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Abstract: An aerosol-spray-assisted approach (ASAA) is
proposed and confirmed as a precisely controllable and
continuous method to fabricate amorphous mixed metal
oxides for electrochemical water splitting. The proportion
of metal elements can be accurately controlled to within
(5�5)%. The products can be sustainably obtained, which is
highly suitable for industrial applications. ASAA was used to
show that Fe6Ni10Ox is the best catalyst among the investigated
Fe-Ni-Ox series with an overpotential of as low as 0.286 V
(10 mAcm�2) and a Tafel slope of 48 mV/decade for the
electrochemical oxygen evolution reaction. Therefore, this
work contributes a versatile, continuous, and reliable way to
produce and optimize amorphous metal oxide catalysts.

Electrochemical water splitting is currently being paid
considerable attention, as H2 is currently produced in industry
by the reformation of fossil fuels.[1] The purity of H2 from
water splitting is theoretically 100%, and no CO2 is produced.
However, trace impurities of CO or S that are formed in
traditional methods can poison some catalysts, especially
anode Pt catalysts in H2 fuel cells.[2] Furthermore, large
amounts of CO2 exhaust gases from fossil fuel reformation is
contributing to the global warming problem. It is also an
efficient way to timely store sustainable but intermittent
energy, for example, solar energy.[3] Very recently, Cronin
et al. designed a unique electrolysis cell that allows tempo-
rally separated O2 and H2 evolution by using a phosphomo-
lybdate anion as a redox equivalent.[4] This cell allows the
practical utilization the electrolysis to be approached.

The fundamental study of and search for materials for
electrochemical water splitting have been significantly devel-

oped. For the cathodic H2 evolution reaction (HER), a few
layered MoS2/WS2 nanosheets,[5] and Ni2P nanoparticles[6]

have been found to possess good activity as cheaper
candidates to replace Pt. The anodic O2 evolution reaction
(OER) associated with four-electron transfer has required
more efforts because of its high kinetic barrier and sluggish
reaction dynamics. Many metal oxides, hydroxides, and spinel
compounds have been identified as efficient OER catalysts in
alkaline media.[7] Layered double hydroxides (LDHs),[8]

optimized perovskite oxides,[9] and Co-based composite
catalysts[10] were extensively studied and have shown excel-
lent performance. Furthermore, amorphous metal oxides
have been proven to possess surprising OER performance
with lower overpotential and Tafel slope than crystalline
oxides.[11] These results have inspired us to look for efficient
and reliable ways to search for and identify the best catalysts
from the huge groups of amorphous metal oxides. Electro-
deposition and newly developed photochemical metal–
organic deposition (PMOD)[11c] seem to be the most accept-
able methods for accessing amorphous metal oxides. How-
ever, the former is always invalid for mixed metal oxides with
a precise proportion of various elements, and both of them are
not commercially applicable in the scalable production of
catalysts or electrodes. Therefore, it is still a challenge to
develop a large-scale approach to produce these compounds
with the correct elemental proportions and to satisfy the
numerous demands for their use as catalysts.

Herein, we report the aerosol-spray-assisted approach
(ASAA) as a precisely controllable and successive method to
fabricate and optimize amorphous metal oxides with adjust-
able compositions and mesoporous structures. Although
aerosol-spray-assisted evaporation-induced self-assembly
(EISA) devices have been developed for preparing mesopo-
rous products,[12] this is the first report to date that system-
atically confirms this technique as an efficient methodology
for accessing amorphous mixed metal oxides for electro-
chemical applications. The elemental proportion can be
accurately controlled from the mother solution and the
catalytic performance of the products can be easily engi-
neered. The availability is corroborated through a case study
of composite Ni-Fe-Ox catalysts, which were chosen because
they are well-studied so that it is easier and more reliable to
evaluate this method.[13] By using ASAA, we have shown that
the best catalyst of Fe-Ni-Ox is Fe6Ni10Ox , with an over-
potential of as low as 0.286 V at 10 mAcm2 and a Tafel slope
of 48 mV/decade. More valuably, this method is suitable for
the large-scale industrial production as we can successively
obtain products with a rate of about 0.1 gh�1 merely from
a home-made device.
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Our home-made setup is shown in Figure 1 A (a photo-
graph is given in Figure S1 in the Supporting Information), as
well as the associated processes
for producing amorphous metal
oxide microspheres with meso-
porous structures, including
three parts of an ultrasonic
humidifier for the spraying pro-
cess, a tube furnace for metal
oxide formation and EISA, and
a collector for capturing the
powders. We take the prepara-
tion of Fe-Ni-Ox as an example.
Firstly, the ethanolic precursor
solution containing Pluronic
P123, Fe(NO3)3 and/or Ni-
(NO3)2 salts is sprayed with
the assistance of an ultrasonic
humidifier. The mist (Fig-
ure 1A, right-hand side) is
then driven into the tube fur-
nace (preheated to 480 8C) by
a pump (Figure 1A, left-hand
side). During the process in the
furnace, which last only a short
time (several seconds), precur-
sor inorganic salts in the spray
drops are firstly solidified, sub-
sequently decomposed into
amorphous metal oxides, and
finally assembled with the assis-
tance of the EISA of P123. The
short reaction time in the fur-

nace means that the metal oxides do not have sufficient time
to crystallize and the final products are amorphous. Figure 1B
highlights the possible metal oxides (single-component or
composite oxides) that can be prepared by using the ASAA
with inorganic salts. Compared with the costly and time-
consuming PMOD route,[11a] this method allows the use of
cheap inorganic salts as precursors instead of expensive and
water-sensitive metal–organic compounds. More importantly,
the reaction can be completed within several seconds, and we
can continuously obtain products as soon as the precursors
are prepared, which is highly suitable for industrial produc-
tion. The rate is estimated at about 0.1 gh�1 just from a single
home-made device. Therefore, this is a versatile and scalable
method to search for, study, and produce amorphous metal
oxides as OER catalysts and/or cocatalysts for water splitting.

Figure 2 shows the SEM images of eight typical products
from ASAA, namely, NiO (A, B), Fe1Ni10Ox (C, D), Fe2Ni10Ox

(E, F), Fe6Ni10Ox (G,H), Fe10Ni10Ox (I, J), Fe10Ni6Ox (K,L),
Fe10Ni2Ox (M, N), and Fe2O3 (O, P). The size ranges from 0.2
to 2 mm, which is dictated by the size distribution of the mist
drops. The pure NiO products are concave hollow micro-
spheres, while the Fe2O3 products are solid microspheres.
According to the model of Lenggoro et al. ,[14] the reason for
this difference may be due to the lower diffusion rate of Ni2+

than that of Fe3+ during the solidification and decomposition
process in the furnace. When the Fe/Ni ratio increases, the
morphology tends to pure Fe2O3-like, and Fe6Ni10Ox (see
Figure 2E for a typical case). As shown in Figure S2 (see the

Figure 1. A) Illustration of the setup and processes associated in the
ASAA for amorphous metal oxide microspheres; B) highlighted possi-
ble amorphous metal oxides that can be obtained from the ASAA with
inorganic salts.

Figure 2. SEM images (first and third rows) and EDX patterns (second and fourth rows) of NiO (A, B),
Fe1Ni10Ox (C,D), Fe2Ni10Ox (E,F), Fe6Ni10Ox (G,H), Fe10Ni10Ox (I, J), Fe10Ni6Ox (K,L), Fe10Ni2Ox (M,N), and
Fe2O3 (O,P) microspheres. Scale bars: 500 nm.
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Supporting Information), the products are mesoporous struc-
tures after removing the P123 template. Energy dispersive X-
ray (EDX) spectroscopy analysis was performed to evaluate
the availability of this method to accurately control the
composition. The peaks representing Cu are from the Cu grid
for EDX measurements. No signals corresponding to metallic
impurities are observed in the spectra of the single-compo-
nent NiO and Fe2O3. More importantly, the ratios from EDX
analysis are very close to the original ratios of the mother
solutions for all Fe-Ni-Ox samples to within about 5%. The
high accuracy in the control of the contents is attributed to the
fast and complete co-decomposition of precursor in the
droplet microreactors. Furthermore, this is a versatile
approach for the fabrication and surveying of many other
amorphous multicomponent metal oxide catalysts with pre-
cisely controlled proportions of components, such as Co-Fe-
Ox and Co-Ni-Ox (see Figure S3).

EDX spectroscopy was used to verify the uniform
elemental distribution of the samples by investigating five
random points at the same test grid. Even for the sample with
low iron content (Fe2Ni10Ox ; Figure S4 in the Supporting
Information), the atomic ratio difference is only about 5%,
which is very close to the precursor Fe/Ni ratio (1.98).
HAADF-STEM-EDX element mapping was carried out to
directly determine the distribution of various metal elements.
Taking Fe6Ni10Ox as an example (Figure 3A), the Fe (red), Ni
(green), and O (yellow) elements are uniformly distributed in
the microspheres. This information suggests that all the
components can be uniformly distributed in the overall
products, which gives rise to the precise control of catalyst
composition. To further confirm the accuracy in composition

control and reproducibility of product preparation, we
randomly repeated the preparation of Fe10Ni6Ox sample six
times under the same conditions and analyzed the Ni/Fe ratios
from EDX data. As shown in Figure 3B and Figure S5, the
proportions of the metals in five samples are very close to the
original precursor ratio (6.02) with an atomic ratio difference
of within less than 5%, although the ratio of one sample
shows an atomic ratio difference of more than 10 %, which
may arise from some accidental error. Overall, ASAA is
indeed a reliable method to accurately control the proportion
of the components in the product. Moreover, ASAA is not
only a route to produce and optimize the amorphous metal
oxides, but also a reliable methodology to study and search
more efficient electrocatalysts. The precise control of the
components means that this method would play an important
role in the fundamental study of amorphous catalysts for
electrochemical OER. However, the challenge remains that it
is difficult to obtain the products with a uniform particle size
distribution, which is determined by the spraying process.

The electrocatalytic water splitting performance of Fe-Ni-
Ox catalysts with different Fe/Ni ratios was identified in 1.0m
KOH at room temperature. The pH value of the electrolyte
was measured as 13.63. The solution was kept O2-saturated to
maintain the standard balance potential of H2O/O2 (1.23 V vs.
RHE). All the potentials were iR-compensated (the resist-
ance was read directly from the workstation via AC impe-
dance measurements (iR-drop compensation)). In this work,
we studied eight Fe-Ni-Ox samples, which are labeled as
follows: NiO, Fe1Ni10 , Fe2Ni10 , Fe6Ni10 , Fe10Ni10 , Fe10Ni6 ,
Fe10Ni2 , and finally Fe2O3. The catalyst loading was
0.1 mgcm�2. As shown in Figure S6 (see the Supporting
Information), a suitable catalyst loading and pH value are
both critical for the performance of materials. Figure 4A
shows the cyclic voltammograms (CVs) of eight samples.
After Fe is embedded in the NiO matrix, the electrochemical
properties change significantly compared with pure NiO. The
oxidation peak of NiII to NiIII is positively shifted, which has
been observed and investigated in previous work.[13] How-
ever, it is interesting to note that the oxidation peak is
separated into two parts when the Fe content is more than
10%. The first peak is close to that of pure NiO while the
other peak appears later. Similarly, the electrochemical
capacitance varies as the Fe content is changed. In addition,
we can find that the electrochemical reaction of Fe2O3 is

Figure 3. HAADF-STEM-EDX element mapping of Fe6Ni10 (A) and the
Ni/Fe proportion statistics of six random Fe10Ni6Ox samples (B).
HAADF= high-angle annular dark-field imaging. Scale bars: 500 nm.

Figure 4. A) CVs, B) LSV curves, overpotential (at 10 mAcm�2), and C) Tafel slope plots of Fe-Ni-Ox catalysts with different Fe/Ni ratios in O2-
saturated 1.0m KOH solution.
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negligible in the studied electrochemical window. However,
the electronic structure and corresponding electrochemical
nature of NiO is notably changed after the addition of Fe. As
a result, the products exhibit distinct electrochemical water-
splitting properties (shown in Figure 4B). Obviously, Fe6Ni10

exhibits the best performance with an overpotential of
0.286 V at a current density of 10 mAcm�2 and a Tafel slope
of 48 mV/decade. Figure 4C summarizes the Fe/Ni ratio-
dependent overpotential (at 10 mAcm�2, red curve) and Tafel
slope (black curve) of the studied samples. The overpotential
for pure Fe2O3 is estimated according to its linear sweep
voltammetry (LSV) curve. As is clearly shown, the addition of
Fe remarkably improves the electrochemical water splitting
activity. The overpotential minimum occurs at Fe6Ni10.
Furthermore, when the Fe content is around 50 %, the Tafel
slope reaches its optimal value (around 48 mV/decade).
Moreover, we observe that Fe-Ni-Ox with a higher proportion
of Fe shows a lower Tafel slope than those with a lower
proportion of Fe. These results are consistent with previously
reported pioneering work.[13] Based on the above results and
discussion, it can be concluded that the ASAA is a rather
efficient and highly reliable approach for accessing and
identifying amorphous metal oxide OER catalysts for water
splitting, in particular multicomponent species.

We also studied the effect of the crystalline phase change
on the electrochemical water-splitting performance. The
Fe6Ni10 sample was calcined at 200, 300, 400, and 500 8C. As
shown in Figure 5A, crystalline NiO is formed after calcina-
tion. The magnetic phase appears at 400 8C, leading to the
peak centered at 378 to become asymmetric (Figure S7 in the
Supporting Information). A typical NiFe2O4 phase can be
found after calcination at 500 8C. Moreover, the electro-
chemical properties are apparently changed after calcination.
According to the CVs (Figure 5B), the electrochemical
capacitance is majorly reduced. It is found that the capaci-
tance falls as the calcination temperature increases. When
magnetic NiFe2O4 is formed after calcination at both 400 and
500 8C, the Faradic capacitance is almost negligible. This
information implies that the amorphous mixed metal oxides
possess a larger capacitance than crystalline oxides, which
may bring some new insight in the material design for
electrochemical energy-storage devices. More importantly,
the electrochemical water-splitting performance is strongly
dependent on the calcination temperature, which affects the
charge-storage capacitance. The degree of inhibition of

catalytic performance is consistent with the decrease of
capacitance of the catalysts. As shown in Figure 5b, about
150 mV more overpotential for both Fe6Ni10 (4008C) and
Fe6Ni10 (5008C) is needed to achieve a current density of
10 mAcm�2 compared to the original amorphous Fe6Ni10

sample. Hence, the electrochemical capacitance may be one
of the important factors or descriptors for electrochemical
water splitting. By carefully studying the LSV curves, we see
that the metal oxide discharges first before water splitting.
After forward discharge, many positive charges are localized
in the electrode interface and a corresponding electric field is
built up at the same time. The localized electric field pushes
the electrons away from OH� ions so that oxygen molecules
are formed. The larger capacitance indicates that a larger area
of electric field is built up, so that a better electrochemical
water splitting performance is achieved.

In summary, the ASAA is a reliable route to produce,
optimize, and study amorphous metal oxide materials, as
shown by a case study of Fe-Ni-Ox catalysts. The proportion of
the components can be precisely controlled by this method.
Furthermore, this method allows the products to be contin-
uously obtained. The best catalyst for electrochemical water
splitting among the investigated Fe-Ni-Ox series is Fe6Ni10Ox

with an overpotential of as low as 0.286 V at 10 mA cm�2 and
a Tafel slope of 48 mV/decade. Therefore, this work will guide
us in searching for good catalysts among the huge group of
amorphous metal oxides, and is a scalable method for
industrial production and commercial applications.

Experimental Section
Synthesis of amorphous Fe-Ni-Ox catalysts: Fe(NO3)3 and Ni(NO3)2

(2 mmol in total, with determined ratio), triblock copolymer P123
(0.25 g) were dissolved in absolute ethanol (30 mL). The solution was
transferred into a medical-use ultrasonic humidifier (1.7 MHz, 35 W)
for the aerosol-spraying process. The generated mist was drawn into
a glass tube in a tube furnace (67 cm, preheated to 480 8C) by
a vacuum pump. The products were collected on filter paper. The
mesoporous products were obtained after washing with ethanol to
remove the P123 template. The sample of Fe6Ni10Ox was calcined at
200, 300, 400, and 500 8C for 4 h in an air atmosphere with a rate of
2 8C min�1. Characterization and electrochemical measurements are
given in the Supporting Information.
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Figure 5. A) XRD patterns, B) CVs, and C) LSV curves of Fe6Ni10 samples in O2-saturated 1.0m KOH solution after calcination.
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