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1 | INTRODUCTION

Daekyu Kim' | Mengjie Liu' |
| Kwok-Yin Wong'

Abstract

Active yet low-cost electrocatalysts for water oxidation are crucial for the devel-
opment of hydrogen energy economy. The Fe doping into Ni(OH), dramatically
enhances catalytic activity toward oxygen evolution reaction (OER) but fabricat-
ing Ni(OH), of high Fe loading is still challenging. Herein, we report a one-pot
strategy to prepare disordered f-Ni(OH), nanosheets with a high Fe doping level
(9.9 at%, D-Fe-Ni(OH),). By engaging 1,4-phenylenediphosphonic acid (BDPA),
Fe,BDPA, precursors are in situ generated in a growth solution containing Fe’*
ions, which decrease the reaction kinetics of Ni*™ and Fe*" ions at the surface
of Ni foam. This prevents the deconstructive hydrolysis by Fe*" ions and enables
a high Fe-doping in D-Fe-Ni(OH),. The as-prepared D-Fe-Ni(OH), affords
10 mA cm ™2 at an ultralow OER overpotential of 194 mV in alkaline media.
This work offers a promising strategy of engaging organic ligands to achieve
high-doping levels for the construction of efficient electrocatalysts.
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toward large-scale hydrogen production.” However, the
multiple proton-coupled electron transfer process

Hydrogen is an important feedstock for the chemical
industry and is widely believed to become a next-
generation high-density energy carrier." Electrocatalytic
water splitting, which is comprised of oxygen and hydro-
gen evolution reactions (OER and HER), driven by
renewable electricity can offer a sustainable pathway

Shuisheng Hu and Yong Li contributed equally to this study.

involved in OER is sluggish and thus mainly responsible
for the high overpotential of electrochemical water split-
ting. Active and cost-effective OER catalysts based on
non-precious metals are highly desirable to reduce the
overpotential and facilitate the overall water splitting
process.

Recently, layered double hydroxides (LDHs) have
attracted wide attention thanks to their high OER activity
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under alkaline conditions.® In particular, nickel-iron
LDHs (NiFe-LDHs) have demonstrated impressive OER
activities that largely surpass that of both Ni(OH), and
Fe(OH);.*® Such enhanced OER activity of NiFe-LDHs
arises from the following three aspects: (1) The insertion
of Fe into an n-type semiconductor NiOOH can promote
its low specific conductance (¢) of 0.1 to 3.5-6.5 mS cm 2.
The increased conductivity minimizes the potential drop
and charge transfer resistance, leading to enhanced cata-
lytic activity; (2) Partial charge transfer between Ni and
Fe increases the number of exposed active sites (Ni*") at
the corner and edge sites, which are responsible for the
adsorption and desorption of hydroxo- and oxo-interme-
diates; and (3) The combining of two atoms located on
the opposite side of the Volcano plot can optimize the
bond strengths of metal-OH intermediates, neither too
strong nor too weak.

The cooperative interaction between Ni and Fe
toward OER catalysis was also realized by doping Fe into
Ni(OH),, which offers a more tunable and simpler system
compared with NiFe-LDHs.°® Recently, Kou et al.
reported that a direct reaction of Fe(NO3); with Ni foam
(Ni® + NO;~ + H" — Ni** + NO,™ + OH") could pro-
duce ultrathin Fe-doped Ni(OH), nanosheets that
showed further boosted OER activities with a low (0.54 at
%) Fe doping.'® They claimed that the OER performance
deteriorated with further increased Fe doping due to the
detachment of Ni(OH), nanosheets from the Ni foam at a
high Fe’" concentration (~1.5 mM). At high Fe’>" con-
centrations, the strong hydrolysis of Fe’" (Fe*" +
3H,0 — Fe(OH); + 3H") substantially increases the
local concentration of protons, resulting in the destabili-
zation of hydroxides as well as the hindrance of their for-
mation."" Thus, for the investigation of optimal catalytic
activity of highly Fe-doped Ni(OH),, the prevention of
Fe’*-induced hydrolysis is crucial.

Metal-organic frameworks (MOFs) have recently
received intensive attention from various research fields
as a versatile material system that can be easily and rap-
idly prepared by simple mixing of metal salts and various
organic ligands.'>'®> The spontaneous coordination of
metal jons with organic ligands yields a stable yet
dynamic MOF structure that slowly releases metal spe-
cies under alkaline conditions.'* Inspired by this, we
herein report the synthesis of disordered pB-Ni(OH),
nanosheets of high Fe doping (D-Fe-Ni(OH),) by control-
ling the release of Fe* ions with an organic molecule,
1,4-phenylenediphosphonic acid (BDPA). The strong
coordination between Fe®" and BDPA rapidly forms
Fe,BDPA, precursors that effectively trap the Ni** ions
released from the surface of Ni foam, regulating the
transfer kinetics of dissociative Fe*" ions to the surface
during the formation of D-Fe-Ni(OH),. This allows the

use of high Fe(NOs); concentrations of up to 75 mM to
prepare highly Fe-doped D-Fe-Ni(OH), with a disordered
structure. The as-synthesized D-Fe-Ni(OH), exhibits
extraordinary OER catalytic activity as manifested by an
ultralow overpotential of 194 mV to achieve 10 mA cm 2
in 1.0 M KOH, as well as outstanding stability.

2 | RESULTS AND DISCUSSION

2.1 | Characterization of D-Fe-Ni(OH),
Figure 1A illustrates the synthetic procedure of disor-
dered Fe-doped p-Ni(OH), nanosheets (D-Fe-Ni(OH),)
on Ni foam. Briefly, a piece of Ni foam (1.7 x 1.7 cm?)
was immersed in a 10 ml growth solution containing
1,4-phenylenediphosphonic acid (BDPA, 0.25 mmol) and
Fe(NO3); (0.75 mmol), and D-Fe-Ni(OH), was formed by
hydrothermal treatment at 180°C for 12 h. When BDPA
and Fe(NO;); are mixed in a growth solution, an instant
color change from transparent to translucent milky color
is observed (Figure S1A-C). Considering that BDPA is
stable in 3 wt% HNO; (Figure S1D), such a color change
indicates a fast interaction between BDPA and Fe’" to
form stable Fe,BDPA, precursors. The growth solution
has a low pH value of 1.06, which is attributed to the
release of protons from BDPA and a potential hydrolysis
reaction of Fe®" species (Fe*" 4+ 3H,0 — Fe(OH); +
3H™). Since the Ni foam serves as both the support and
Ni source to form Ni(OH), nanosheets, a low pH value is
beneficial for the release of Ni*' species to grow
Ni(OH),.

The as-prepared D-Fe-Ni(OH), is dominated by p-Ni
(OH), phase as indicated by the powder X-ray diffraction
(XRD) pattern (JCPDS No. 14-0117, Figure 1B)."> Scan-
ning electron microscopic (SEM) images in Figure 1C dis-
close the 3D nanostructure of D-Fe-Ni(OH),, where tiny
nanosheets (length = 1 pm) are cross-linked to form a
moss lawn-like structure over the entire surface of Ni
foam. The individual flake of the nanostructure shows
characteristic nanosheet features of a creased and wrin-
kled surface under transmission electron microscopy
(TEM, Figure 2A). A high-resolution TEM (HR-TEM,
Figure 2B) image further reveals the areas with a lattice
spacing of 0.233 nm, which corresponds to the (101)
plane of Ni(OH),,'® while the long-range disorganized
interplanar spacings indicate the disordered nature of D-
Fe-Ni(OH),. Energy dispersive X-ray (EDX) elemental
mapping images (Figure 2C) confirm that Ni, Fe, and O
elements are well-distributed on the D-Fe-Ni(OH),
nanosheet while the P element is negligible. Inductively
coupled plasma optical emission spectroscopy (ICP-OES)
indicates that the amount of Fe atoms doped in the $-Ni
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(OH), is ca. 9.9 at% (Table S1). It is worth noting that and Ni L; and L, peaks at 860.0 and 877.5 eV, respec-
both SEM and TEM images show distinct nanobelt struc- tively (Figure 3E,F), confirming the existence of Ni—O,
tures surrounded by Fe-doped P-Ni(OH), nanosheets  Fe—O, or even Ni—O—Fe bonds in D-Fe-Ni(OH),.'"**

(inset in Figures 1C and S2). These nanobelts are mostly X-ray photoelectron spectroscopy (XPS) was used to
amorphous and dominated by Ni, O, and P elements, study the chemical composition and surface electronic
which are formed as the byproducts of Ni,BDPA,. To states of D-Fe-Ni(OH),. The survey spectrum verifies the
gain better insights into the structure of D-Fe-Ni(OH),, existence of Fe, Ni, O, and P elements in D-Fe-Ni(OH),
aberration-corrected scanning TEM (STEM), high-angle  (Figure S3A). The high-resolution Fe 2p spectrum in
annular dark field-STEM (HAADF-STEM), and electron Figure S3B is deconvoluted to reveal two pairs of spin-
energy loss spectroscopy (EELS) were employed. Bright- orbit splits (Fe 2ps,, and Fe 2p;,,) and a broad satellite
field STEM image in Figure 3A confirms the disordered  peak. The fitted Fe 2p;/, and Fe 2p;,, peaks at 711.6 and
crystal structure of D-Fe-Ni(OH), and a lattice spacing of ~ 723.5 eV, respectively, are assigned to Fe*" species, while
0.233 nm from the (101) plane of Ni(OH),. From the those at higher binding energies (714.2 and 726.2 eV) are
HAADF-STEM image of D-Fe-Ni(OH), (Figure 3B), it is attributed to Fe*" species.'®*° The shakeup satellite peak
difficult to distinguish Ni and Fe atoms due to their simi-  at 718.3 eV further confirms the doping of Fe*" species.*!
lar contrast. However, STEM-EDX mapping images in Similarly, in the Ni 2p region (Figure S3C), two pairs of
Figure 3C verify that Ni and Fe atoms are atomically dis- Ni 2p;/, (855.3 and 856.6 eV) and Ni 2p;,, peaks (872.8
persed in D-Fe-Ni(OH),. Notably, a number of micro- and 874.4 eV) are assigned to Ni*" and Ni*' species,
pores are observed from the HAADF-STEM image, respectively, while two strong shakeup satellite peaks at
which are believed to serve as an effective mass transport ~ 861.5 and 879.5 eV are induced by Ni*" species.?>*’ It is
channel for improved catalytic activity. The EELS spec-  worth noting that only one pair of Ni 2p3,, and Ni 2p,,,
trum in Figure 3D shows the oxygen K edge at 542.9 eV peaks (855.2 and 872.8 eV, respectively) are recognized
arising from the oxygen sites octahedrally coordinated to  in pristine Ni(OH), (Figure S4), which suggests partial
Fe and Ni cations.'” The Fe and Ni EELS spectra of D-Fe- electron transfer from Ni to Fe in D—Fe—Ni(OH),. The
Ni(OH), display Fe L; and L, peaks at 714.4 and 725.8 eV binding energy difference of 17.5 eV between the two Ni

85UB01 7 SUOWILLIOD AIIRID [dedtdde au Aq pausenob ae il VO ‘8sN JO S3|nJ o Akeiqi8UlUO 8|1 LD (SUORIPUOD-PUE-SWBIALID"AB | 1M Afe.d]1Bu [Uo//:Sty) SUORIPUOD pue SWLB | 8U) 89S *[£202/20/70] Uo AriqiTauliuo Ajim ‘AseAln d1uyoelkjod Buo BuoH Aq 9522T ZWoe/z00T 0T/I0p/w0d A8 1M AeIq1jeul|uo//sdny WoJj pepeojumod ‘9 ‘zZ0z ‘€LTEL9GZ



HU ET AL.

sof | \W/| LEY—EcoMat

FIGURE 2
elemental mapping images of D-Fe-Ni(OH),

2p peaks indicates that Ni(OH), is the dominant phase
in D-Fe-Ni(OH),. The O 1 s spectrum of D—Fe—Ni(OH),
can be fitted to three peaks (Figure S3D). Two peaks at
530.4 and 531.1 eV correspond to the lattice oxygen from
M—O—M and M—OH bonds. Another peak observed at
532.0 eV is ascribed to the adsorbed H,0.** Three fitted
C 1 s peaks at the binding energies of 284.6, 285.2, and
288.2 eV correspond to the C—C, C—P—0, and C—P=0
bonds, respectively (Figure S3E).*® In addition, a weak P
2p signal can be deconvoluted into two P 2ps,, peaks
that are assigned to the characteristic C—P bond in
Ni,BDPA, (132.4 eV) and the P—O bond (133.3 eV,
Figure S3F).*°

2.2 | Formation mechanism of D-Fe-
Ni(OH),

To understand the growth mechanism and the role of
BDPA, a set of Fe-doped p-Ni(OH), was synthesized
using a method previously reported. In the absence of
BDPA, Ni foam was treated in the Fe(NO); solution of
various concentrations (2.5, 5, 10, and 20 mM) under the
same hydrothermal conditions, and denoted as
NiFeOH-1 to NiFeOH-4, respectively. All the control

(A) Low- and (B) high-resolution transmission electron microscopy (TEM) images, and (C) energy dispersive X-ray (EDX)

samples exhibit similar XRD patterns of PB-Ni(OH),
(Figure S5) with Fe species identified (Figure S6) and
thus are confirmed as Fe-doped (B-Ni(OH),. The SEM
analyses indicate that NiFeOH-1 and NiFeOH-2 have
large nanosheets (length = ~6 pm) fully covering the Ni
foam but that NiFeOH-3 with much fewer nanosheets
exposes the bare surface of the Ni foam (Figure S7).
Moreover, the nanosheets are converted to microspheres
in NiFeOH-4, which suggests that -Ni(OH), is unstable
in the growth solution of high Fe(NOs); concentra-
tions. The use of BDPA, which induces the formation of
Fe,BDPA, precursors in the growth solution, is thus
indispensable for the growth of D-Fe-Ni(OH), in a highly
concentrated Fe(NO;)s.

Considering the strong interaction between Fe*' and
BDPA, it is still unclear how the Fe.BDPA, affects the
growth of D=Fe-Ni(OH),. In another control experiment,
the Fe,BDPA, precursors were isolated from the growth
solution by centrifugation and washed with deionized water
to remove the uncoordinated Fe** ions. The XRD and EDX
analyses suggest an amorphous nature of Fe,BDPA, with
well-distributed Fe, P, and O elements (Figures S8 and S9).
By re-dispersing the Fe,BDPA,, precursors in 1 M HNO; and
using it as the growth solution under the same hydrothermal
conditions, Ni(OH), nanosheets of ca. 3 pm length can be
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FIGURE 3 (A) Bright-field scanning electron microscopic (SEM), (B) high-angle annular dark field (HAADF)-STEM, and (C) STEM-
energy dispersive X-ray (EDX) mapping images of D-Fe-Ni(OH),. Electron energy loss spectroscopy (EELS) spectra of D-Fe-Ni(OH), in (D)

O K edge, (E) Fe L edge, and (F) Ni L edge regions

formed on a Ni foam (D-Fe-Ni(OH),-p, Figures S10 and
S11). The Fe,BDPA, precursors are believed to retain the
Ni** species released from the Ni foam which further
reacts with OH™ to grow Ni(OH), nanosheets under
hydrothermal conditions. ICP-OES estimates the Fe con-
tent doped in the Ni(OH), is ca. 2.7 at% (Table S1), which
indicates that a replacement reaction has taken place
between the Fe,BDPA, precursors and Ni** (zNi** +
Fe,BDPA, — Ni,BDPA, + xFe’"), and the released
Fe’" ions are doped to Ni(OH),. The lower Fe doping
level than in D-Fe-Ni(OH), (9.9 at%) suggests that the
Fe species in the growth solution also contributes in

addition to the Fe,BDPA, precursors. Meanwhile, the
Ni foam that is immersed in a bare HNO; solution,
without the addition of any Fe,BDPA, precursors, does
not form any nanosheet structures by the same hydro-
thermal reaction (Figure S12). On the other hand, the
supernatant of the growth solution also contains
0.448 mmol of Fe*" after the removal of Fe,BDPA, pre-
cursors (Table S1). The same hydrothermal treatment
of Ni foam in the supernatant solution, however, can-
not grow nanosheets (Figure S13), which can be
ascribed to the high concentration of dissociative Fe*"
and NO;™ ions. This is consistent with the previous

85UB01 7 SUOWILLIOD AIIRID [dedtdde au Aq pausenob ae il VO ‘8sN JO S3|nJ o Akeiqi8UlUO 8|1 LD (SUORIPUOD-PUE-SWBIALID"AB | 1M Afe.d]1Bu [Uo//:Sty) SUORIPUOD pue SWLB | 8U) 89S *[£202/20/70] Uo AriqiTauliuo Ajim ‘AseAln d1uyoelkjod Buo BuoH Aq 9522T ZWoe/z00T 0T/I0p/w0d A8 1M AeIq1jeul|uo//sdny WoJj pepeojumod ‘9 ‘zZ0z ‘€LTEL9GZ



{ \N‘"f"‘s“

HU ET AL.

sofit | WILEY_

result that almost no nanosheets are formed on D-Fe-
Ni(OH),-4.

The Fe,BDPA, precursors in the growth solution play
an essential role in achieving a high Fe doping in the
resultant D-Fe-Ni(OH),. The growth mechanism of D-Fe-
Ni(OH), is proposed as follows. Owing to the presence of
NO; ™~ and H" ions in the growth solution, the Ni° atoms
on the Ni foam are first oxidized to Ni*" while the H™
ions form OH™ species in the vicinity of the Ni foam
(Ni° + NO;~ + H" — Ni*" + NO,™ + OH"). Although
Ni** ions might be generated by the reduction of Fe*"
and/or H" (Ni° + 2Fe*" — Ni*" + 2Fe*"; Ni’+ 2H
+* — Ni*" + H,), the NO;~ reduction has a lower Gibbs
free energy than the Fe**/H" reductions, and the forma-
tion of OH™ species confirms that the former reaction
dominates during the hydrothermal reaction."' The
Fe,BDPA, precursors effectively trap the Ni** ions
released from the Ni foam surface, regulating the transfer
kinetics of dissociative Fe*" ions to the surface during
the formation of D-Fe-Ni(OH),. Meanwhile, the Ni,BD-
PA, nanobelts are formed due to the partial replacement
reaction between Ni** and Fe,BDPA,.

To verify the growth mechanism of D-Fe-Ni(OH),,
the amount of Fe(NO3); was varied from 0 to 0.1, 0.5,
and 0.85 mmol in the synthesis of D-Fe-Ni(OH), using a
fixed amount of BDPA (0.25 mmol), and the correspond-
ing products are named as D-Fe-Ni(OH),-1 to D-Fe-Ni
(OH),-4, respectively. In the absence of BDPA, flower-
like structures of Ni,BDPA, nanobelts are obtained (D-
Fe-Ni(OH),-1, Figure S14A-C). The D-Fe-Ni(OH),-2 pre-
pared with 0.1 mmol Fe®" is still dominated by Ni,BD-
PA, while a few nanosheets are observed from the
surface of the nanobelts due to the prevailing free BDPA
molecules (Figure S14D-F). With the addition of 0.5 mmol
Fe(NO3);, most BDPA molecules react with Fe*" to form
Fe,BDPA, precursors, and D-Fe-Ni(OH),-3 of similar mor-
phology and structure to the D—Fe—Ni(OH),-p results in a
higher Fe doping level (5.2 at%, Figure S14G-I and
Table S1). A further increase of Fe(NO3); to 0.85 mmol pro-
duces almost the same nanosheets as D-Fe-Ni(OH), (D-Fe-
Ni(OH),—4, Figure S14J-L), but the Fe doping level is lower
(6.7 at%) than D-Fe-Ni(OH),. The high Fe*" concentration
is believed to have caused an accelerated consumption of
Ni°, which would result in the dissolution of the Ni foam.
For the growth of D-Fe-Ni(OH), at a high Fe doping level,
the synergistic interplays among Fe’*, NO;~, and Fe,BD-
PA, precursors of optimized concentrations are important.

2.3 | OER catalysis by D-Fe-Ni(OH),

The electrocatalytic OER activities of the as-prepared
samples were investigated by linear sweep voltammetry

(LSV) at a sweeping rate of 0.1 mV s * in 1.0 M KOH.
Figure S15 compares the OER performances of the NiFe-
OH samples that were prepared without using BDPA,
and NiFe-OH-2 exhibits the best OER activity with a low
overpotential (7;0) of 214 mV at a current density of
10 mA cm 2, a moderate Tafel slope of 53.8 mV dec*,
and a large active surface area (30.47 mF cm 2. Also, the
OER performances of the D-Fe-Ni(OH), samples were
compared in Figure S16. The 7,4 of D-Fe-FeNi(OH),, D-
Fe-Ni(OH),-1, D-Fe-Ni(OH),-2, D-Fe-Ni(OH),-3, and D-
Fe-Ni(OH),—4 are determined as 194, 336, 291, 224, and
209 mV, respectively, revealing the OER kinetics of the
Fe doped Ni(OH), nanosheets is faster than that of
Ni,BDPA,. An increasing trend in OER activity is
observed as the Fe doping level in Ni(OH), nanosheets
increases.

Figure 4A compares the OER performances of D-Fe-
Ni(OH),, p-Ni(OH),, NiFeOH-2, and commercial RuO,.
The p-Ni(OH), nanosheets (length = 5 pm) were pre-
pared based on our previous work®’ and used as a control
sample to compare the OER active sites of D-Fe-Ni(OH),
(Figure S17). The pristine B-Ni(OH), shows the lowest
OER activity, recording the largest 7, of 318 mV. D-Fe-
Ni(OH), displays the highest OER activity with an
impressive 1, of 194 mV, outperforming the commercial
RuO, (280 mV) and NiFeOH-2 (214 mV). We attribute
the superior OER activity of D-Fe-Ni(OH), to the follow-
ing two aspects: (1) the Fe ions in Ni(OH), lattice induce
the redistribution of electrons on the Ni atom; and (2) the
large amount of Fe triggers a phase transformation from
a well-defined crystal structure to an amorphous one,
exposing more active sites. The corresponding Tafel plots
constructed using the LSV data provide insight into the
OER kinetics (Figure 4B). D-Fe-Ni(OH), exhibits a Tafel
slope of 30.7 mV dec™!, which is much smaller than all
other samples compared (NiFeOH-2: 53.8 mV dec™ ',
RuO,: 51.7 mV dec !, and B-Ni(OH),: 51.5 mV dec ).
Such an extremely small value of Tafel slope reflects the
superb OER kinetics of D-Fe-Ni(OH),, which surpasses
most Ni(OH),-based electrocatalysts recently reported
(Table S2).

To better understand the high OER performance
and identify the active site of D-Fe-Ni(OH),, electro-
chemically active surface area (ECSA) was determined
by measuring CVs at various scan rates from 5 to
100 mVs~! in 1.0 M KOH.?® Plotting the difference
between anodic and cathodic current densities
(Dj = [ja—Jjcl/2) at 0.25V (vs. Hg/HgO electrode)
against the scan rate yields a linear relationship, and
the slope indicates double-layer capacitance (Cgqy)
that represents the corresponding ECSA (Figure 4C).
The larger Cg of D-Fe-Ni(OH), (43.17 mF cm ?)
than B-Ni(OH), (13.53 mFcm %) and NiFeOH-2
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FIGURE 4 (A) Linear sweep (A) 100 (B)
voltammetry (LSV) curves and (B) the — D-Fe-Ni(OH), 0.42} B-Ni(OH),
corresponding Tafel slopes of D-Fe-Ni 80+ NiFeOH-2 ;\" . © RuO,
(OH),, NiFeOH-2, RuO,, and -Ni ~ — EILQ(ZOH) = - gil;e(?\‘H-cz)H
-Ni 14 — U.5or v D-Fe-Ni
(OH),. (C) Double-layer capacitances % 60 - 2 / S eNI(OH),
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(30.47 mF cm %) suggests its abundant catalytically
active sites on the surface. Electrochemical impedance
spectroscopy (EIS) was also performed at a potential of
1.42 V versus RHE to probe the charge transfer proper-
ties during the OER process (Figure S18). D-Fe-Ni
(OH), displays a smaller semicircle in the Nyquist plot
compared with NiFeOH-2 and B-Ni(OH),, which indi-
cates the lowest charge transfer resistance (R.;) and
thus improved reaction kinetics leading to superior
catalytic activity. By fitting the Nyquist plots to the
equivalent circuit (inset in Figure S18), the R, of D-Fe-
Ni(OH), is estimated as merely 1.2 Q, which is far less
than that of f-Ni(OH), (87 Q) and NiFeOH-2 (2.6 Q).
EIS data support that the Fe doping in Ni(OH), can sig-
nificantly reduce the charge transfer resistance and the
Ni foam scaffold is an effective conduction path, which
leads to the outstanding catalytic activity of D-Fe-Ni
(OH),.*® D-Fe-Ni(OH), maintains its OER activity
for at least 10 h at 30 mA cm ™2, and its operational sta-
bility is confirmed with a continuous 500 CV cycles
that show only a slight change (Figure 4D), which is
more stable than pristine p-Ni(OH), (Figure S19).
The structural stability of D-Fe-Ni(OH), was also
evaluated by comparing its morphology and crystal
structure before and after OER. As shown in
Figure S20, the morphology and the XRD pattern of D-
Fe-Ni(OH), remain unchanged, indicating its stability
during OER.

Potential (V vs. RHE)

2.4 | OER catalytic mechanism of D-Fe-
Ni(OH),

In situ Raman spectroscopy was engaged to gain
insights into the catalytic mechanism by monitoring
the surface species as applied potential varies in real-
time. Figure 5A shows the Raman spectra of D-Fe-Ni
(OH), at open-circuit potential and an applied poten-
tial from 1.274 to 1.624 V. Initially in the air, two
bands attributed to the Ni—O vibration in Ni(OH), and
disordered and/or Fe-doped Ni(OH), are observed at
461 and 530 cm ', respectively.’**' Upon immersion
in 1.0 M KOH electrolyte, the intensities of these
bands greatly drop owing to the scattering effect of the
electrolyte. At the applied potential of 1.374 V, a new
band (peak ii) emerges at 560 cm ™', which intensifies
as the applied potential increases. At 1.424 V, another
band (peak i) develops as a broad peak at 479 cm .
These peaks i and ii are ascribed to the Ni—O vibra-
tions in NiOOH, and thus their growing intensities at
higher potentials indicate a phase transformation from
Ni(OH), to NiOOH.?* It is well known that NiOOH
has two phases: f- and y-NiOOH. Generally, f-NiOOH
exhibits a higher peak ii intensity than peak i, that is,
a higher intensity ratio of peak ii/peak i compared
with y-NiOOH.?*** Figure 5B discloses that the peak
ii/peak i ratio increases with the increase in applied
potential, which suggests the formation of p-NiOOH in
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(A) In situ Raman spectra of D-Fe-Ni(OH), collected as a function of applied potential (vs. reversible hydrogen electrode

[RHE]) in 1.0 M KOH. Peaks i and ii are related to Ni-O vibrations in NiOOH. (B) The intensity ratio of peaks ii to i at various applied
potentials. X-ray photoelectron spectroscopy (XPS) spectra of D-Fe-Ni(OH), in (C) Ni 2p, (D) Fe 2p, and (E) O 1s regions before and after

oxygen evolution reaction (OER) catalysis

D-Fe-Ni(OH), during OER. This agrees well with the
dominating p-Ni(OH), phase, as revealed by a previous
XRD characterization (Figure 1B), can be easily con-
verted to Bp-NiOOH phase. At the potentials above
1.574 V, the peak ii shows an apparent red-shift to
555 cm™ ', which indicates the accumulation of Ni*"
species caused by the further oxidation of -Ni**OOH
to p-Ni*"OOH.**

The surface chemical states of D-Fe-Ni(OH), were
investigated after OER by XPS (Figure 5C-E). The post-
OER spectra in Ni 2p, Fe 2p, and O 1s regions exhibit
only slight changes after OER, which indicates high sta-
bility of D-Fe—Ni(OH), structure during the OER pro-
cess. However, the Ni*"/Ni** and Fe*"/Fe*" ratios drop
from 1.87 to 0.67 and 1.29 to 1.10, respectively, which
confirms the formation of high valent Ni** and Fe*" spe-
cies. This suggests that the active phase of D—Fe—Ni
(OH), is p-Ni*"(Fe*")OOH, and the Ni*" species is fur-
ther oxidized to Ni*" species at a higher potential.*® In
the O 1s spectra, the H,0,4 peak is positively shifted by
0.55 eV with an intensity increase of 35% after OER.
This indicates a strongly hydrophilic nature of active
B-Ni**(Fe*")OOH species, which allows full and intimate
contact with electrolyte for a maximum active
surface area.

3 | CONCLUSION

In summary, a series of D-Fe-Ni(OH), was prepared by
engaging BDPA organic ligands and modulating the
amounts of Fe(NOj); during the hydrothermal synthesis.
The BDPA plays a crucial role in achieving a high Fe
doping level in f-Ni(OH), by forming the Fe,BDPA,, pre-
cursors that induce a kinetically controlled metal ion
exchange reaction with the Ni foam. The D-Fe-Ni(OH),
of ca. 9.9% Fe doping shows high OER activity with an
ultralow overpotential of 194 mV at 10 mA cm ™2, outper-
forming most Ni(OH),-based electrocatalysts reported so
far. The superb OER activity of D-Fe-Ni(OH), is attrib-
uted to its transformation to the active species, amor-
phous pB-Ni*'Fe’"OOH, with a low energy barrier
benefiting from the unique structure.

4 | EXPERIMENTAL SECTION

41 | Chemicals and materials

Iron(IIT) nitrate nonahydrate (Fe(NOs);-9H,O, >97%),
nitric acid (HNO;, 69%), potassium hydroxide (KOH,
> 99%), and hydrochloric acid (HCl, 37%) were purchased
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from Sigma-Aldrich. 1,4-Phenylenediphosphonic acid
(BDPA, 97%) was obtained from TCI Inc. All chemicals
were used as received. Nickel foam (thickness = 0.5 mm)
was purchased from Shenzhen Teensky Technology
Co. Ltd.

4.2 | Synthesis of disordered iron-doped
nickel(IT) hydroxide (D-Fe-Ni(OH),) on
nickel foam

A piece of Ni form was cut (1.7 x 1.7 cm®) and sonicated
in 3 M HCI, acetone, and absolute ethanol in sequence
for 10 min each. In a typical synthesis, the Ni foam was
soaked in an aqueous solution (9 ml) containing BDPA
(59.5 mg, 27.7 mM), and the solution was stirred for
10 min. Then, Fe(NOs); solution (1 ml, 0.75 M) was
slowly added to this solution, followed by stirring for
another 10 min. The reaction mixture was then heated to
180°C for 12h in a 15 ml Teflon-lined stainless-steel
autoclave. After the reaction, the product was collected
as white precipitate, which was washed with deionized
water and absolute ethanol repeatedly, and dried at 80°C
under vacuum overnight.

4.3 | Materials characterizations

SEM was performed using a TESCAN VAGA3
(TESCAN, USA). TEM was conducted on a JEOL JEM-
2100 F STEM at 200 kV using a holey carbon-coated
400 mesh Cu TEM grid for sample loading. Energy dis-
persive spectrometer (EDS) equipped in the STEM was
used to determine the elemental composition of sam-
ples. High-resolution scanning TEM (STEM) images
were taken with a TEM (Titan Themis G2 60-300,
Thermo Fisher Scientific, United States) at 300 kV with
a probe convergence angle of 17.8 mrad and a spatial
resolution of 0.08 nm. The high-angle annular dark field
(HAADF) images were acquired using an annular-type
STEM detector with a collection inner semi-angle of
84 mrad, while bright field (BF)-STEM images were
simultaneously recorded using a STEM BF detector.
Electron energy loss spectroscopy (EELS) was per-
formed with a Quantum 965 GIF system (Gatan Inc.,
United States), and the dual EELS were performed with
a spectrometer dispersion chosen for simultaneous visu-
alization of zero-loss O K-edge, Ni L edge, and Fe L-edge
spectra. The energy resolution determined by the full-
width at half-maximum of the zero-loss peak was
ca. 1.1 eV. The background was subtracted using the
power law method. XPS was carried out using a Thermo
Fisher Nexsa with a monochromic Al Ka X-ray source

- ~WILEY 2

and pass energy of 1486.6 eV. Powder X-ray diffraction
(XRD) patterns were recorded on a Rigaku SmartLab
9KW advance diffractometer with Cu Ka radiation
(A4 = 1.5406 A) from 20 = 5°-60° with a step increment
of 0.01° at 3° min '. Raman spectroscopic measure-
ments were performed on a Renishaw Micro-Raman
Spectroscopy System by scanning from 100 to 2000 cm
with an excitation wavelength of 738 nm. Inductively
coupled plasma optical emission spectrometry (ICP-
OES, Agilent 710) was employed to determine the Fe
doping content in the samples.

4.4 | Electrochemical measurements

All the electrochemical measurements were conducted
using PARSTAT 2273 with a typical three-electrode con-
figuration at room temperature. A graphite disk electrode
and a Hg/HgO were used as the counter and reference
electrodes, respectively, and 1 M potassium hydroxide
(KOH) solution was used as the electrolyte unless other-
wise specified. The as-synthesized samples were directly
used as the working electrode. The recorded potential
was referenced to a reversible hydrogen electrode (RHE)
according to the following equation:

E (Vvs.RHE) =E (Vvs.Hg/HgO) +0.098 + 0.059 x pH

Before each measurement, the working electrode was
cycled between 0.2 and 0.8 V at 50 mV s~ until stabi-
lized. The OER performance was accessed by conducting
LSV in an applied potential range between 0.2 and 0.8 V
with a step size of 0.01 mV at a scan rate of 0.1 mV s~ in
an O,-saturated electrolyte. The electrochemical double-
layer capacitance (Cq) was obtained by measuring CVs
in a potential range of 0.2-0.3 V at various scan rates of
5, 10, 20, 40, 60, and 80 mV s~ ! and used to calculate the
ECSA of a catalyst. EIS was carried out by sweeping the
frequency from 100 kHz to 0.1 Hz at the OER condition
of 0.5 V. The collected EIS data were fit to the simplified
Randles circuit to determine the charge transfer
resistance.
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