(OH)3 micro/nanoflowers; The SEM image of γ-AlOOH/Fe(OH)3 after i-t-test(inset).
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TABLE 1 | Summary of OER performances of different electrocatalysts.

Catalysts η value at

10mA cm−2
Substrate References

NF@NC-CoFe2O4 powders∼300mV NF Lu et al., 2017

NF@NC-CoFe2O4/C

powders

∼310mV NF Lu et al., 2017

CoCHH/NF 414mV NF Xie et al., 2017

CoCH/NF 332mV NF Xie et al., 2017

Co3O4/NF ∼300mV NF Li S. et al., 2018

CoNi/NF ∼340mV NF Li S. et al., 2018

Co hydroxide/NF 400mV NF Liu et al., 2018

Fe-Ni hydroxide/NF 325mV NF Liu et al., 2018

NiCo2O4-R 361mV NF Yang et al., 2018a

NiCo2O4-N 363mV NF Yang et al., 2018a

Ni3S2/NF 300mV NF Sivanantham et al.,

2016

NiCo2O4/NF 330mV NF Sivanantham et al.,

2016

γ-AlOOH 347mV NF This work

γ-AlOOH/Fe(OH)3 289mV NF This work

areas of the sample, respectively. The images also show that
Al, Fe, and O elements are well-dispersed on the surface
of micro/nanoflowers structure. In addition, the EDS data
(Figure 4E) of the product further reveals the existence of Al,
Fe, and O elements. The Cu signal originates from the copper
TEM grid.

The N2 adsorption/desorption isotherm and the pore
size distribution of the samples are shown in Figure 5.
The BET surface area and the total pore volume of γ-
AlOOH micro/nanoflowers have been estimated to be 145.523
m2/g and 0.396 cm3/g (Figures 5A,C), respectively, while
γ-AlOOH/Fe(OH)3 micro/nanoflowers is 171.249 m2/g and
0.400 cm3/g (Figures 5B,D). The BET surface area of γ-
AlOOH/Fe(OH)3 micro/nanoflowers is not only higher than
that of γ-AlOOH micro/nanoflowers but also higher than the
reported values of other γ-AlOOH (Zhang et al., 2006; Feng et al.,
2008; Hou et al., 2012; Meng et al., 2014; Abdollahifar et al.,
2018). In Figures 5C,D, the pore size distribution curve of γ-
AlOOH exhibits a broad peak in the range of 2–200 nm with a
maximum at 90 nm while γ-AlOOH/Fe(OH)3 is in the range of
2–200 nm with a maximum at 15 nm. The result indicates that
there are some mesopores/macropores in the two samples. The
change of the maximum value is due to the introduction of the
Fe(OH)3 colloid nanoparticles. These mesoporous/macroporous
structures and the Fe(OH)3 colloid nanoparticles can be also
directly observed from TEM images of the products shown
in Figure 3.

The electrocatalytic activity of the samples for oxygen
evolution reaction (OER) was investigated using a three
electrode system in 1.0M KOH. The linear sweep voltammetry
(LSV) of γ-AlOOH, γ-AlOOH/Fe(OH)3 micro/nanoflowers,
and pure NF for the OER presented in Figure 6A are obtained
at a scan rate of 1 mV/s without iR compensation. To judge
the efficiencies of the electrocatalyst, there are two pieces of
important information that can be collected from these LSV

curves, first one is the onset potential and another one is the
working over-potential for the generation of 10 mA/cm2. As it
shows, the onset potential of γ-AlOOH/Fe(OH)3 is 1.47V while
γ-AlOOH is 1.52V, the pure NF is 1.64V. And the anodic current
of γ-AlOOH/Fe(OH)3 increases faster than that of γ-AlOOH,
generating the η10 of 289mV, which is lower than that of
γ-AlOOH (347mV) and rivals or outperforms the other catalysts
previously reported (see Table 1). Actually, the introduction
of Fe(OH)3 can increase the number of active surface atoms
and provide more active sites to enhance the electrocatalytic
activity. To confirm the interior OER kinetics of the as-obtained
samples, Tafel slope was directly investigated from the Tafel plot
which was generated from the LSV plot. Figure 6B depicts the
Tafel plots of γ-AlOOH/Fe(OH)3, γ-AlOOH, and pure NF. It
is observed that the Tafel slope for γ-AlOOH/Fe(OH)3 is 80.2
mV/dec whereas for γ-AlOOH it is 88.4 mV/dec, demonstrating
a faster reaction kinetics. Moreover, electrochemical impedance
spectroscopy (EIS) are also conducted to evaluate electron-
transfer kinetics in OER of the as-obtained catalysts. As
shown in Figure 6C, the charge-transfer resistance (Rct) of
the γ-AlOOH/Fe(OH)3 is only 1.60�, which is significantly
smaller than that of γ-AlOOH (11.2�), revealing that the
γ-AlOOH/Fe(OH)3 with the porous hierarchical structure
can greatly accelerate the mass transport and electron transfer
between the catalyst surface and the reactants. Furthermore,
the long-term durability of γ-AlOOH/Fe(OH)3 for OER was
assessed by a chronoamperometry measurement for more than
22 h at 10mA cm−2. In Figure 6D, it is found that the potential
of the electrode only with negligible increased, manifesting
the excellent stability of the γ-AlOOH/Fe(OH)3 toward
the OER.

CONCLUSION

In summary, we have successfully obtained monodispersed
hierarchical γ-AlOOH micro/nanoflowers in a non-toxic and
facile method. And the γ-AlOOH/Fe(OH)3 micro/nanoflowers
can be synthesized from the γ-AlOOH precursor without any
change on their morphologies by a simply electrostatic attraction
treatment. The γ-AlOOH/Fe(OH)3 micro/nanoflowers with high
BET surface areas and an abundance of surface hydroxyls
which can provide more active sites and speed up the transfer
of ions in OER process. Furthermore, this work presents a
new method for the preparation of many other oxyhydroxide
materials with various morphologies and structures for the
oxygen evolution reaction.
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