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Abstract: NiFe (oxy)hydroxides nanosheets were synthesized on nickel foams via co-precipitation and electrochemical
activation. It is found that the phosphate precursors (Naz;PO4, Na,HPO4 and NaH,PO4) have diverse effects on the morphology
and thus the oxygen evolution reaction activity of the formed final catalysts. The resulting NiFe (oxy)hydroxides
nanosheets prepared with Na,HPO4 demonstrate a low overpotential of 205 mV to achieve a current density of

50 mA/cm? with a Tafel slope down to 30 mV/dec in 1 mol/L KOH, and remain stable for 20 h during stability test.
Key words: NiFe (oxy)hydroxides; Fe-based phosphate; oxygen evolution reaction; electrochemical activation

1 Introduction

Electrochemical water splitting provides a
sustainable and pollution-free method for mass
production of high-purity hydrogen fuel [1-4]. In
contrast to the rather straightforward hydrogen
evolution reaction (HER) with a relatively low
overpotential, the oxygen evolution reaction (OER)
involves a complex four-electron transfer process
with a large overpotential, which limits the overall
efficiency of water electrolysis [5,6]. Noble metal
compounds such as RuO; and IrO, have been used
as commercial OER catalysts, while the scarcity
and high cost of noble metal compounds hinder the

industrial applications [7—9]. Accordingly, research
efforts are increasingly devoted to the design and
fabrication of energy-efficient noble-metal-free
catalysts, e.g., transition metal-based oxides [10,11],
phosphides [12], (oxy)hydroxide [12,13], and
phosphates [14].

Among them, transition metal (oxy)hydroxides
have been reported to be promising candidates
for OER electrocatalysts due to the low-cost,
earth abundant, environmentally benign, unique
atomic geometry structure, and high catalytic
behavior [15-20], in particular for Ni/Fe-based
catalysts [14], although the real active site of Ni/Fe-
based catalysts is still in debate [21]. For example,
FRIEBEL et al [22] found that Fe*" cations in
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y-Ni;—FeOOH exhibit a lower overpotential than
Ni*" cations in either y-Ni;—.Fe,OOH or y-NiOOH,
which means that Fe’" is the active site. However,
LI et al [23] proposed that the doping of Fe**
promoted the formation of Ni*', which in turn
directly correlated to the enhanced OER
performance. Despite of these, there is no doubt
that the strong synergistic effect between Ni and Fe
will contribute to the enhanced OER activity. In
addition, it is noted that the metal phosphates can
be converted to the metal (oxy)hydroxide through
anion exchange in alkaline conditions [24], and
many studies have demonstrated that the morphology
and structure of metal phosphates can be varied
with the change of phosphate precursors [25].
Therefore, the phosphate precursors (e.g., NazPOs,
Na,HPO4 and NaH,PO4) may also have profound
effects on the morphology and structure of the
metal (oxy)hydroxides and thus their OER activity;
however, they remain rather unexplored.

To address these challenges, we prepared
Fe-based phosphate precatalysts on Ni foams (NF)
using various phosphate precursors (NaszPOs,
Na,HPOs and NaH,PO4) via a facile co-
precipitation approach and evaluated their OER
performance in alkaline conditions. Our structural
analysis indicates that the iron phosphates-based
precatalysts will spontaneously convert into
nickel—iron (oxy)hydroxides (NiFeO.H,) as the
final catalysts under electrochemical activation
process (cyclic voltammetry (CV) scans) in alkaline
conditions, which exhibits different morphologies
with the change of phosphate precursors. To be
specific, the final catalysts synthesized with
Na,HPO4s prefer to form two-dimensional
nanosheets, while these with Na;PO4 and NaH,PO4
mainly consist of aggregated nanoparticles with
some dispersed nanosheets. The resulting NiFeO,H,
nanosheets synthesized with Na,HPO4 possess a
flower-like morphology with rich active sites,
allowing facial contact of solution, fast release of
the produced gaseous molecules, and effective
electron transfer, which thus provides more active
sites and high efficiency for the reaction with a
remarkably high and durable OER activity.

2 Experimental

2.1 Chemicals
Potassium hydroxide (95% KOH, Aladdin),

ethanol absolute (CH3CH,OH, Sinopharm), iron
nitrate nonahydrate (Fe(NOs);-9H,O, Aladdin),
sodium phosphate, tribasic, anhydrous (Na3zPOs,

Aladdin), disodium hydrogen phosphate
dodecahydrate  (Na,HPO4-12H,O, Sinopharm),
sodium dihydrogen phosphate dihydrate
(NaH,PO4-2H,0, Sinopharm), Ni foam (NF,

99.9% Ni, thickness 1.5 mm, Kunshan Metal Material
Tech, Suzhou, China), carbon cloth (W0S1011,
thickness 0.36 mm, CeTech Co., Ltd), and highly
purified water (> 18 MQ-cm resistivity) were used.
Before using, Ni foams were sonicated in 1 mol/L
HCI for 0.5 h and washed in purified water.

2.2 Synthesis of NiFeOH,/NF

NiFeO,H,/NF was synthesized through a facile
co-precipitation and electrochemical activation
strategy. Firstly, 0.025 mmol Fe(NO3);-9H,O and
0.025 mmol Na,HPO4 12H,O were dissolved in
100 pL water. Later, 50 pL alcohol was added and
the mixture was sonicated for 0.5h to get a
light-yellow mixture. The precursors were dropped
onto Ni foams (10 mm % 10 mm x 1.5 mm) and
dried at room temperature for 1 h as the precatalysts,
which were directly used as electrodes.
Subsequently, NiFeO,H, nanosheets will be
constructed spontaneously on the NF during the CV
activation  process, which is named as
NiFeO.H,/NF-1H. Similarly, NiFeO.H,/NF-OH and
NiFeO.H,/NF-2H were synthesized via the
substitution of Na,HPO4-12H,O with Na3;PO4 and
NaH,PO4-2H,0, respectively.

2.3 Characterization

Transmission electron microscopy (TEM) and
high-resolution transmission electron micro-
scope (HRTEM) were carried out by JEOL JEM
2100 microscope. The morphology and elemental
composition of the synthesized catalysts were
characterized by scanning electron microscopy
(SEM, TESCAN MIRA3) equipped with
energy-dispersive X-ray (EDS). X-ray diffraction
(XRD) measurements were carried out on D/max
2550 VB equipped with CuK, radiation of
1.5418 A. X-ray photoelectron spectroscopy (XPS)
spectra were measured on Thermo ESCALAB
250XI system. Raman spectra were obtained on
Horiba Scientific LabRAM HR Evolution with the
excitation laser of 532 nm. The pH values were
tested by PHS—25.
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2.4 Electrochemical measurements

Electrochemical measurements were conducted
using a CHI 760E electrochemical analyzer/
workstation (CH Instruments Inc. Austin) in
1 mol/L KOH (pH=13.8) at room temperature. A
conventional three-electrode system was used, with
Hg/HgO electrode as the reference electrode, a
graphite rod (d6 mm) as the counter electrode, and
the as-prepared catalysts as the working electrode.
All samples were stabilized by 50 CV cycles before
measurements. Linear sweep voltammetry (LSV)
measurements were IR-compensated (90%) and
measured at a scan rate of 5 mV/s. All the potentials
were calibrated with respect to a reversible
hydrogen electrode (RHE) via ¢@(RHE)=
p(Hg/HgO)+0.059pH+¢po(Hg/HgO). The -electro-
chemical double layer capacitance (Cq) was tested
in 1 mol/L KOH solution with CV scanning from
1.04 to 1.14V (vs RHE). Electrochemical
impedance spectroscopy (EIS) measurements were
carried out in the frequency range of 0.1 Hz to
100 kHz at an overpotential of 205 mV.

3 Results and discussion

The schematic illustration of the fabrication
process is depicted in Fig. 1(a). The mixed solutions
were prepared via dissolving Fe(NO3)3-9H,O and
the relative phosphate precursors (NazPOs,
Na,HPO4-12H,0, or NaH,PO4:2H,0O) in water—
alcohol solutions. The varying color of mixtures
with different phosphate precursors was observed
under visual inspection, suggesting the formation of
iron phosphates. The obtained mixtures were then
dropped on Ni foams as precatalysts and dried in
i
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vacuum oven at 60 °C. The precatalysts were then
directly used as the electrodes in alkaline electrolyte
to form the metal (oxy)hydroxide as the final
catalysts via electrochemical activation process.
The conversion progress of the precatalysts of
NiFeO.H,/NF-1H via electrochemical activation is
demonstrated in Fig. 1(b). Generally, it can be
stabilized after around 50 CV cycles with a scan
rate of 50 mV/s, indicating the accomplishment of
conversion of the precatalysts.

3.1 Crystal structure of pre- and final-catalysts

To wverify the crystal structures of the
pre-catalysts and final-catalysts, XRD analysis was
carried out (Fig. 2). However, all the precatalysts
with different phosphate precursors only show three
pronounced sharp peaks at 44.5°, 51.8° and 76.4°,
corresponding to the (110), (200) and (220) planes
of the fcc nickel, respectively, while no clear
diffraction patterns can be found for both metal
phosphates and metal oxyhydroxides, which can be
attributed to the amorphous nature of the metal
phosphates and the low contents of both on the Ni
foams [26].

The morphologies of pre- and final-catalysts
of NiFeO.H,/NF-OH, NiFeOH,/NF-1H, and
NiFeO.H,/NF-2H are shown in Fig. 3. Surprisingly,
although no obvious change can be found for
NiFeOH,/NF-O0H (Figs.3(a) and (d)) and
NiFeO.H,/NF-2H (Figs.3(c) and (f)) after
the  electrochemical  activation (aggregated
nanoparticles with a small amount of fragmentized
nanosheets), NiFeO.H,/NF-1H (Figs. 3(b) and (e))
clearly shows a flower-like morphology with rich
nanosheets, indicating that Na,HPO4 can engender
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Fig. 1 Illustration of fabrication process of NiFeO,H,/NF (a) and electrochemical activation process of precatalysts of

NiFeO,H,/NF-1H via CV activation in alkaline condition (b)
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Fig.2 XRD patterns of pre-catalysts (a) and final-catalysts (b) of NiFeO.H,/NF-OH, NiFeO,H,/NF-1H and

NiFeO,H,/NF-2H

Fig. 3 SEM (a b, ¢) and TEM (d, e, f) images of final catalysts of NiFeO,H,/NF-OH (a, d), NiFeO,H,/NF-1H (b, e) and
NiFeOH,/NF-2H (¢, f), HRTEM (g) and HADDF (h) images of NiFeO.,H,/NF-1H, and corresponding elemental
mapping images of Ni (i), Fe (j) and O (k)

the most appropriate state of the precatalysts for the
formation of metal (oxy)hydroxide nanosheets. This
is confirmed by a lattice fringe of 0.237 nm via

HRTEM, corresponding to the (102) plane of
NiOOH. In addition, we applied elemental mapping
to analyze composition of the catalysts, which
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suggests uniform distributions of Fe, Ni and O. It is
interesting to note that Ni appears in the formed
metal (oxy)hydroxide nanosheets, indicating
slightly dissolving of Ni from the Ni foams during
the electrochemical activation process. Moreover,
EDS spectra demonstrate an abrupt drop of P
content from 9.8% (precatalysts) to 0.3% (final
catalysts) for NiFeOH,/NF-1H, suggesting a quite
complete conversion of metal phosphates to NiFe
(oxy)hydroxides.

To further verify the surface chemical
compositions and electronic structure of the
obtained catalysts, XPS was conducted. The full
XPS spectra of the final catalysts of NiFeO.H,/
NF-OH, NiFeOH,/NF-1H and NiFeO.H,/NF-2H
indicate the existence of Ni, Fe and O in the
catalysts (see Fig. 4(a)), where no P peaks can be
found, in line with EDS results, further confirming
the conversion of Fe phosphates to NiFe
(oxy)hydroxides. Figures 4(b—d) show the high-
resolution XPS spectra of O 2p, Ni 2p and Fe 2p,
respectively. As shown in Fig. 4(b), the O 1s spectra

show strong peaks at ~530.5 eV, corresponding to
the O 1s in a hydroxide-like (M—OH) environment,
i.e. NiFe (oxy)hydroxide [6,27—30]. The higher
shoulder around 532 eV can be attributed to oxygen
in the absorbed water molecules [31], while the
lower shoulder around 528 eV is defined as the
lattice oxygen in oxide environment (M—O) due to
the formation of oxyhydroxides [30,32]. Ni2p
spectra in Fig. 4(c) exhibit binding energies (BEs)
centered at ~854 and ~872 eV with two shakeup
satellites at ~860 and ~878 ¢V, which can be
attributed to Ni 2ps» and Ni 2pin of Ni*,
respectively [33,34], due to the surface oxidation of
Ni in the air. More importantly, BEs centered at
~856 and ~874 eV can be assigned to Ni*" in
NiOOH [35]. XPS spectra of Fe 2p show main
BEs at ~713 and ~727 eV, which can be assigned
to Fe2ps» and Fe 2pi» of FeOOH, respectively
[36,37]. The BEs at ~711 and ~724 eV for Fe 2p;»
and Fe 2pi» of Fe(OH); suggest the exchanges of
PO; with OH’, which leads to the further
conversion during activation [38,39].
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Fig. 4 XPS spectra of survey scan (a), O 1s (b), Ni 2p (c) and Fe 2p (d) of final catalysts of NiFeO.H,/NF-0OH,

NiFeO,H,/NF-1H and NiFeOH,/NF-2H
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3.2 Electrochemical properties of catalysts

The OER activities of the final catalysts of
NiFeO,H,/NF-0H, NiFeO,H,/NF-1H, and NiFeO,H,/
NF-2H were evaluated in 1 mol/L KOH by linear
sweep voltammetry (LSV), as shown in Fig. 5(a).
NiFeO.H,/NF-1H exhibited a much higher OER
activity than NiFeO.H,/NF-OH and NiFeO.H,/NF-
2H. It only requires an overpotential of 205 mV to
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generate current density of 50 mA/cm? which is
much lower than those of NiFeO,H,/NF-OH
(225 mV) and NiFeO.H,/NF-2H (243 mV). The fast
OER catalytic kinetics of NiFeO.H,/NF-1H was
further confirmed by the low Tafel slope of
30 mV/dec, compared to the other two samples
(Fig. 5(b)). More importantly, NiFeO.H,/NF-1H
can rank among the most active catalysts reported
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Fig. 5 LSV curves (a), Tafel plots (b), capacitive currents as function of scan rate (c) and Nyquist plots
(overpotential=205 mV) (d) of final catalysts of NiFeO.H,/NF-0H, NiFeO,H,/NF-1H and NiFeO,H,/NF-2H, long-term
stability test at 1.42 V (vs RHE) of NiFeO,H,/NF-1H (e), and LSV curves of NiFeO.H,/NF-1H before and after stability

test ()
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recently. To explain the difference among activities,
more electrochemical measurements were carried
out. Activities are universally acknowledged to be
closely related to surface area which is predicted to
determine the double-layer capacitance (Ca). As
shown in Fig. 5(c), Ca of the as-prepared catalysts
is consistent with the OER activities, with an order
of NiFeO,H/NF-1H > NiFeO,H/NF-0H >
NiFeO.H,/NF-2H. The larger surface area of
NiFeO:H,/NF-1H can be ascribed to the optimal
structures of (oxy)hydroxide nanosheets, which can
provide a tremendous amount of active sites. In
addition, the presented electrochemical impedance
spectroscopy (EIS) plots in Fig. 5(d) reveal a
lower resistance of NiFeO.H,/NF-1H than those of
the other two samples, due to the flower-like
morphology with high conductivity of catalysts.
The high OER activity of NiFeO.H,/NF-1H can
therefore be attributed to its optimal nanosheets
structures with a flower-like morphology, providing
more active sites and high efficiency for the
reaction and allowing the facial contact of solution,
fast release of the produced gaseous molecules, and
high conductivity. Additional measurement was
carried out to confirm the formation of NiFe
(oxy)hydroxide than pure Fe (oxy)hydroxide on the
Ni foams. As shown in Fig. 6, the 1H catalysts on
carbon cloths show much lower OER activity than
that on Ni foams. This is because the 1H catalysts
on carbon cloths are mainly composed of Fe-
based (oxy)hydroxides with the low electrical
conductivity. The present results suggest that the Fe
phosphate under CV activation in alkaline condition
can result in leaching of Ni from the NF, thus
forming NiFe (oxy)hydroxides.
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Fig. 6 Comparison of OER activity of 1H catalysts on Ni
foam and carbon cloths

Aside from the activity, the stability of the
catalysts is rather crucial for practical applications.
Figure 5(e) shows J—¢ curve at 1.42 V (vs RHE) of
NiFeO.H,/NF-1H for 20h with stable current
density, indicating good stability. Moreover, LSV
curves of NiFeOH,/NF-1H before and after
stability test only showed a small change (14 mV)
of the overpotential at 50 mA/cm? (Fig. 5(f)),
further confirming its good long-term stability. XPS
and SEM were also conducted to verify the
electronic state and morphology of the catalysts
after stability test. As shown in Figs. 7(a) and (b),
high-resolution XPS spectra of Fe 2p indicate the
core doublet at 724.3 and 710.0 eV assigned to Fe'",
while O 1s spectrum shows negligible changes
with the strong peak at 530.2 eV, indicating
that NiFeOH, was stable after stability test [40].
Moreover, the nanosheets structures of NiFeO,H,/
NF-1H were largely retained after test (Fig. 7(c)),
confirming its good stability.

3.3 Mechanism of diverse effects of precursors
Based on the current observations, it is
demonstrated that the various precursors (NazPOs,
Na,HPO, and NaH,PO,) have different effects on
the structure, morphology, and thus the activity of
the final catalysts. We tentatively attribute these to
the pH dependent effects. NasPO4 can provide a
more alkaline environment (pH=12.5) with
excessive OH’, which may induce the slight
formation of NiFeOH, on the surface before the
reconstruction via CV cycles. This may then block
the formation of layered NiFeO:H, nanosheets
during the reconstruction process. On the contrary,
the slightly acidic condition provided by H,POs
(pH=3.6) may also restrain the formation of layered
NiFeO.H, nanosheets during the CV cycles. To
verify the pH dependent effect, a sample was
synthesized with iron nitrate and KOH as
precursors (pH=13.4), named as NiFeO,H,/NF-
KOH. Similarly, the mixed precursor was dropped
onto Ni foams and dried in vacuum as the
precatalysts. Later, the final catalysts were obtained
with 50 CV scans in 1 mol/L KOH. It is strongly
aggregated as shown by the SEM image (Fig. 8).
This can be ascribed to the certain amount of
NiFeO.H, formed during the mixing of iron nitrate
and KOH, which then limits the formation of
nanosheets and only results in a significant
aggregation of NiFe (oxy)hydroxides during CV
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Fig. 7 High-resolution XPS spectra of Fe 2p (a) and O 1s
(b) of NiFeO,H,/NF-1H after stability test, and SEM
image of NiFeO,H,/NF-1H after stability test (c)

scans. Therefore, a moderate pH value (9.8)
induced by Na,HPOj is critical for formation of
nanosheets during the reconstruction process.

3.4 Effects of experiment conditions

Additional experiments were carried out to
explore the effect of experimental conditions on the
performance of the catalysts. To find the ideal
solvent (water and alcohol) for the precursors, three
different molar ratios of water to alcohol were

tested. Pure alcohol as solvent was avoided because
ionization is unable to proceed without water. As
shown in Fig. 9(a), the samples fabricated by pure
water exhibit the poorest OER activity, because

Fig. 8 SEM image of NiFeO.H,/NF-KOH
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Fig. 9 LSV curves of NiFeO,H,/NF-1H synthesized from
precursors with molar ratio of water to alcohol=1:0 (pure
water), 2:1 and 1:2 as solvent (a), and NiFeO.H,/NF-1H
with different loading amounts of Fe3" (0.015, 0.02,
0.025, and 0.03 mmol) on Ni foam (b) (The as-prepared
NiFeO.H,/NF-1H in our work was obtained from
precursors with molar ratio of water to alcohol= 2:1 and
0.025 mmol Fe’*)
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Fig. 10 SEM images of NiFeO.H,/NF-1H synthesized from precursors with water to alcohol molar ratio of 1:0 (pure

water): (a, d) 2:1; (b, e) 1:2; (c, f) As-solvent

alcohol can enhance the dispersion of precursors on
Ni foam, which can effectively reduce the
agglomeration thus provide more sites for the
growth and formation of NiFeO:H, nanosheets.
This result can be demonstrated by SEM images of
the precursors with different ratios of water to
alcohol. As shown in Fig. 10, the precursors with
pure water are agglomerated on Ni foam, while
those with alcohol and water are uniformly
distributed on Ni foam. Therefore, a proper ratio of
solvent (2:1) can be beneficial to the growth of
(oxy)hydroxide nanosheets, thus enhancing activities
of the as-prepared catalysts. It is universally
acknowledged that loading mass is unable to be
overlooked while designing the catalysts. The
increase of the of catalysts may
significantly affect the performance of catalysts.
The LSV curves in Fig. 9(b) reveal the enhanced
performances with the increase of loading amount
of Fe’", where excessive catalysts on Ni foam will
only reduce the OER activity, probably due to the
overgrowth of NiFe (oxy)hydroxides.

amount

4 Conclusions

(1) A series of pre catalysts with different
phosphate precursors on Ni foam were successfully

synthesized via co-precipitation, which were
transformed into NiFe (oxy)hydroxide during
electrochemical activation in alkaline electrolytes.

(2) Different phosphate precursors have
diverse effects on the morphology and
performances of catalysts after electrochemical
activation, due to different environments and
morphologies caused by the precursors.

(3) The final catalysts with Na,HPO,
(NiFeO.H,/NF-1H) have a morphology of
nanosheets to provide a tremendous amount of
active sites, which thus displays outstanding
electrochemical activity (an overpotential of
205 mV at 50 mA/cm?), low Tafel plot (30 mV/dec)
and high durability.
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