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ABSTRACT: The surface treatment method has a great influ-
ence on the structure and properties of applied materials for
interface  catalysis. In this study, we prepare
Ni(OH),-NiO/FeOOH by surface treatment in acid solution
using oxidation-corrosion equilibrium (OCE). For comparison,
we also treat Ni foam with the same process in alkaline solu-
tion. Ni(OH),-NiO/FeOOH can arrive steady-morphology and
metallization by oxidation-corrosion equilibrium and exhibits
superior catalytic activity as water oxidation catalyst.
Ni(OH),-NiO/FeOOH(OCE) needs only 232 mV to reach a
current density of 10 mA cm2, while it is 254 mV for a refer-
ence IrO,/Ni foam. The mechanism study shows that the small
charge transfer resistance (2.04 Qcm?) is favorable for the
rapid interface electron exchange between
Ni(OH),-NiO/FeOOH(OCE) and reactive species in water ox-
idation. In addition, the results of X-ray photoelectron spec-
troscopy and series impedance show that the catalyst is me-
tallic property in virtue of exposed mental Ni in
Ni(OH),-NiO/FeOOH(OCE). The volume ratio of hydrogen to
oxygen (about 2:1) indicates overall water splitting by the dou-
ble electrode system. When the volume ratio of hydrogen to
oxygen is 21, the Faraday efficiency of H, or O, is close to 100%.
Ni(OH),-NiO/FeOOH(OCE) exhibits good stability for one
month. The research results provide a feasible approach for
finding low cost metallized catalysts to replace noble metal as
water oxidation catalysts and improving the efficiency of wa-
ter splitting.

Keywords: oxidation-corrosion equilibrium, surface
treatment, water oxidation, water splitting, oxygen evolu-
tion reaction, metallization

Introduction

As a clean energy, hydrogen energy is expected to be widely
used.! The obtaining hydrogen by water splitting is considered
to be environment-friendly and efficient. The process of water

splitting includes hydrogen evolution reaction (HER)> and ox-
ygen evolution reaction (OER)3. However, the overpotential
will be observed when the large current passes through the
electrodes, which leads to large bias voltage or wideband-gap
photocatalyst to drive the process.4 IrOx 5and RuO,° catalysts
are commonly used for OER in water splitting. However, the
catalytic performance, long-term stability and cost of IrOy and
RuOx catalysts cannot meet the industrialization. In the pre-
vious report, the oxides or hydroxyl oxides based Fe and Ni
expressed good catalytic effect on OER. FeNiOOH nanosheets
were grown on FeNi foam by in-situ chemical oxidation as a
novel 3D electrode for OER.7 Dual electrocatalyst thin films of
FeOOH and NiOOH as photogenerated hole extractors were
prepared for solar-driven water splitting. Recently, to improve
the electrocatalytic activity of Ni foam (good electrical con-
ductivity and three-dimensional structure), our group con-
verted the Ni foam into a high activity NNOOH/FeOOH heter-
ostructure as water oxidation catalyst by three step strategy
(surface acid treatment and electroplating and electrooxida-
tion).2 The overpotential of NiOOH/FeOOH heterostructure
for OER was 257 mV, which was better than that of IrO,/Ni
foam (280 mV).

An ideal electrocatalyst needs not only higher catalytic activ-
ity, but also smaller internal resistance (i.e. metallization) and
larger specific surface area. However, the conductivity of NiFe
oxides or hydroxyl oxides is lower than that of metal. To en-
hance conductivity, the thickness of the catalyst should be
thin. Inspired by above state, in this study, we prepare
Ni(OH),-NiO/FeOOH by oxidation-corrosion equilibrium
(OCE) in acid solution. For comparison, we also treat Ni foam
with the same method in alkaline solution.
Ni(OH),-NiO/FeOOH prepared by OCE exhibits superior cat-
alytic activity. The Ni(OH),-NiO/FeOOH(OCE) needs only
232 mV overpotential to reach a current density of 10 mA cm-
2 which is smaller than those (242, 254 mV) for references
Ni(OH),-NiO/FeOOH prepared in NaOH alkaline solution
and IrO,/Ni foam. The Ni(OH),-NiO/FeOOH (OCE) has high
small charge transfer resistance. The volume ratio of hydrogen
to oxygen (about 2:1) in the double electrode system and the
Faraday efficiency of H, or O, is also evaluated.
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Figure 1. Schematic diagram of the process of Ni(OH),-NiO/FeOOH by oxidation-corrosion equilibrium (OCE) in 1M H,SO,

solution

Experimental Section

Preparation of Ni(OH),NiO/FeOOH  (OCE)  and
Ni(OH),-NiO/FeOOH (NaOH): first, Ni-foams (0.5 cmx1 ¢cm)
were treated in mixed acid (2 ml 65-68% HNO; solution and
6 ml 36-38% HCI solution). Then, the Ni-foams were soaked
for 1 minutes and washed repeatedly with distilled water. Elec-
troplating Fe on Ni-foam: Ni-foam treated by mixed acid was
used as a cathode, Fe wire as an anode and 0.1 M FeCl; solution
as an electrolyte for electroplating by potentiostat. The elec-
troplating condition is as follows: the voltage is 3, 6, 9 V for 5
min, respectively. Fe-Ni foams were obtained. Electrooxida-
tion: Fe-Ni foams were used as an anode and pure Ni-foam as
a cathode. 1 M H,SO, and 1 M NaOH solution were used as
respective electrolyte for oxidation. The condition of oxida-
tion treatment is that the constant current density of the po-
tentiostat is 100 mA cmand the oxidation time is 1 min. Fi-
nally, Ni(OH),-NiO/FeOOH (OCE) and
Ni(OH),-NiO/FeOOH (NaOH) were obtained.

Preparation of IrO,/Ni-Foam by hydrothermal synthesis: IrCL,
0.9632 g, was solved in 10 ml H,O. Poly(ethylene glycol) (MV:
6000), 1.0 g, was dissolved in 10 ml H,O and 0.6 g NaOH was
dissolved in 10 ml H,O. The above three solutions were mixed
and transferred to a Teflon-lined autoclave. The Ni-foam was
immersed in Teflon-lined autoclave containing the mixed so-
lution.

The Teflon-lined autoclave was heated at 200 C for 15 h. Prep-
aration of Pt/Ni-Foam by chemical reduction is referenced to
our previous report.?

Characterization:

The morphology characteristics of the sample was done using
SEM (Thermo Fisher Scientific FIB-SEM GX,). The X-ray pho-
toelectron spectroscopy (XPS) was carried out in a Thermo
ESCALAB 250. For three-electrode catalytic activity character-
ization, linear sweep voltammetry (LSV) test was performed
on CHI760E electrochemical workstation:
Ni(OH),-NiO/FeOOH (OCE), Ni(OH),-NiO/FeOOH (NaOH)
and IrO,/Ni-foam were used as working electrodes respec-
tively, Ag/AgCl (1 M KCl) as the reference electrode, Ni-foam
as the auxiliary electrode, and 1.0 M KOH solution as the elec-
trolyte; voltage range 2—o0 V for OER; scanning speed o0.001 V
s~ with the scan direction from positive to negative. For dual-
electrode LSV  test, Ni(OH),-NiO/FeOOH (OCE),
Ni(OH),:-NiO/FeOOH (NaOH) and IrO,/Ni-foam were used
as anode respectively, Ni-foam as cathode, and 1.0 M KOH so-
lution as electrolyte. Test conditions were as follows: voltage
range of 2—0 V and scanning speed of 0.001 V s~ with the scan
direction from positive to negative.

For three-electrode CV test, Ni(OH),-NiO/FeOOH (OCE),
Ni(OH),-NiO/FeOOH (NaOH), IrO,/Ni-foam, Ni-foam were
used as working electrodes respectively, Ag/AgCl (1 M KCl) as
the reference electrode, Ni-foam as the auxiliary electrode,
and 1.0 M KOH solution as the electrolyte. Test conditions
were as follows: voltage range of 0-0.1 V and scanning speed
of 1, 5,10 ,30 ,50 and 70 mV s, with the scan direction from
negative to positive. H, /O, collection and measurement: the
hydrogen and oxygen in the two-electrode system were col-
lected and measured by potentiometer at the current density
of 13 mA cm=. H-type electrolyzer is connected to the collec-
tion device. The anode is Ni(OH),-NiO/FeOOH (OCE) and
the cathode is Pt/Ni foam. When the volume of O, was 0.5, 1,
1.5, 2, 2.5 and 3 mL, we recorded the volume of H,.
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Results and Discussion

Schematic diagram of OCE method for Ni(OH),-NiO/FeOOH
is shown in Figure 1. The detailed preparation process is de-
scribed in the experimental section. Firstly, Fe-Ni foam as an-
ode was prepared by electroplating a layer of iron on Ni foam
as shown in Figure 1, and then immersed in 1M H.SO, acid so-
lution for OCE. The process of OCE is as follows: Driven by
positive potential, OH- anions in 1M H,SO, solution accumu-
late around the anode and lose electrons to produce O,. Fe on
the surface of Fe-Ni foam combines with H*, OH- and O, to
form FeOOH. Meanwhile, as an inverse process of OCE,
H.SO, solution corrode (dissolve) FeOOH oxide layer. In ad-
dition, Ni(OH), on Ni foam is also formed by OCE. When the
oxidation rate is equal to the corrosion rate,
Ni(OH),-NiO/FeOOH on Ni foam is formed and arrives
steady-state. The chemical reaction equations (1-7) for the
whole process are listed as follows. As reference, Fe-Ni foam
treated in 1 M NaOH basic solution were also prepared by with
the same step as anode in 1 M H.SO, acid solution.

OH-e—H,0+0, * (1)
Fe+H*—Fe2*+H, t (2)
OH+0,+ Fe*—~FeOOH (3)
FeOOH+H*—Fe3*+H,O+OH- (1)
Ni+H*—Niz*+H, 1 (5)
OH-+Ni*—Ni(OH), (6)
Ni(OH),+H*+0,—~NiO+H,O (7)

The photos of Ni(OH),-NiO/FeOOH (OCE) and
Ni(OH),-NiO/FeOOH (NaOH) are shown in the Figure 2a, 2b,
respectively. The results show that the surface of
Ni(OH),-NiO/FeOOH (OCE) is green, while the surface of
Ni(OH),-NiO/FeOOH (NaOH) is brownish red. The morphol-
ogy of Ni(OH),-NiO/FeOOH (OCE) were characterized by
scanning electron microscopy (SEM), as shown in Figure 2c,

2d. Rough surface of Ni(OH),-NiO/FeOOH (OCE) is observed
in Figure 2d. As a contrast, the morphology of
Ni(OH),-NiO/FeOOH (NaOH) is shown in Figure 2e, 2f. A
large number of nanorods are attached to the surface of Ni-
foam as shown in Figure 2f. The surface chemistry information
of Ni(OH),-NiO/FeOOH (OCE) was characterized using X-ray
photoelectron spectroscopy (XPS). To determine the ascrip-
tion of each peak, "XPS Peak" software were used to fit XPS
curves. All fitting data are shown in the Table S1-S4. (reference
supporting information). Six different peaks are observed in
the Ni 2p XPS curve of Ni(OH),-NiO/FeOOH (OCE) as shown
in Figure 3a, which indicate coexistence of different chemical
valences for Ni species. The peak area at 861.48 eV and at
873.83 eV are originated from NiO, which indicates that they
are the main forms on the surface. Compared with
Ni(OH),-NiO/FeOOH (NaOH) (Figure 3b), the XPS spectrum
of Ni(OH),-NiO/FeOOH (OCE) shows an additional peak at
852.22 eV corresponding to mental Ni, which indicates that
Ni(OH),-NiO/FeOOH (OCE) has metallic property, that is, it
has good conductivity. While the peak area of Ni (OH), at
855.50 eV for Ni(OH),-NiO/FeOOH (NaOH) is dominant,
which indicates that Ni(OH), is the main existing form on the
surface of Ni(OH),-NiO/FeOOH (NaOH). Surface chemical
states of Fe species on Ni(OH),-NiO/FeOOH (OCE) were also
analyzed by XPS. Two different peaks at 712.20 eV, 724.36eV
are observed in the Fe 2p XPS curve of Ni(OH),-NiO/FeOOH
(OCE) (Figure 3c). The Fe 2p XPS spectra displays a pair of
spin-orbit doublets. The results indicate that Fe on the surface
of Ni(OH),:NiO/FeOOH (OCE) is mostly FeFOOH. By contrast,
the ratio of 2p 3/2FeOOH to 2p 1/2 FeOOH on the surface of
Ni(OH),-NiO/FeOOH (OCE) is higher than that of
Ni(OH),-NiO/FeOOH (NaOH) in Figure 3d.
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Figure 3 (a) Ni 2p XPS curve of Ni(OH),-NiO/FeOOH (OCE); (b) Ni 2p XPS curve of Ni(OH),-NiO/FeOOH (NaOH); (c)Fe 2p XPS
curve of Ni(OH),-NiO/FeOOH (OCE); (d) Fe 2p XPS curve of Ni(OH),:-NiO/FeOOH (NaOH).

The electrochemical performance of Ni(OH),-NiO/FeOOH
(OCE) as an OER electrocatalyst was evaluated in three and
two electrode configuration using 1.0 M KOH as the electro-
lyte. Ni(OH),-NiO/FeOOH(NaOH), IrO,/Ni foam and Ni
foam were also researched as reference group. OER character-
istics of linear sweep voltammetry (LSV) based different elec-
trodes are shown in Figure 4 at a scan rate of 1 mV s, with the
scan direction from positive to negative on the reversible hy-
drogen electrode (RHE) scale. The specific data are shown in
the Table 1. Ni(OH),-NiO/FeOOH(OCE) shows superior OER
activity to Ni(OH),-NiO/FeOOH(NaOH), IrO,/Ni foam and
Ni foam. The overpotential at a current density of 10 mA cm
is a significant performance parameter. In a three-electrode
configuration (Figure 4a), Ni(OH),-NiO/FeOOH(OCE) elec-
trode requires nogr of 232 mV to reach a (projected geometric
area) current density of 10 mA cm2, which is 10, 22 and 196 mV
less than those of Ni(OH),-NiO/FeOOH(NaOH), IrO,/Ni
foam and Ni foam, respectively. In addition, the value of OER
onset potential of Ni(OH),-NiO/FeOOH(OCE),
Ni(OH),-NiO/FeOOH (NaOH), IrO,/Ni foam and Ni foam are
1.46,1.47,1.50 and 1.72 V, respectively. To study the OER kinet-
ics of  catalysts, we fitted LSV  curve of

Ni(OH),-NiO/FeOOH(OCE), Ni(OH),-NiO/FeOOH(NaOH),
IrO,/Ni foam and Ni foam according to Tafel equation to ob-
tain the corresponding Tafel slope (Figure 4b). The lower Tafel
slope of electrode means more efficient electron transfer and
faster reaction rate. Compared with other samples, the lower
Tafel slope (86.6 mV dec?) of Ni(OH),-NiO/FeOOH(OCE)
demonstrates the significant improvement in the OER kinet-
ics.  We  further characterized performance of
Ni(OH),-NiO/FeOOH(OCE) in the two-electrode configura-
tion (Pt/Ni foam as cathode) as shown in the Figure 4c.
Ni(OH),-NiO/FeOOH(OCE) electrode requires noer of 454
mV to reach a current density of 10 mA cm, which is 42, 51
and 191 mV less than those of Ni(OH),-NiO/FeOOH (NaOH),
IrO,/Ni foam and Ni foam, respectively. It is worth mention-
ing that both nogr and OER onset potential required by
Ni(OH),:-NiO/FeOOH(OCE) are superior to
Ni(OH),-NiO/FeOOH (NaOH).
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Figure 4 Electrochemical performance of pure Ni foam, Ni(OH),-NiO/FeOOH(NaOH), Ni(OH),-NiO/FeOOH(OCE) and IrO,/Ni
foam by linear sweep voltammetry in 1 M KOH aqueous electrolyte. (a) OER characteristics of different electrodes in a three-
electrode, scanned in the direction from positive to negative potential on the RHE scale. (b)Tafel plots of different electrodes. (c)
OER characteristics of different electrodes in the two-electrode configuration, when Pt/Ni-foam were used as hydrogen evolution
electrodes. All scan rates were 1 mV s™.

Table 1. The overpotential of different electrode materials for OER to reach a current density of 10 mA cm2 (Pt/Ni foam is hydrogen
evolution electrode)

Ni-foam Ni(OH),-NiO/FeOOH (NaOH) Ni(OH),-NiO / FeOOH (OCE) IrO,/Ni foam
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Figure 5 (a,b) Cyclic voltammograms for Ni(OH),-NiO/FeOOH(NaOH), Ni(OH),-NiO/FeOOH(OCE), respectively. (c) The capac-
itive currents with a scan rate of 1, 5, 10, 30, 50, 70, and 10omV s in 1 M KOH. (d) Nyquist plots of in two-electrode electrolyzers
(anode: Ni(OH),-NiO/FeOOH(OCE), Ni(OH),-NiO/FeOOH(NaOH) and IrO,/Ni-foam; cathode: pure Ni-foam) recorded at an
applied potential of 2.1 V with a frequency range of 1 MHz to 0.05 Hz in 1 M KOH.



Table 2 The fitting data of Ry and R values of Pure Ni-foam, Ni(OH),-NiO/FeOOH(NaOH), Ni(OH),-NiO/FeOOH(OCE), and

IrO,/Ni-foam.

Rs/ Q cm? Ret / Q cm 2
Pure Ni-foam 16.13 4.48
Ni(OH),-NiO/FeOOH(NaOH) 17.68 2.85
Ni(OH),-NiO/FeOOH(OCE) 17.24 2.04
IrO,/Ni-foam 18.45 3.06

To verify the relationship between the intrinsic activity and
the surface structure of Ni(OH),-NiO/FeOOH(OCE), the elec-
trochemically active surface area (EASA) was evaluated by cy-
clic voltammetry (CV). The EASA is estimated by determining
the double-layer capacitance from CV according to the previ-
ous reports.8 More specifically, it is obtained by the electro-
chemical double-layer capacitance of the catalytic surface,
which is in accordance with formula EASA = Cp;/Cs, where Cs
is the specific capacitance of the sample or the capacitance of
an atomically smooth planar surface of the material per unit
area under identical electrolyte conditions. The general spe-
cific capacitance used in our experiments is Cs = 0.040 mF cm-
2 in 1 M KOH. According to formula ic= vCpr, the potential is
scanned in a nonfaradaic potential window (here is o to 01V
vs. RHE) at varying scan rates (Figure 5a,b). The obtained cur-
rent at 0.05 V (vs. RHE) plotted against the scan rate gives a
straight line (Figure 5¢), in which the slopes give correspond-
ing Cp.  values. Impressively, the Cp.  of
Ni(OH),-NiO/FeOOH(OCE) is calculated to be 2.44 mF,
which is lower than that (335 mF) of
Ni(OH),-NiO/FeOOH(NaOH). The values of EASA for
Ni(OH),-NiO/FeOOH(OCE) and Ni(OH),-NiO/FeOOH
(NaOH) are 61.00 and 83.75 cm™, respectively. Although the
surface area of Ni(OH),-NiO/FeOOH(OCE) is smaller than
Ni(OH),-NiO/FeOOH(NaOH), Ni(OH),-NiO/FeOOH(OCE)
has higher activity on a single active site. The roughness factor
(RF) was also calculated by taking the estimated EASA and di-
viding it by the geometric area of the electrode 0.5 cm™. The
RF of Ni(OH),-NiO/FeOOH(OCE) and

Ni(OH),-NiO/FeOOH(NaOH) are 122.0 and 167.5, respectively.

To investigate the charge transfer between solid-liquid inter-
face, charge transfer resistance (R.) and series resistance (R)
of Ni(OH),-NiO/FeOOH(OCE),
Ni(OH),-NiO/FeOOH(NaOH), IrO,/Ni foam and Ni foam
were evaluated by electrochemical impedance spectroscopy
(EIS) as shown in the Figure 5d. In the circuit diagram, R
comes from the resistance of two-electrode electrolyzers
(electrode wire, electrode and electrolyte). R¢; results from the
resistance of charge transfer between catalyst and water split-
ting reaction. The semi-circular diameter reflects the R... We
used Z-view software to fit the data to get Rs and R values.

The specific data are shown in Table 2. The R; values of
Ni(OH),-NiO/FeOOH(OCE), Ni(OH),-NiO/FeOOH (NaOH)
and IrO,/Ni foam are 17.24, 17.68 and 18.45 Q) cm?, respectively.
Obviously, the R; value of Ni(OH),-NiO/FeOOH(OCE) is the
smallest, which indicates that the electrode is more metallic.
Impressively, compared with Ni(OH),-NiO/FeOOH(NaOH)
and IrO,/Ni foam(3.06€2), Ni(OH),-NiO/FeOOH(OCE) pos-
sesses smaller Ry. The results demonstrated that
Ni(OH),-NiO/FeOOH formed by OCE method can guarantee
rapid electron transfer to promote the OER activity.

The practical faraday efficiency and stability performance of
Ni(OH),-NiO/FeOOH(OCE) were carried out. The devices to
collect gas (hydrogen and oxygen) and measure gas constants
were built, as previous report.8 The volume ratio of hydrogen
to oxygen produced in the device is about 2:1 as shown in Fig-
ure 6a , which indicates the double-electrode system
(Ni(OH),-NiO/FeOOH (OCE) as anode, pure Ni foam as cath-
ode) presents almost overall water splitting. In addition, Far-
aday efficiency is the conversion efficiency of electric energy
into special chemical energy (H, or O,). The formula is Fara-
day efficiency =m*n*F/(I*t), where m is moles of the product,
n is the number of reaction transfer electrons, F is the Faraday
constant, I is the current and t is the time. The Faraday effi-
ciency of hydrogen or oxygen is close to 100% when the vol-
ume ratio of hydrogen to oxygen is about 2:1(Figure 6a). The
results show that almost the electric energy has been con-
verted into chemical energy (obtained H, or O,) by water elec-
trolysis. Finally, the stability of Ni(OH),-NiO/FeOOH(OCE)
in the two-electrode system (the Pt/Ni foam as cathode and
Ni(OH),:-NiO/FeOOH(OCE) as anode) was studied as shown
in Figure 6b. The continuous potential shows almost no
change during one month, which suggests the high durability
of Ni(OH),:-NiO/FeOOH(OCE) in a long-term OER under 1 M
KOH alkaline conditions.
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Conclusion

In  conclusion, in  this study, we  prepared
Ni(OH),-NiO/FeOOH by oxidation-corrosion equilibrium
method (OCE) in acid solution for as water oxidation catalyst.
As reference, Ni(OH),-NiO/FeOOH(NaOH) were prepared in
alkaline solution with the same method.
Ni(OH),-NiO/FeOOH prepared by OCE exhibits superior cat-
alytic  activity as  water oxidation catalyst to
Ni(OH),-NiO/FeOOH(NaOH). Ni(OH),:-NiO/FeOOH(OCE)
needs only 232 mV to reach a current density of 10 mA cm,
while it is 254 mV for traditional IrO,/Ni foam. The metallic
Ni(OH),-NiO/FeOOH(OCE) is favorable for the rapid inter-
face electron exchange between Ni (OH),/FeOOH(OCE) and
water oxidation reaction. Ni(OH),/FeOOH(OCE) exhibit
overall water splitting, excellent Faraday efficiency and good
stability.
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