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FeNi;/NiFeO, Nanohybrids as Highly Efficient Bifunctional
Electrocatalysts for Overall Water Splitting

Xiaodong Yan, Lihong Tian, Kexue Li, Samuel Atkins, Haifeng Zhao, James Murowchick,

Lei Liu,* and Xiaobo Chen*

Earth-abundant, low-cost, and highly active bifunctional electrocatalysts are
of significant importance to the large-scale production of hydrogen from
water electrolysis. Herein, it is reported that novel FeNi;/NiFeO, nanohybrids
display high electrocatalytic activities in both hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER). These FeNi;/NiFeO, nano-
hybrids are obtained with the unique hydrogenation treatment of NiFeO,
nanosheets. Small onset potentials of =20 and 240 mV are obtained for HER
and OER, respectively, benefited from the synergistic effect of FeNi; and
NiFeO,. Only a small voltage of 1.55 V is needed to reach a current density
of 10 mA cm~2 for the overall water splitting in an alkaline electrolyzer when
using FeNi3/NiFeO, as both cathode and anode catalysts. This is one of the
best performance of electrocatalysts for HER and OER, shining the bright
future for earth-abundant, low-cost bifunctional electrocatalysts for large-

photocatalysis has witnessed great pro-
gress with various black titanium dioxide
nanomaterials being reported to be highly
active toward photocatalytic water split-
ting.>®) However, hydrogen production
through photocatalytic water splitting is
still far from practical applications due
to its low efficiency. Alternatively, sus-
tainable hydrogen production on a large
scale can be achieved by electrolytic water
splitting using electricity from solar and
wind energy”l The challenging issue
for electrolytic water splitting is the elec-
trode materials. So far, the state-of-the-art
electrocatalysts for hydrogen evolution
reaction (HER) and oxygen evolution reac-

scale production of hydrogen from water electrolysis.

1. Introduction

Hydrogen generation through photocatalytic and electrolytic
water splitting has attracted tremendous attention over the past
decades,'* as hydrogen is a highly desirable energy carrier for
future clean and renewable energy supply. Since the discovery
of black titanium dioxide nanomaterials,!!) water splitting over
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tion (OER) are platinum and noble metal

oxides (e.g., IrO, and RuO,), respectively.

However, their scarcity and high cost
largely restrict their widespread applications.®-'% Therefore,
developing earth-abundant, low-cost, yet high-activity electro-
catalysts is of high interest and significant importance.

The breakthrough in the photocatalytic water splitting was
mainly attributed to the structural modification through the
introduction of surface disorder and/or surface defect, usu-
ally along with the preferably tuned electronic structure.[:>¢11]
Recently, surface-defective metal oxide synthesized through
hydrogenation found potential application in HER, that is,
WO, derived from WOj; through hydrogenation achieved a
benchmark current density of 10 mA cm™ at a small overpo-
tential of 70 mV in 0.5 m H,SO,.["?l Our previous studies found
that Co/Co304 and Ni/NiO core/shell nanohybrids synthe-
sized though hydrogenation of the corresponding metal oxides
achieved a benchmark current density of 10 mA cm™ at a small
overpotential of 90 and 145 mV, respectively, in 1.0 m KOH.>13!
On the other hand, a series of electrochemically tuned mate-
rials exhibited remarkably enhanced catalytic activities toward
electrolytic water splitting.[>'#"5] Especially, electrochemi-
cally tuned NiFeO, exhibited high activity toward both HER
and OER.™ Therefore, structural modification and structural
reconstruction open new ways in tuning the HER-OER activity
of the existing materials.

Herein, we report on novel 3D FeNi;/NiFeO, nanohybrids
as bifunctional catalysts for efficient overall water electrolysis.
These nanohybrids are derived from single-phase NiFeO,
through hydrogenation. Their catalytic activities can be finely
tuned through the hydrogenation conditions. The FeNi;/NiFeO,,
nanohybrids obtained at 250 °C in hydrogen display superior
HER and OER activities. They have a small onset potential
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(=20 mV) and a small overpotential (99 mV)
at a current density of =10 mA cm2 for HER,
along with a small overpotential (=240 mV)
at a current density of 10 mA cm™2 for OER.
With FeNi;/NiFeO, as both cathode and
anode electrodes, an overall-water-splitting
current density of 10 mA cm™2 is achieved at
a voltage of 1.55 V in an alkaline electrolyzer.
This is among the best performance of the
electrocatalysts for HER and OER, showing a
promising future of earth-abundant, low-cost
bifunctional catalysts for practical industrial
application. Meanwhile, this study demon-
strates hydrogenation treatment as a new
approach in developing novel, effective, and
bifunctional catalysts for electrocatalytic
water splitting.

2. Results and Discussion

2.1. Synthesis and Characterization of FeNis/
NiFeO, Hybrid Catalysts

A series of FeNi;/NiFeO, hybrid catalysts were synthesized
from NiFeO, by hydrogenation at different temperatures in a
high-pressure hydrogen atmosphere, and NiFeO, was synthe-
sized by hydrothermal reaction of iron nitrate, nickel foam, and
urea, followed by thermal treatment in air. The nickel foam not
only acted as a substrate, but also acted as a Ni source in the
reaction due to its oxidation by Fe** ions in the solution. The
urea was decomposed into ammonia during the hydrothermal
reaction, which created an alkaline environment, and carbonate,
which served as the intercalated anion.'%l FeNi;/NiFeO,-250
was selected as the representative hybrid catalyst to investigate
the morphology, structure, and composition. For comparison,
NiFeO, was also characterized. X-ray photoelectron spectros-
copy (XPS) analyses showed that NiFeO, and FeNi;/NiFeO,-250
had an elemental composition of Ni:Fe close to 1:1 (Table S1,
Supporting Information). Scanning electron microscope (SEM)
image (Figure 1A) showed that NiFeO, existed in the form of
nanosheets. The nanosheet morphology was still recognized
for FeNi;/NiFeO,-250 (Figure 1B), but each nanosheet became
apparently fractionated due to the hydrogenation reaction.
X-ray diffraction (XRD) pattern (Figure S1, Supporting Infor-
mation) of NiFeO, matched well with a cubic Fe,O; standard
pattern (JCPDS mno. 39-1346). This suggested that Ni ions
replaced partial ions in the lattice of Fe,O; (Ni-doped Fe,03)
and formed NiFeO, (here NiFeO, is used to generally reflect
the chemical composition of the Ni-doped Fe,0s). This was
further confirmed by the high resolution transmission electron
microscope (HRTEM) observation. In Figure 1C, the d-spacing
values of 0.265 and 0.499 nm corresponded to the typical (310)
and (111) planes of Fe,0;, respectively. After hydrogenation,
the main phase of NiFeO, was retained in FeNi;/NiFeO,-250
as depicted by the XRD pattern (Figure S1, Supporting Infor-
mation). Newly appeared diffraction peaks at 44.2°, 51.4°, and
75.7° indicated the formation of FeNi; (JCPDS no. 38-0419).
Figure 1D showed the HRTEM image of FeNi;/NiFeO,-250.
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Figure 1. SEM images of A) NiFeO, and B) FeNi;/NiFeO,-250, and TEM images of C) NiFeO,
and D) FeNi3/NiFeO,-250.

The two planes with d-spacing of 0.307 and 0.494 nm matched
well with the (220) and (111) planes of Fe,0s;, respectively. The
crystalline lattice with a d-spacing of 0.204 nm was close to the
(111) plane of FeNi;, and the FeNi; nanocrystal was on the sur-
face of NiFeO,, exposing some FeNi;/NiFeO, nanointerfaces.

XPS analyses were performed to estimate the chemical
valence of the surface elements. Figure 2 showed the detailed
XPS spectra of NiFeO, and FeNi;/NiFeO,-250. The XPS
survey spectra of NiFeO, and FeNi;/NiFeO,-250 were sim-
ilar (Figure 2A): signals from Ni, Fe, and O elements were
observed. Two core-level signals of Ni in NiFeO, centered at
855.4 and 873.0 eV (Figure 2B) were ascribed to Ni** 2p;, and
Ni?* 2p; ,, respectively.!%!7] Signals located at =861 and =879 eV
were the satellite peaks corresponding to Ni** 2p;;, and Ni**
2py), respectively.’’! In the Fe 2p spectrum of NiFeO,, the
typical core-level signals located at 711.3 and 724.6 eV were
derived from the Fe** 2p; ), and Fe** 2p, ,, respectively.®l After
hydrogen reduction, the two core-level signals shifted to lower
binding energies, namely, 710.3 and 723.8 eV. These signal
positions are typical for Fe;0,,°¥ indicating the partial reduc-
tion of the surface Fe3" ions. Similar O 1s spectra were observed
for NiFeO, and FeNi;/NiFeO,-250, and they could be deconvo-
luted into three peaks (Figure 2D). The fitted peaks of NiFeO,
located at 529.3, 530.7, and 532 eV, which were assigned to
the lattice O%7, hydroxyl groups and/or oxygen vacancies, and
adsorbed water, respectively.'>~d These peaks shifted to higher
binding energy in FeNi;/NiFeO,-250, corresponding to 529.6,
530.9, and 532.5 eV. This suggested the environmental change
of the oxygen in FeNi;/NiFeO,-250 owing to the surface struc-
tural change after hydrogenation treatment.

2.2. Hydrogen Evolution Reaction of FeNiz/NiFeO, Hybrid Catalysts

The HER activities of the FeNi;/NiFeO, series were evalu-
ated in 1.0 m KOH by linear sweep voltammetry in a standard
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Figure 2. A) XPS survey, and XPS spectra of the B) Ni 2p, C) Fe 2p, and D) O 1s peaks of NiFeO, (black curves) and FeNi3/NiFeO,-250 (red curves).

three-electrode system. For comparison, the commercial Pt/C as
a benchmark catalyst was electrochemically evaluated under the
same condition. The HER activity of the FeNi;/NiFeO,-250 cata-
lyst was much higher than the bare nickel foam and the pristine
NiFeO, (Figure 3A). The FeNi;/NiFeO,-250 catalyst required a
very small overpotential of 99 mV to reach a benchmark current
density of 10 mA cm™2. In sharp contrast, a large overpotential
(262 mV) was needed for the NiFeO, catalyst. Meanwhile, the
FeNi;/NiFeO,-250 catalyst showed a very small onset potential
(=20 mV), which was comparable to the state-of-the-art catalyst
Pt/C. Therefore, FeNi;/NiFeO,-250 was among the best first-row
transition metal oxide based catalysts in alkaline electrolytes. For
example, the HER activity of FeNi;/NiFeO,-250 was significantly
higher than that of cobalt—cobalt oxide/N-doped carbon hybrids
(10 mA cm™ at 260 mV overpotential in 1 m KOH),2%l and was
comparable to nickel oxide/nickel-carbon nanotube composites
(10 mA cm™ at =85 mV overpotential in 1 m KOH).2!l Catalyst
stability was investigated by chronoamperometry. Current-time
characteristic curve of the FeNi;/NiFeO,-250 catalyst at an over-
potential of 170 mV showed negligible current degradation
(Figure 3B), indicative of a robust durability. The remarkably
enhanced HER performance confirmed the efficacy of high-
pressure hydrogen reduction on Ni-Fe oxide, and was in accord
with the discoveries that metal-metal oxide heterostructures are
highly active toward HER.[313:20.21]

For FeNi3/NiFeO,-250 and FeNi;/NiFeO,-300, a reduction
peak was observed prior to hydrogen evolution (Figure 3A,C).
Similar reduction peak was commonly observed in amorphous

Adv. Mater. Interfaces 2016, 1600368
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or defect-rich materials.>22"! This reduction peak may be orig-
inated from the reduction of some unstable species on the sur-
face, such as amorphous phase. It is more likely derived from
the defects. To have more insightful information, much more
work needs to be done in the future.

In order to understand how the structure change is corre-
lated with the HER activity, the structural evolution with reac-
tion temperature was directly investigated by XRD. XRD pat-
terns (Figure S2, Supporting Information) suggested that the
content of FeNij alloy increased with increasing the hydro-
genation temperature, along with the depletion of NiFeO, as
evidenced by the continuously weakened diffraction peaks.
The HER activities of the FeNi;/NiFeO, series were highly
dependent on their structural change during the hydrogenation
process. The overpotential required to reach a current density
of 10 mA cm™ increased in the sequence of FeNi;/NiFeO,-
250 (99 mV) < FeNi;/NiFeO,-300 (174 mV) < FeNi;/NiFeO,-
200 (187 mV) < NiFeO, (262 mV) (Figure 3C). The excellent
HER activity of FeNi;/NiFeO,-250 was attributed to the newly
generated FeNi;/NiFeO, interface.}132021l Given that FeNi;/
NiFeO,-200 was absent of Ni-Fe alloy, it was suggested that
the hydrogenated NiFeO, intrinsically had higher HER activity
than pristine NiFeO, due to the generation of surface defects
from hydrogenation. Previous researches have showed that
hydrogenated metal oxides had a defect-rich surface.>'323 Our
XPS investigation also revealed that FeNi;/NiFeO,-250 had a
more complicated surface environment than pristine NiFeO,.
A defect-rich surface was believed to expose more active sites
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Figure 3. Electrochemical characterization of hydrogen evolution reaction. A) Polarization curves of NiFeO, and FeNi3/NiFeO,-250 in 1 m KOH at a
scan rate of 5 mV s7'. B) Current—time characteristics of FeNi;/NiFeO,-250 at an overpotential of 170 mV without iR-compensation. C) Comparative
studies of pristine NiFeO, and FeNi;/NiFeO, series in 1 m KOH at a scan rate of 5 mV s™'. D) Nyquist plots of pristine NiFeO, and FeNi;/NiFeO, series

at —0.2 V versus RHE.

for HER.B#1213.221 For example, sulfur or oxygen vacancies
can greatly enhance the HER activity of MoS, or WO;.*12
On the other hand, Ni-Fe alloy itself has a low HER activity.?
Therefore, the superior HER activity of FeNi;/NiFeO,-250 was
likely derived from the synergistic effect of the surface-defective
NiFeO, and FeNi; alloy. Compared with FeNi;/NiFeO,-250,
FeNi;/NiFeO,-300 had a much worse HER activity. This was
likely caused by the overhydrogenation, which led to the sharp
decrease of NiFeO, (Figure S2, Supporting Information) and
thus markedly diminished metal/metal oxide interface (this
was verified by the sharp decrease of its electrochemical sur-
face area (ECSA) discussed below). Therefore, a well-balanced
combination of metal and surface-defective metal oxide that
brought about the maximized metal/metal oxide interfaces was
likely critical to the optimum HER activity.

To reveal the influence of surface area, the relative ECSA
of the catalysts was estimated to fully understand structure—
activity relationship. Solving for the exact surface area is diffi-
cult due to the unknown capacitive behavior of the electrodes.
Instead, the ECSA values of the catalysts were estimated from
the double layer capacitance (Cg), as Cy is linearly propor-
tional to effective active surface area.'?’] The linear slope of
the capacitive current against scan rate was used to represent
the ECSA. As shown in Figure S3A (Supporting Information),
the ECSA increased in the sequence of FeNi;/NiFeO,-300 <
FeNi;/NiFeO,-200 < NiFeO, < FeNi;/NiFeO,-250. The nonmo-
notonous variation of ESCA over hydrogenation temperature
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was probably related to the metal/metal oxide interface. FeNi;/
NiFeO,-250 had the largest metal/metal oxide interface, while
FeNi;/NiFeO,-200 had no metal/metal oxide interface. The
very small ECSA of FeNi;/NiFeO,-300 was owed to the rapidly
diminished metal/metal oxide interface owing to the overhy-
drogenation. Current density at overpotential of 150 mV was
plotted against ESCA (2Cy) (Figure S3B, Supporting Infor-
mation) to obtain more insightful information. There was no
straightforward correlation between HER activity and ECSA.
The ECSA of NiFeO, was more than two times that of FeNi,/
NiFeO,-200, but the latter exhibited a much higher HER
activity. This again suggested that the defect-rich surface intrin-
sically had a high HER activity. FeNi;/NiFeO,-300 exhibited a
slightly smaller ECSA than FeNi;/NiFeO,-200, but displayed a
slightly higher HER activity. This indicated the importance of
the FeNi; alloy. Hence, these results were explained with the
exposed metal/metal oxide interface, along with numerous
defects on the surface of metal oxide, in enhancing the HER
activity. This is consistent with previous observations.#212.202,b.21]
For example, oxygen or sulfur vacancies have been shown to
greatly enhance the HER activity of WO; by hydrogenation!!2
and in MoS,,* and the synergistic effect of metal/metal
oxide interfaces have been demonstrated with improved HER
activities.[202>21]

To reveal the HER kinetics on the surface of the catalysts,
electrochemical impedance spectroscopy (EIS) analyses were
performed at —0.2 V versus reversible hydrogen electrode (RHE).

Adv. Mater. Interfaces 2016, 1600368



ADVANCED
MATERIALS

'a\
M“h\‘liié

www.MaterialsViews.com

According to the Nyquist plots (Figure 3D), NiFeO, presented
a different hydrogen evolution mechanism from the FeNi;/
NiFeO, series. Two semicircles in the Nyquist plot of NiFeO,
indicated a two-time-constant behavior. One semicircle sug-
gested a one-time-constant behavior for the FeNi;/NiFeO, series.
This was further confirmed by the Bode plots (Figure S4, Sup-
porting Information). High-frequency semicircle is associated
with the charge transfer resistance (R.) or the electrocatalytic
kinetics.2%%22 NiFeO, had the largest R (8.8 Q), followed by
FeNis/NiFeO,-300 (4.4 Q), FeNi;/NiFeO,-200 (3.9 Q), and FeNi,/
NiFeO,-250 (2.0 Q). The largely reduced R, for the FeNi;/NiFeO,
series indicated a much faster reaction rate. This was in agree-
ment with the catalytic activities of the as-prepared materials.

In alkaline media, two mechanisms were developed to
explain the HER pathway: Volmer—Heyrovesky (1) or Volmer—
Tafel (2) processes!20a-21,26]

H,0+¢” — H,q+OH  (Volmer)

(1)
H,0+H, +¢ —H,+OH" (Heyrovesky)

H,0+¢” — H,q+OH  (Volmer) 2)
Had +Had — Hz (Tafel)

Tafel slope of 120, 40, or 30 mV dec' was expected if the
Volmer, Heyrovsky, or Tafel step is the rate-determining step,
respectively.?®l Tafel plot (Figure S5, Supporting Informa-
tion) showed that the HER mechanism for FeNi;/NiFeO,-250
followed the Volmer-Heyrovesky pathway. Both Volmer and
Heyrovesky processes involved the adsorption of H,O onto the
surface of the catalyst, subsequent electrochemical reduction of
the absorbed H,O to form adsorbed H atom and OH~ group,
desorption of OH™ to refresh the surface, and formation of H,
from absorbed H atom. Therefore, the formation and desorp-
tion of OH™ in both Volmer and Heyrovesky processes likely
determine the overall water splitting rate. It was reported that
the surface defects of metal oxides were favorable for the dis-
sociative adsorption of water molecules.'>?”] Therefore, sur-
face-defective NiFeO, could facilitate both Volmer and Hey-
rovesky processes. This explains the improved catalytic activity
of FeNi3/NiFeO,-200. The introduction of FeNi; could further

50

——NiFeOx
—— FeNis/NiFe0x-200
40F _ FeNis/NiFeOx-250
—— FeNis/NiFeOx-300
e 102

30F ——nifoam
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facilitate the electrochemical reduction of the absorbed H,0, as
Ni was calculated to have suitable H binding energy close to
Pti21 and metal/metal oxide interface was believed to lower the
energy barrier of water dissociation.?? Therefore, the Volmer
process was further enhanced by the FeNij alloy, thus leading to
the much higher catalytic activity of FeNi;/NiFeO,-250 versus
FeNi;/NiFeO,-200. In a word, the OH™ generated by H,O split-
ting might preferentially attach to a surface-defective NiFeO,
site near the FeNi;/NiFeO, interface due to the strong elec-
trostatic affinity to the positively charged metal ions and more
unfilled d orbitals in metal ions,2%2! while a nearby FeNij; site
would facilitate H adsorption and electron transfer, imparting
synergistic HER activity to FeNi;/NiFeO,.

2.3. Oxygen Evolution Reaction of FeNi3/NiFeO, Hybrid
Catalysts

The OER activities of the FeNi;/NiFeO, hybrid catalysts were
also investigated in 1 M KOH electrolyte using linear sweep
voltammetry. As a blank control, bare nickel foam had a very
low OER activity (Figure 4A). For comparison, the polariza-
tion curves of NiFeO, and IrO, were provided in Figure 4A.
NiFeO, nanosheets demonstrated a high OER activity similar
to the standard catalyst IrO,. In detail, NiFeO, nanosheets had
a small onset potential of =1.49 V versus RHE and a small
overpotential (285 mV) to reach a critical current density of
=10 mA cm™. This also confirmed the existence of NiFeO, as
neither NiOP28% nor Fe,0,/% was very active toward OER.
The OER performance of NiFeO, nanosheets was better than
the reported NiFeO, (10 mA cm™ at 350 mV overpotentiall28]).
This can be attributed to (I) the 3D nature of our electrode and
open space between nanosheets which can facilitate the diffu-
sion of electrolyte and hydrogen bubbles; (II) the large surface
area associated with the nanostructured nanosheets along with
the absence of binder, accelerating the surface reaction; and
(III) the direct contact of the nanosheets to the underneath con-
ductive substrate which ensured each nanosheet to participate
in the reaction. Excitingly, the FeNi;/NiFeO, hybrid catalysts
showed even more superior catalytic activities. They presented
a similar onset potential of =1.47 V versus RHE at which an
absolute OER current of 0.5 mA cm™ was achieved (Figure S6,

o
(=]
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o
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o
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3

3000 6000
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Figure 4. Electrochemical characterization of oxygen evolution reaction. A) Polarization curves of 1rO,, NiFeO,, and the FeNi;/NiFeO, series in 1 m
KOH at a scan rate of 5 mV s™'. B) Current—time characteristics of FeNi;/NiFeO,-250 at an overpotential of 330 mV without iR-correction.
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Figure 5. Overall water-splitting characteristics of two different FeNi;/NiFeO,-250 catalyst electrodes in a two-electrode configuration in 1 m KOH. All
the data are without iR-correction. A) Polarization curve at a scan rate of 5 mV s™'. B) Current-time characteristics at a voltage of 1.60 V.

Supporting Information). A much smaller overpotential was
needed to approach =10 mA cm™: 258 mV for FeNi;/NiFeO,-
200, 246 mV for FeNi;/NiFeO,-250, and 263 mV for FeNis/
NiFeO,-300. The higher OER activities of the FeNi;/NiFeO,
series were proposed due to the surface defects, which was con-
sistent with previous reports that amorphous or defective Ni-Fe
oxides had higher OER activities.?”) The superior OER activity
of FeNi;/NiFeO,-250 was further ascribed to its larger ECSA or
more exposed surface defects. In alkaline electrolytes, oxida-
tion of four OH™ groups were transformed into H,O and O, by
losing a total of four electrons®

40H™ > 2H,0+0, +4¢~ (3)

This process involved the adsorption of OH™ group and
a four-electron oxidation process. Appropriate interaction
between catalyst surface and oxygen,2%3! and good electrical
conductivity®?l were two important parameters for an excel-
lent OER catalyst. As discussed above, the defect-rich surface
favored the formation and desorption of OH™ and as well dis-
played a very small R, thus synergistically resulting in a high
catalytic activity toward OER. Recent studies also proved that
vacancies could highly enhance the water oxidation process.?’!
The OER durability of FeNi;/NiFeO,-250 was evaluated using
chronoamperometry without iR-compensation. As shown in
Figure 4B, the current density showed a negligible degrada-
tion during a long period of 6000 s. This suggested that FeNis/
NiFeO,-250 had an excellent durability toward OER.

2.4. Overall Water Splitting of FeNi;/NiFeO, Hybrid Catalysts

An electrolyzer was assembled to estimate the actual catalytic
activity of FeNi;/NiFeO,-250 toward overall water splitting in 1 m
KOH. A current density of 10 mA cm™ was achieved at a voltage
of 1.55 V (Figure 5A). The electrolyzer reached =100 mA cm™
at 2.0 V. This again confirmed the superior activity of FeNis/
NiFeO,-250 toward HER and OER. The durability of the
electrolyzer, which is of great importance for the practical
applications, was carried out at 1.6 V in 1 M KOH at room
temperature. Negligible degradation was observed in current
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density (Figure 5B). Thus, the excellent performance made
FeNi;/NiFeO,-250 an attractive earth-abundant bifunctional
electrocatalyst for water splitting.

3. Conclusion

In summary, we report a 3D FeNi;/NiFeO, nanohybrids as
highly active bifunctional electrocatalyst for overall water split-
ting in alkaline electrolyte. Their properties can be finely tuned
with hydrogenation to obtain high HER and OER activities. A
small onset potential of =20 and 240 mV is obtained for HER
and OER, respectively. The high activity can be attributed to the
synergistic effect of the FeNij; alloy and surface-defective NiFeO,.
An overall-water-splitting current density of 10 mA cm™ is
achieved at a voltage of 1.55 V with FeNi;/NiFeO, as both
cathode and anode catalysts. The current reaches =100 mA cm™2
at 2.0 V, displaying a promising future for practical industrial
hydrogen production. This finding may open a new door to the
design and fabrication of earth-abundant, low-cost bifunctional
metal oxide electrocatalysts for water splitting.

4. Experimental Section

Synthesis: In a typical synthesis, a piece of nickel foam (1 ¢cm x 3 cm)
was sonicated in a 3 m HCl solution for 10 min to remove the possible
surface oxide layer. After rinsed with deionized water, the nickel foam
was transferred into a solution with 0.5 mmol of iron(lll) nitrate
nonahydrate (Fe(NOs);-9H,0) and 2.5 mmol urea in 16 mL water, and
followed by a hydrothermal treatment at 120 °C for 12 h. A small amount
of metal Ni on the surface of the Ni substrate was oxidized by Fe* ions
in the solution to generate Ni?* ions as the nickel source for the product.
After cooled down to room temperature, the nickel foam was washed
with deionized water, dried in air, and annealed at 300 °C for 2 h in air
to obtain NiFeO,. Finally, FeNi3/NiFeO, nanohybrids were obtained by
heating at 200, 250, and 300 °C for 3 h in a high-pressure hydrogen
atmosphere (hydrogenation), labeled as FeNi;/NiFeO,-200, FeNis/
NiFeO,-250, and FeNi;/NiFeO,-300, respectively. In order to facilitate the
investigation of the structural evolution of the NiFeO, with the increase
of the hydrogenation temperature, similar processes were also applied
to the powders collected from the reaction solution.

Characterization: Morphological structures of the samples were
examined using EM and TEM. The SEM images were taken on a
Hitachi 4800 field emission SEM. The foams were directly mounted on
the sample stage for analysis. The TEM study was performed on a FEI
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Tecnai F20 STEM. The electron accelerating voltage was 200 kV. A small
amount of powder sample dispersed in water was dropped onto a thin
holey carbon film, and dried overnight before TEM measurement. Lattice
structural and chemical properties were investigated using XRD and
XPS. The XRD was performed on a Rigaku Miniflex X-ray diffractometer
using Cu Ko, radiation (wavelength = 1.5418 A). XPS data were collected
using a Kratos Axis 165 X-ray photoelectron spectrometer. Spectra were
acquired using a photon beam of 1486.6 eV, selected from an Al/Mg
dual-anode X-ray source.

Electrochemical Measurement: Electrochemical measurements were
carried out in a three-electrode system at room temperature. The
nickel foams covered with samples were directly used as the working
electrodes. A Pt wire and an Ag/AgCl electrode were used as the counter
and reference electrodes, respectively. A 1.0 v KOH solution was used
as the electrolyte. Cyclic voltammetry measurement was performed
five cycles in the voltage range of 0.0-0.5 V versus Ag/AgCl at a scan
rate of 5 mV s7' to activate the working electrodes. Linear sweep
voltammetry was performed at a scan rate of 5 mV s™' to evaluate the
HER performance of the catalysts. EIS analysis was carried out using
a 10 mV amplitude AC signal over a frequency range from 100 kHz to
10 mHz on a Biologic potentiostat/EIS electrochemical workstation.
The polarization curves were iR-corrected for an ohmic drop according
to the EIS Nyquist plots. The reference electrode was calibrated against
and concerted to reversible hydrogen electrode. The calibration was
performed in the high purity hydrogen saturated 1 m KOH electrolyte
with a Pt wire as the working electrode. In order to estimate the relative
electrochemical surface area of the catalysts, Cy of each catalyst was
measured using a simple cyclic voltammetry method. The voltage
window of cyclic voltammograms was 0.1-0.2 V versus RHE. The scan
rates were 20, 40, 60, 80, and 100 mV s™'. Cy was estimated by plotting
the Aj (j, — jo) at 0.15 V versus RHE against the scan rate, where the
slope was twice the Cy.[32°]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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