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Abstract: A rapid, productive, and efficient process was invented to produce hybrid catalysts for
transition metal oxide water electrolysis. The microwave-assisted hydrothermal method was applied
to synthesize transition metal oxide catalysts by controlling the amount of cobalt and iron. This work
solves the cracking problem for the catalytic layer during the water electrolysis. It uses Fe,O3 as
the support and covers a catalytic layer outside it and a nanoscale gap between each catalyst, which
can help to remove the gas and fill up the water. The unique structure of the catalysts can prevent
them from accumulating gas and increasing their efficiency for long-term water electrolysis. By using

E:e‘f;‘tz’; unique catalysts in the water electrolyzer, the current density reaches higher than 200 mA cm 2 at
Citation: Chen, H.-Y; Chen, G-C.; 2.0 V and does not show a significant decay even after 200 h.
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catal12010102 Water electrolysis is one of the crucial ways to produce high purity of hydrogen and
Academic Editors: Valeria La Parola  OXygen. For the traditional water electrolysis, the catalyst of the anode is IrO,, and the
and David Sebastian cathode is Pt/C [1-3]. Due to the high price of precious metal catalysts, several studies

have been used non-precious metal catalysts to replace precious metal catalysts for oxygen
evolution reaction (OER) [4-6]. Some researchers have indicated that the spinel structure
of transition metal oxides like Fe, Co, and Ni, can effectively reduce the overpotential
of the reaction, especially in alkaline media [7,8]. Compared to carbon-based materials,
Publisher’s Note: MDPIstays neutral ~ NOn-precious metal oxides are more stable under the harsh conditions of water electrolysis.
with regard to jurisdictional claims in  Considering the characteristic of different types of the spinel structure, the AB; 4 (A and
published maps and institutional affil- B = metals, X = chalcogen element) spinel compound is a promising functional material
iations. with controllable active sites [9]. Besides its advantages of low cost, acceptable content, low

toxicity, and multivalent states, some spinel structures also present a special Jann-Taylor
effect. In these classic spinel structures, X>~ are closed packed, A** and B** occupy the
- most tetrahedral and octahedral sites [10,11]. Different arrangements of the ions in the
spinel structure and different phases exploring will affect the spinel electronic structure
and chemical properties [12].

Most transition metal oxides are magnetic, efficiently aggregating together after the
synthesis. The aggregation of the catalysts may decrease the surface area, even seal the
Attribution (CC BY) license (https// 825 produced by the reaction and further occupy the active site of the catalysts. Moreover,
creativecommons.org, licenses /by / the encased gas cannot be exhausted from the catalytic layer. In that case, it will crack the
10/). catalytic layer and increase the reaction’s resistance, resulting in diminishing the transfer
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efficiency. Some researchers have mentioned that controlling the structure of the catalysts
can improve this phenomenon. Yang, et al. demonstrated the unique structure with a
thin shell with large pores. The pores come from the phase transformation and can help
release oxygen from the reaction. These pores can even help the electrolyte infiltrate the
catalysts for further continued processes [13]. Zhang et al. expounded a multiporous
core—shell structure of cobalt by electrodeposition method. They deposited thin layered
Co(OH); on the CoS; nanofiber using cycle voltammetry (CV) and did anodizing to make
Co(OH), become CoOx catalysts. This method can form the layer structure covered fiber
catalysts. The unique morphology and small size substantially increase the surface area
of the catalysts, leading to the high efficiency of the electrotransfer and electrochemical
activity [14].

Some researches indicate that the transition metal oxide can improve the catalytic
activity for the OER [4-6,10,11]. Some researchers also specify the benefits of the structural
design of the catalysts [12-14]. This work chooses the facile heating method of microwave
and uses the active cobalt compounds to cover iron oxide. By adjusting the ratio of the
precursors, we have successfully fabricated the unique island-type porous structure, which
increases the efficiency of gas removal and stability.

2. Results and Discussion

The activity of different ratios of iron and cobalt for the OER was carried out by
electrochemical test in 1.0 M KOH solution. Figure 1a shows the results of LSV curves. The
pristine Fe, O3 shows the highest onset potential of 1.68 V. However, the onset potential is
reduced by adding CoCl, to the catalyst, which means that the cobalt compound in these
catalysts plays a significant role to enhance the activity of the OER. 1.54 V is the lowest
onset potential for the sample of Co-Fe;O3 (60:3) compared to other samples. Figure 1b
presents the Tafel slope of the catalysts. The lower slope signifies less energy consumption
during the OER reaction. The pristine Fe,O3 and without Fe,O3 samples show the slope of
185 mV dec™! and 71 mV dec™!, respectively. The ratio of Co-Fe,O3 (60:3) shows the lowest
slope of 29 mV dec™! compared to other samples. The slope for other ratios is 34 mV dec™!
for Co-Fe;03 (20:3), 36 mV dec™! for Co-Fe,O3 (40:3), and 32 mV dec™! for Co-Fe,Oj3 (80:3),
indicating that the hybrid catalysts can efficiently decrease the energy consumption of the
OER. In the alkaline media of the OER, the value of the Tafel slope can determine which
one of the 4 electron transfer steps in OER is the rate-determining step (RDS) [15]. If the
RDS is in the first electron transfer, the Tafel slope is near 120 mV dec™!. Suppose the
RDS is in the chemical reaction; after a one-electron transfer reaction, the Tafel slope is
near 60 mV dec!. If the RDS is in the third electron transfer step, the Tafel slope is near
30 mV dec~!. The smaller Tafel slope means the RDS is near the electron transfer’s end
step, potential catalysts [16-18]. The RDS of hybrid catalysts in this work should be near to
a favorable third electron transfer step [19]. Additionally, the Co-Fe,O3 (60:3) presents the
highest activity among other ratios towing to its unique structure and high surface area.

Figure 2 shows the SEM images for different compositions of the catalysts. Figure 2a
displays the morphology of Co-Fe;O3 (20:3); it presents some small spheres stuck together.
Figure 2b shows the morphology of Co-Fe,O3 (40:3); it gives more prominent spheres but
still aggregates a lot. Figure 2c depicts the morphology of Co-Fe;O3 (60:3); it presents
significant spheres close together. Figure 2d shows the morphology of Co-Fe,O3 (80:3); it
offers some pieces stacked together. From controlling the composition of the catalysts, the
structure keeps growing, and Co-Fe;O3 (60:3) shows the most proper structure without
aggregation, resulting in the island-type catalyst. The function of iron oxide plays the raw
support to prevent the magnetic Co-based catalysts from aggregating together.
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Figure 1. The activity of OER for different ratios between iron and cobalt precursors with iR-compensated.
(a) LSV curves. (b) Tafel slopes.
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Figure 2. The SEM images for different ratios between iron and cobalt precursors. (a) Co-Fe,Os3 (20:3),
(b) Co-Fe,O3 (40:3), (c) Co-Fe O3 (60:3), and (d) Co-Fe, O3 (80:3).

Figure 3 shows the XRD patterns for different samples. The amount of CoCl, increases
from 200 to 800 mg, and the product of the catalysts turn from Co3zO4 to Co(OH),. Due to
the acidic nature of the CoCl, solution, when increasing the amount of CoCl, it needs more
NaOH to let the solution become alkaline. Controlling the pH value can make the size of
the cobalt compound consistent [20]. As a higher concentration of OH™ in the solution, the
catalysts tend to be Co(OH)j.
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Figure 3. XRD patterns for different ratios between iron and cobalt precursors.

To further realize the relationship between the major compounds in the catalysts,
Figure S1 displays the XPS of Fe 2p spectra, and Figure 4 shows the XPS of Co 2p spectra.
In Figure S1., the peaks around 711.2 eV and 709.2 eV represent the existence of Fe3*
and Fe?* [21]. They also show a Co LMM at around 713 eV to decrease the overlapping
influence. After integrating the area of the peaks, the percentage between Fe?* and Fe®* for
the catalysts is shown in Table S1. It indicates that changing the amount of the precursor for
the cobalt cannot be affected the valance state of the iron support. The ratio between Fe?*
and Fe®" is all around 1:2. In Figure 4, the peaks around 779.4 eV and 780.6 eV represent the
existence of Co>" and Co?* [22]. From integrating the area of the peaks, Table 1 shows that
when increasing the amount of cobalt precursor, the amount of Co?* also increases. This
result coincides with the results of the XRD. The ratio between Co®* and Co?* is changed
from 7:3 to 4:6. Several studies have shown that the Co®" in spinal structure plays a key
role in the OER activity [23,24]. Additionally, it indicates that the Co(OH); is also beneficial
to the OER activity because of its superior adsorption ability to the intermediates of *OOH
from the strong M~OH bonding [25,26]. An appropriate amount of Co®* and Co?* is
evidence for the great activity improvement for the Co-Fe;O3 (60:3) catalyst towards OER.

Figure 5 shows the BET result of different ratios of the catalysts. From the International
Union of Pure and Applied Chemistry chemical nomenclature (IUPAC) classification, the
adsorption and desorption curves in Figure 5 are classified as type III isotherm. Type III
means the force between the gas and the catalysts is smaller than the force between the gas
and the gas [27]. The type of the pores may be the other reason why the island-type hybrid
catalysts can have outstanding stability because of the quick removal of the produced gas
from the surface of the electrode. The catalysts’ structure and activity sites can be remained
by these properties. The surface areas for Co-Fe,O3 (40:3), Co-Fe;O3 (60:3), Co-Fe;O3
(80:3), and without the Fe;O3 support are 53.87 m? g~1,73.98 m? g~1,43.17 m? g~ !, and
18.62 m? g~ !, respectively. The catalyst of Co-Fe; O3 (60:3) performs the highest surface area
among other samples, which means the catalysts have more active sites for the OER. The
hybrid catalysts” electrochemical surface area (ECSA) is also calculated by the CV method
and shown in Figure S2. The ECSA of Co-Fe;O3 (40:3), Co-Fe;O3 (60:3), and Co-Fe;O3
(80:3) are 3.3 m? g~ 1,23 m? g1, and 2.1 m? g~ !, respectively. The tendency of the surface
area and the electrochemical surface area is similar, which further proves that the increase
of the active site is related to the surface area of the catalysts.
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Figure 4. The XPS of Co 2p spectra for (a) Co-Fe;O3 (20:3), (b) Co-Fe, O3 (40:3), (c) Co-Fe,O3 (60:3),
and (d) Co-Fe; O3 (80:3).

Table 1. The XPS of integrated value for Co®* and Co?*.

Sample Co3* (%) Co?* (%)
Co-Fe; 03 (20:3) 68.59 31.41
Co-Fe,05 (40:3) 61.01 38.99
Co-Fe, 03 (60:3) 53.50 46.50
Co-Fe; 03 (80:3) 42.37 57.63

Figure 6 shows the TEM of the island-type hybrid catalysts for the optimized one
of Co-Fe,O3 (60:3), in which Figure 6a shows the clear porous structure of the catalysts
and Figure 6b shows the HRTEM of the catalysts. The edge of the catalysts indicates the
d-spacing of 0.275 nm, corresponding to the (100) plane of cobalt hydroxide. The center
of the catalysts shows the d-spacing of 0.251 nm, corresponding to the (110) plane of
the iron oxide. Figure 6c—e shows the EDS mapping of the catalysts to distinguish the
distribution of the elements. As observed from the EDS mapping, the distribution of Co
and O in the sample area is almost identical. However, the signal of Fe is relatively weak
compared to the other elements. The weak signal of the iron is due to the cobalt hydroxide
covering the surface of the iron oxide, which further proves the existence of the island-type
hybrid structure.
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Figure 5. The nitrogen adsorption/desorption curves for different iron and cobalt precursors ratios.

Figure 6. The TEM for Co-Fe;O3 (60:3). (a) The morphology of island-type hybrid catalysts. (b) The
HRTEM of island-type hybrid catalysts. The EDS mapping for (c) cobalt, (d) iron, (e) oxygen.
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To know the potential of the catalysts for the industrial application, a water electrolyzer
test was performed for long-term operation, as shown in Figure 7. Figure 7a shows the
stability done by the constant potential method at 2.0 V for 200 h. At the beginning of the
trial, the average current density is around 200 mA cm 2 for the early 100 h. After the
operation of 100 h, it shows a little bit of decay for the current density. The final current
density after 200 h is around 180 mA cm~2, which remains 90% of the current density.
Figure 7b shows the LSV curves before and after the stability test to understand the activity
of the catalysts. It presents that the onset potential of the catalysts is almost similar before
and after the stability test. These results indicate that the island-type hybrid catalysts’
exhibit high activity and outstanding stability. Table 2 shows the onset potentials of OER
and the stability tests in alkaline media for the transition metal oxide catalysts, which have
been published in recent years. The outstanding stability of the present material under high
current density compared to other previously published papers makes the great potential
of industrial application for water electrolysis.
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Figure 7. The stability test of the full-water electrolysis. (a) At 2.0 V for 200 h and (b) the LSV curves
before and after the stability test.
Table 2. Catalytic properties of transition metal oxide electrocatalysts in alkaline media (1.0 M KOH).
OER Potential Water Electrolysis Stability Operation Time Temp.
Catalysts @10 mA/cm? E@j (mA/cm?) (hour) ec) ~ Reference
Half-cell
v-Fe,0;@FeS,@C 150V 1.50 V@10 10 RT [21]
Co0304/Fey O3 154V 1.54 V@10 20 RT [28]
Ni-Fe; O3 151V 1.51 V@10 10 RT [29]
Fe,O3/CoOx-Ar/H,; 1.54V 1.55 V@10 16 RT [30]
M-Co304/NPC 153V 1.53 V@10 10 RT [31]
Co304/CoMo0O,; /N 1.50V 1.50 V@10 10 RT [32]
Full-cell
Co-Fe, O3 (60:3) 154V 2.0 V@200 200 RT This work
NiFe nanofoam - 2.1 V@200 160 60 °C [33]
FexNiyOOH-20F 148V 1.7 V@200 160 80 °C [34]
Co-Fe-MOF74 149V 1.51 V@20 50 RT [35]
Fe(5Cop 5@NC/NCNS-800 1.50 vV 1.50 V@10 30 RT [36]

The island-type hybrid catalyst was fabricated with the support of Fe,O3; and the
synergistic effect of Co3O4 and Co(OH),. The suitable ratio between the precursors makes
the catalyst has abundant active sites and high surface area and form the appropriate
structure that is easy for the gas exhausting. These features make that the catalyst has high
activity and long-term stability.
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3. Experimental
3.1. Preparation of Fe;O3

0.75 mL of 0.5 M oxalic acid (Co,H,04) and 1 mL of 1 M NaOH were added into 2 mL of
FeCl; and deionized water mixture. The solution was mixed uniformly through ultrasonic
stirring for 10 min and subjected to microwave-assisted hydrothermal treatment by heating
the mixed solution in a Teflon-lined microwave digestion vessel at 160 °C for 30 min. The
solution was filtered and washed with deionized water for at least 1 L and placed in a
freeze drier overnight to obtain Fe,Os.

3.2. Preparation of Island-Type Hybrid Catalysts

The process was the preparation of Fe;O3, 0.75 mL of 0.5 M oxalic acid (C;H0O4), and
1 mL of 1 M NaOH were added into 2 mL of Fe,O3, CoCl,, and deionized water mixture;
the mass ratios of Fe;O3:CoCl, was set to be 3:20, 3:40, 3:60, and 3:80. After the ultrasonic
stirring for 10 min, 1 M of NaOH solution was added to control the pH value at ten and
then transferred the solution into a Teflon-lined microwave digestion vessel. The vessel was
treated at 160 °C for 30 min by microwave-assisted hydrothermal method. The solution
was then filtered, washed with deionized water, and placed in a freeze drier overnight to
obtain the island-type hybrid catalysts.

3.3. Electrochemical Measurement

The electrochemical performance test was conducted on a Solartron 1280B potentiostat
(Solartron Group Co., Farnborough, UK) via a three-electrode system in the electrolyte
of 1.0 M KOH. The Pt foil and the reversible hydrogen electrode (RHE) were used as the
counter and reference electrodes, respectively. A rotating gold disk electrode (RDE, PINE
AFE3T050AU) (Pine Research Co., Durham, UC, USA) was used as the working electrode.
Thirty-five milligrams of a specific catalyst was mixed with 5 mL of n-propanol, 5 mL of
deionized water, and 0.1 mL of 5 wt% Nafion solution to prepare the catalyst ink. The
11.2 pL of the catalyst ink was loaded on the Au disk and then dried in the air. Linear
sweep voltammetry (LSV) with the scan rate of 10 mV s~! was applied to determine the
OER activity. The catalyst loading amount was controlled to 0.2 mg cm~2. The 85% iR
compensation was applied to the electrochemical measurement [37,38].

3.4. Material Characterization

A transmission electron microscope (TEM) with an acceleration voltage of 200 kV
was performed on an FEI Tecnai™ G2 F-20 S-TWIN (FEI Co., Northeast Dawson Creek
Dr Hillsboro, OR, USA). X-ray diffraction (XRD) was performed on a Bruker D2 Phaser
(Bruker Corp., Billerica, MA, USA) with Cu K« radiation. X-ray photoelectron spectroscopy
(XPS) was carried out using a Thermal K-alpha XPS spectrometer (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) with an A1 Ka source. The surface area and porosity analyzer were
analyzed on a Micrometry Tristar 3000 (Micromeritics Co., Norcross, GA, USA).

3.5. Full Water Electrolysis Test with Anion Exchange Membrane

For the water electrolysis test, the area membrane-electrode-assembly (MEA) was
2.25cm?. A Fumapem FAA-3 membrane (OH™, FuMA-Tech GmbH) (Fumatech Co.,
Bietigheim-Bissingen, Germany) was sandwiched by anode and cathode electrodes. The
electrodes were prepared by the hand painting method by loading the as-prepared catalyst
and Pt/C catalyst on carbon cloth for the anode and cathode. The catalyst loading was
1.5 and 0.25 mg cm ™2 for anode and cathode electrodes. The catalyst ink was prepared by
dispersing in Fumion FAA-3 solution and then dried in the oven for 1 h. The mass ratio of
the catalyst to dry FAA-3 was controlled at 3:1. The electrolyte for the test was 1 M KOH,
and the flow rate was 100 mL min~!. The stability and LSV tests were done by employing
the four-electrode method.
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4. Conclusions

The facile process of the microwave-assisted hydrothermal method produces a low
cost, high activity, and outstanding stability of the island-type hybrid catalyst for water
electrolysis. The island-type structure synthesized by a specific ratio between cobalt precur-
sor and Fe,Os has a high surface area and ECSA compared to other samples. The support
of Fe,O3 well disperses the active site and contributes to the success of the island-type
structure as the center. The active site comes from the Co®* of the Co304 and Co?* of the
Co(OH),. Combining these two compounds results in the high activity of the catalysts. The
unique porous structure is easier to remove the gas produced during the water electrolysis,
thus has outstanding stability. The full cell water electrolysis operated for 200 h at 2.0V,
and the current density reaches higher than 200 mA cm~2. The onset potential shows
no significant decays after the full cell water electrolysis operation. The current density
remains 90%, which can be considered the potential candidate for industrial application.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal12010102/s1. Figure S1: The XPS of Fe 2p spectra for
(a) Co-Fe;O3 (20:3), (b) Co-Fe;O3 (40:3), (c) Co-Fe; O3 (60:3), (d) Co-Fep O3 (80:3).; Figure S2: The CV
method near the non-faradic potential window: (a) Co-Fe,O3 (40:3), (b) Co-Fe, O3 (60:3), (c) Co-Fe; O3
(80:3), and (d) the scan rates vs. the non-faradic currents for all samples.; Table S1: The XPS of
integrated value for Fe3*, Fe?t, and Co LMM.
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