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ABSTRACT

The sluggish oxygen evolution reaction (OER) is an important half-reaction of
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have high activity. In this work, we modified the aerosol spray-assisted approach

Otz Jiivasiy Pisss and obtained amorphous Fe-Ni-O, solid-solution nanoparticles (Fe-Ni-O,-NPs)

and Springer-Verlag Berlin approximately 20 nm in size by choosing iron/nickel acetylacetonates as raw

Heidelberg 2015 materials instead of inorganic salts. The small-sized Fe-Ni-O,-NPs were characterized
by scanning electron microsco SEM), transmission electron microsco TEM),
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and X-ray photoelectron spectroscopy (XPS). Furthermore, an investigation of

solid solution, electrochemical OER performance suggests that the small-sized Fe-Ni-O,-NPs

electrocatalysis, have higher activity than the large-sized Fe-Ni-O,-MPs. A small overpotential of

OygEn evolilion e 0.315V was demanded to obtain a working current density of 50 mA/cm? and

the Tafel slope was as low as 38 mV/dec.

1 Introduction

The oxygen evolution reaction (OER) is an important
half-reaction of the water-splitting reaction [1-4]. The
other simultaneous half-reaction (HER) produces
hydrogen [5-8], a clean energy that can slightly ease
the tension caused by fossil fuels. Because of the slow
kinetics, a desirable electrocatalyst is eagerly discovered
to increase the rate of the OER. At present, noble
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metals (e.g., IrO,) are used in the water-splitting
reaction because of their excellent HER or OER
activity [9, 10]; however, these precious metals have a
very rare distribution of elements in the crust. Thus,
much effort has been expended searching for earth-
abundant metals capable of substituting for noble
metals. Among these materials, nickel compounds
have attracted much attention owing to its high OER
activity [11-13]. Furthermore, the activity can be
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notably enhanced when doping Fe in the Ni structure
[14, 15]. One of the reasons for this enhancement is
that the conductivity of a Ni-Fe catalyst is dramatically
improved as compared to that of a pure Ni catalyst
[14]. Another reason is that Fe exerts a partial-charge-
transfer activation effect on Ni, making it more difficult
to oxidize Ni%*. This leads to the formation of Ni*"#,
which has more oxidizing power, thus increasing the
OER kinetics [15-17]. Many works have also revealed
that a composite nickel oxide mixed with 10%-50%
iron shows favorable properties in terms of decreasing
the Tafel slope and the overpotential, resulting in
excellent catalytic stability [14, 18-21].

Amorphous metal oxides have been recently found
to possess much higher activity for OER than
crystallized ones, especially precious metal-free Fe/Ni-
based multicomponent oxides [9, 10, 20]. Up to now,
electrochemical deposition [14, 22-24], photochemical
metal organic decomposition [10, 20, 25], the reactive
magnetron co-sputtering technique [26], and the
solvothermal method [27] have been developed to
access amorphous oxides or films for electrochemical
OER. Recently, we used an aerosol-spray-assisted
approach (ASAA) to realize the fast pyrolysis of salts
and obtain amorphous Fe-Ni-O, microspheres with
good control of the proportions of Fe/Ni, scalable pro-
duction ability, and high activity for OER [28]. However,
there is a problem in that the size of the catalyst powder
is as large as hundreds of nanometers, which limits the
utilization efficiency of the catalyst (mass activity).
Thus, it is desirable to modify the ASAA method to
obtain nanosized catalysts.

In this work, we obtained amorphous Fe-Ni-O, solid-
solution nanoparticles (Fe-Ni-O,-NPs) approximately
20 nm in size by choosing iron/nickel acetylacetonates
as raw materials instead of inorganic salts. The iron/
nickel acetylacetonates are an order of magnitude
smaller than the raw materials used in our previous
work, which were hundreds of nanometers in size (Fe-
Ni-O,-MPs). As expected, the Fe-Ni-O, NPs exhibited
higher activity than the Fe-Ni-O,-MPs. We just need a
small overpotential of 0.315 V to acquire a high OER
current density of 50 mA/cm? and a low Tafel slope
of 38 mV/dec were observed. Therefore, the obtained
Fe-Ni-O, solid-solution NPs can be potential electrode
materials for electrochemical water splitting.
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2 Experimental
21 Chemicals

Nickel acetylacetonate [Ni(acac),], iron acetylacetonate
[Fe(acac);], and potassium hydroxide (KOH) were
bought from Aladdin (China). The nitrates Fe(NO;),-
9H,0 and Ni(NO;),6H,0 and N,N-dimethyl formamide
(DMF) were obtained from Shanghai Reagent Co. Ltd.
Conductive carbon black (Vulcan® XC-72) was purchased
from Carbot (Shanghai). All the chemicals were of
analytical grade and were used as received without
any further purification. The Nafion® (5 wt.%) solution
was obtained from Dupont Co. Ltd. The resistance of
the water used in this work was more than 18 MQ.

2.2 Materials synthesis

In this experiment, a Fe-Ni-O;, solid solution was
synthesized by the fellow process: 0.1712 g (0.667 mmol)
of Ni(acac), and 0.1177 g (0.332 mmol) of Fe(acac),
were added to 10 mL of absolute ethanol. 6 mL of DMF
was then added to obtain a homogeneous reddish-
brown solution. The above solution was transferred to
a medical-use ultrasonic humidifier (1.7 MHz, 35 W)
for aerosol generation. The liquid spray was drawn
into a tube furnace that was preheated to 400 °C by a
vacuum pump. The products denoted as Fe-Ni-O,-NPs
were collected through filtration. The mole ratio of
Fe/Ni was 1:2.

For comparison, a kelly solution was obtained
by ultrasonically dissolving 0.1938 g (0.667 mmol) of
Ni(NO;),6H,O and 0.1346 g (0.332 mmol) of Fe(NO;),:
9H,0 in 10 mL water. The rest of the steps are the same
as those described above. The products were marked
as Fe-Ni-O,-MPs. The molar ratio of Fe/Ni was 1:2.

2.3 Characterization

The morphology of the as-prepared materials were
characterized with scanning electron microscopy (SEM,
Hitachi 5-4800, Japan), with a 5 kV accelerating voltage,
and transmission electron microscopy (TEM, Tecnai
G2 20 S-TWIN), with a 200 kV accelerating voltage.
The elemental analysis was conducted by SEM (Hitachi
5-4800, Japan) equipped with energy-dispersive X-ray
spectroscopy (EDX), with a 15 kV accelerating voltage.
The phase identification was executed by X-ray
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diffraction (XRD, Cu Ka radiation, A = 0.154,056 nm)
analysis. The surface composition was determined using
X-ray photoelectron spectroscopy (XPS, ESCALAB 250,
Mg Ka X-ray source) at 15 kV.

2.4 Electrochemical measurements

2 mg of the active catalyst powder was dispersed in a
mixed water and N,N-dimethyl formamide (2:1, V/V)
solution (0.4 mL), and then 5 uL of Nafion® solution
(5 wt.%) and 1 mg of carbon black (Vulcan® XC-72) were
added. To prepare a homogeneous ink, the suspension
was treated under continuous ultrasonication for appro-
ximately 5 min. Subsequently, 4 puL of the catalyst ink
was dripped onto a clean glassy carbon electrode
with a diameter of 3 mm (active materials loading
0.28 mg/cm?) and then dried at room temperature. We
noted that, prior to catalyst loading, the glassy carbon
electrode was polished with alumina (0.05 pm in diame-
ter) slurries under sonication in water after each polish.

The electrochemical measurements were performed
using an electrochemical workstation (CHI660C,
Shanghai, China) in a three-electrode system in a fresh
1 M KOH solution at room temperature. The counter
electrode was a coiled platinum wire, and a Hg/HgO
electrode (1 M KOH) was used as a reference elec-
trode. All potentials reported in the measurements
are measured against this Hg/HgO reference with a
potential of 0.131 V versus the standard hydrogen
electrode (SHE). The cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) curves were all obtained
at a sweep rate of 10 mV/s and a quiet time of 5 s. The
electrochemical AC impedance spectra were performed
at 0.6 V versus Hg/HgO with frequency ranging from
100 kHz to 0.1 Hz with a amplitude of 2mV and a
quiet time of 5s. In addition, the electrolyte solution
was bubbled with O, (99.4% purity) to keep the
equilibrium potential of O,/OH™ at 1.23 V (versus RHE).

All the potentials were 100% IR-corrected. The
resistances (R) were obtained from the electrochemical
AC impedance spectra.

3 Results and discussion

3.1 Morphology and structural characterization

The process for the small-sized Fe-Ni-O, NP pre-
paration is similar to the previous work [28-30]. The
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ratio of 1:2 between Fe and Ni is chosen to get a high
activity based on the precious work on the Fe/Ni
composition-dependent activity [14, 25, 28]. The SEM
image in Fig. 1(a) shows that the products made with
acetylacetonates consist of small-sized Fe-Ni-O, NPs
approximately 20 nm in size. The TEM image in Fig. 1(b)
shows that the small-sized Fe-Ni-O, NPs have a rough
surface. For comparison, microsized Fe-Ni-O, MPs were
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Figure 1 (a) and (c) SEM and (b) and (d) TEM images, (e) and
(f) EDX spectra of Fe-Ni-O, NPs ((a), (b), and (e)) and Fe-Ni-O,
MPs ((c), (d), and (f)).
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also prepared as per a previously reported method, in
which inorganic salts were used as raw materials [28].
As shown in Figs. 1(c) and 1(d), the Fe-Ni-O,-MPs
made with metal nitrates are microspheres whose
sizes range from 0.23 to 0.45 um, which is an order of
magnitude larger than the Fe-Ni-O, NPs. Subsequently,
EDX analysis (Figs. 1(e) and 1(f)) confirmed the com-
position of Fe-Ni-O, NPs and Fe-Ni-O, MPs. The O,
Ni, and Fe elements were from the Fe-Ni-O, catalysts,
and the Cu peaks are ascribed to the Cu substrate used
for EDX measurements. No other impurities were
found in the products.

The reason for the nanosized Fe-Ni-O, solid-solution
formation may have been the suitable size of the raw
materials. Careful observation of the Fe-Ni-O, MPs
(Fig. S1 in the Electronic Supplementary Material (ESM)
and Fig. 1(d)) reveals that the microspheres are self-
assembled by ultrathin nanosheets (surface part) and
nanoparticles (inner part) with sizes of approximately
5 nm. Because there was no capping agent in the pre-
paration system, the high surface energy induced these
primary nanoparticles to aggregate together. When
the size of the Fe-Ni-O, NPs was approximately 20 nm,
the surface energy was insufficient to induce self-
assembly into larger-sized microspheres. As a result,
dispersive nanoparticles formed, although they seemed
to adhere to each other to a certain extent. Successively,
we discuss why the nanosheets are formed in the
Fe-Ni-O,-MPs. The formation of Fe-Ni-O, products
consists of two steps: 1) evaporation of the solvent
and 2) pyrolysis of the precursors. In the case of inor-
ganic salts as precursors, a few metal hydroides may
have formed through metal ion hydrolysis during
solvent evaporation. It is well known that metal
hydroxides easily grow into nanosheets owing to
their layered structure [15, 21, 31, 32]. Because solvent
evaporation is much faster than the hydrolysis of metal
ions, the proportion of nanosheets is much lower than
that of nanoparticles in the microspheres formed by
the subsequent pyrolysis of nitrates. However, the
hydrolysis of metal ions with acetylacetonates is
negligible in an organic solvent. As a result, no metal
hydroide nanosheets were formed.

To confirm the phase and crystallization degree of
the products, XRD analysis of Fe-Ni-O, solid-solution
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NPs and Fe-Ni-O, MPs were carried out. As shown in
Fig. 2, the broad peak centered at approximately 22°
was assigned to the amorphous glass substrate, and
no obvious diffraction signal was observed for either
the Fe-Ni-O, NPs (red) or the Fe-Ni-O, MPs (black),
indicating that both of them had an amorphous
structure. The triple peaks at 37.3°, 43.3°, and 62.9° of
crystalline NiO from the standard card (PDF No.
1-1239) are labeled in the XRD pattern (blue). However,
these peaks were barely observed in the two products.
We only find the ultra-weak and highly broad bulge,
which may stem from a few short- or medium-ordered
oxide clusters. In addition, the size of Fe-Ni-O, NPs
was approximately 20 nm based on the SEM and TEM
observation. The NPs would show strong and sharp
XRD peaks if they were crystalline. However, the
results of the XRD patterns show that this is not the
case.

XPS analysis (Fig.S2 in the ESM and Fig. 3) was
performed to study the surface chemical environment
of the Fe-Ni-O, NPs [33]. According to the fitted
Ni2p;, spectra (Fig. 3(a)), we found that the surface
Ni consisted of Ni-O and Ni-OH bonds, indicating
that the surface was adsorbed by hydroxyl. As for
surface Fe (Fig.3(b)), the Fe-O bond is dominant.
Consistent with the chemical state of the surface
metals, the surface O atoms comprised three types of
oxygen: lattice O, -OH, and H,O, with corresponding
proportions of 38.6%, 57.3%, and 4.1%, respectively,
as shown in Fig. 3. Smith et al. showed that there was
a negative correlation between the relative concen-
trations of hydroxyl surface groups to the lattice oxygen
and the Tafel slope of OER and that approximately
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Figure 2 XRD patterns of Fe-Ni-O, NPs (red), Fe-Ni-O, MPs
(black), and the standard card of NiO with PDF number of 1-1239.
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Figure 3  XPS spectra of (a) Ni2ps), (b) Fe2ps);, and (c) Ols of Fe-Ni-O, NPs.

70% —OH possession would decrease the Tafel slope to
as low as 34 mV/dec [20]. Therefore, the lower —-OH
content is beneficial for obtaining a low Tafel slope
for OER, which is in good agreement with the corres-
ponding Tafel slope of 38 mV/dec in the subsequent
electrochemical study.

3.2 Electrochemical oxygen evolution investigation

To evaluate the activity of the obtained small-sized
amorphous Fe-Ni-O, NPs, we prepared an Fe-Ni-O,
NP-modified glassy carbon electrode for oxygen
evolution in alkaline media (1 M KOH). For comparison,
large-sized Fe-Ni-O, NPs, Vulcan® XC-72 carbon black,
and a bare glassy carbon (GC) electrode were also

studied. As shown in Fig. 4(a), the CV curves for both
the Fe-Ni-O, NPs and the Fe-Ni-O, MPs exhibit a redox
couple whose peaks are the result of the transformation
between surface Ni! and Ni® in alkaline media.
The reaction equation is Ni(OH), + OH~ — NiOOH +
H,O + e [15]. Moreover, the oxidation currents after
Ni oxidation are the result of the evolution of oxygen,
40H — O, + 2H,0 + 4e. According to previous
reports [14, 15], we know that if the Fe content of a
nickel iron oxide increases, the Ni"/Ni™ redox couple
will move to higher potentials, the peak area will
decrease, and the oxidation wave will be less visible
because Ni' is more difficult to oxidize after Fe doping.
From the CV curves, we see that the Ni"/Ni™™ redox
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Figure 4 (a) CV curves, (b) LSV curves, and (c) Tafel plots of Fe-Ni-O, NPs (blue), Fe-Ni-O, MPs (red), Vulcan® XC-72 carbon
(green), and a bare glassy carbon electrode substrate (black) in 1 M KOH at a scanning rate of 10 mV/s.
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couple peaks of the Fe-Ni-O, NPs are more positive,
which means that the Fe was more successfully doped
into the NiO matrix. In addition, the oxidation peak
for the Fe-Ni-O, NPs (blue) is more positive than that
for the Fe-Ni-O, MPs (red) and the peak area is larger
than that of the Fe-Ni-O, MPs, which suggests that
the Fe-Ni-O, NPs catalysts have more active sites than
the Fe-Ni-O, MPs due to their much smaller size.

Figure 4(b) displays the LSV polarization curves of
OER catalyzed by the above-mentioned electrodes. We
can see that the contribution of carbon black (green)
and the bare GC electrode (black) can be neglected in
the discussion of the amorphous Fe-Ni-O, catalysts.
More importantly, as compared to the Fe-Ni-O, MPs
(red), an apparently lower potential is required for
Fe-Ni-O, NPs (blue) to obtain the same OER current
density (j). Typically at a current density of 10 mA/cm?,
the Fe-Ni-O, NP catalyst exhibits an overpotential that
is 13 mV lower (0.286 V) than that of the Fe-Ni-O,
MPs (0.299 V), which can be ascribed to the small size,
resulting in a higher surface area and a shorter ion
diffusion length. Furthermore, a small overpotential
of 0.315V can induce a high OER j of 50 mA/cm?,
whereas only approximately 23 mA/cm? can be obtained
with the Fe-Ni-O; MP-modified electrode at the same
potential. Furthermore, as shown in Fig. 4(c), the
Tafel slopes (based on the Tafel equation: n=a + b logj,
where 71 represents the overpotential and a and b
are constants [34]) for the Fe-Ni-O, NPs (blue) and
Fe-Ni-O, MPs (red) are as low as 38 and 39 mV/dec,
respectively, which are consistent with previous reports
[20, 25]. The low Tafel slopes suggest the low activation
energy for electrochemical OER. In addition, the Tafel
slopes of Vulcan® XC-72 carbon (green) black and the
bare GC (black) electrode are as high as 68 and
113 mV/dec, respectively.

The electrochemical impedance spectra (EIS) were
performed to study the charge transfer resistance (Ry),
with the testing potential of 0.6 V versus Hg/HgO, a
frequency scan range from 100 kHz to 0.1 Hz, and an
amplitude of 2 mV. It is known that a simple electro-
chemical interface is built up with the paralleling
components of a double layer capacitor and Faradaic
resistance [35]. In the Nyquist plots of EIS, the diameter
of a semicircle stands for the R.. As displayed in Fig. 5,
the electrocatalyst of the Fe-Ni-O, NPs (blue) has the
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Figure 5 Nyquist plots of electrochemical impedance spectra of
Fe-Ni-O, NPs (blue), Fe-Ni-O, MPs (red), Vulcan® XC-72
carbon (green), and bare glassy carbon electrode substrate (black)
under OER conditions.

minimum diameter of the semicircle, which indicates
the smallest R, value (~8 Q) of the fours. Besides, the
R of the Fe-Ni-O, MPs (red) (~19 Q) is more than one-
fold higher than that of the Fe-Ni-O, NPs. Successively,
much larger Faradaic resistance was obtained from
the Vulcan® XC-72 carbon black (green) and the bare
GC electrode (black). The above observations suggest
that small-sized Fe-Ni-O, NPs, possessing more active
sites and a higher active surface area, have a faster rate
of charge transfer owing to high kinetics for the OER.

4 Conclusions

A small-sized amorphous Fe-Ni-O, NPs approximately
20 nm in size possessing more active sites and higher
active surface areas were prepared with an aerosol
spray-assisted approach by using iron/nickel acety-
lacetonates as the raw materials instead of inorganic
salts. The electrochemical measurements for the OER
indicate that Fe-Ni-O, NPs exhibited better perfor-
mance than the large-sized Fe-Ni-O, NPs obtained
with nitrates as raw materials. A small overpotential
of 0.315V induced a current density of 50 mA/cm?
resulting in a Tafel slope as low as 38 mV/dec. The
outstanding performance of the Fe-Ni-O, NPs originates
from the small size and the amorphous property of
the Fe/Ni bimetallic oxide. Moreover, Fe-Ni-O, NPs
could potentially be applied to electrocatalysis of OER
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in water splitting and rechargeable metal-air batteries
in the future.
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