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Most oxygen evolution reaction (OER) electrocatalysts show poor stability under industrial alkaline conditions (20-30 wt.%
KOH). Therefore, it is essential to develop stable, efficient, and low-cost OER catalysts for industrial water electrolysis. Herein,
we present a straightforward approach for the complete electrochemical reconstruction of Ni-BDC, a Ni-based metal-organic
framework, for OER. This method involves the continuous release of Fe’* from Fe foam counter electrode in a high-con-
centration (6.0 M, 25 wt.%) KOH solution. The continuously Fe'* releasing not only realizes in situ Fe'' doping, but also
introduces abundant defects in the obtained catalyst during cyclic voltammetry activation, thereby accelerating the electro-
chemical reconstruction. The reconstructed OER catalyst (Fe-doped nickel hydroxide/oxyhydroxide nanosheets supported on Ni
foam, Fe-NiO,(OH),/NF) manifests a low overpotential of 217 mV at 10 mA cm > and 263 mV at 100 mA cm ~in 1.0 M KOH.
Noteworthy, the Fe-NiO,(OH),/NF also demonstrates high stability in 30 wt.% KOH. This strategy of regulating the electro-
chemical reconstruction process sheds light on the construction of stable and efficient OER catalysts for industrial water

electrolysis.
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1 Introduction

With the continuous consumption of fossil energy, the ex-
ploration of renewable energy is imperative to solve the
global issues of growing energy crisis and deteriorating
ecological environment [1,2]. Electrochemical water split-
ting represents an attractive method for producing hydrogen
from renewable energy [3]. Compared to hydrogen evolution
reaction, the oxygen evolution reaction (OER) usually needs
to overcome a large thermodynamic barrier to drive the re-
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action, which inevitably hinders the conversion efficiency of
water splitting [4]. Therefore, developing efficient OER
electrocatalysts is crucial to promote the reaction [5,6].
Noble metal-based catalysts, such as Ru- and Ir-based, have
the most effective catalytic effect on OER [7,8]. However,
noble metals are scarce and expensive. Thus, developing
efficient alternative non-noble metal catalysts is necessary
[9].

Transition-metal based catalysts, particularly NiFe-based
catalysts, have demonstrated water oxidation activity com-
parable to that of noble metal electrocatalysts in alkaline
media, making them a viable alternative [10,11]. The main
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challenge of the NiFe-based OER catalysts is their usually
poor stability. Recent studies [12,13] have indicated that
most catalysts undergo a surface reconstruction process
during OER, and the real active center is formed during the
surface reconstruction [14]. The reconstruction of pre-cata-
lysts has become an effective strategy for the preparation of
highly efficient OER catalysts [15]. For example, Fang et al.
[16] proposed a surface reconstruction method through
anodic polarization to improve the OER performances of
nickel-based perovskite hydroxide. Recent study [17] has
identified that the oxyhydroxide generated on the re-
constructed surface serves as the true active center for OER,
and the in situ generated oxyhydroxide during surface re-
construction often exhibits better OER catalytic performance
than the directly synthesized oxyhydroxide. As a result, the
regulation of reconstruction is essential for the construction
of high-performance OER -catalysts [18]. For instance,
Zhang et al. [19] proposed an F-doping method to regulate
the surface reconstruction of LaNi,,sFej,s0; perovskite,
resulting in an OER catalyst with a low overpotential.
However, it remains challenging to regulate the reconstruc-
tion process precisely, as the catalysts obtained through re-
construction often deviate from the targets.

Ni-BDC, a Ni-based metal organic framework (MOF) with
terephthalic acid (H,BDC) ligand, is an ideal OER pre-cat-
alyst due to the instability of MOF materials under electro-
chemical water oxidation conditions, which aids in triggering
the reconstruction process [20]. However, the OER activity
of catalyst through reconstruction of single-metal center
MOF, such as Ni-BDC, is usually quite limited. Doping the
single-metal center MOF with foreign metal elements has
been demonstrated to be valuable in boosting its intrinsic
catalytic activity through the synergistic effects between
different metal elements [21]. In addition, the doping of
foreign metal ions can lead to amorphization of the crystal
structure of MOF due to the lattice mismatch, thereby ac-
celerating the reconstruction.

Herein, we propose a continuous Fe' releasing enabled
complete reconstruction strategy to construct high-perfor-
mance OER catalysts (Fe-NiO,(OH),/NF) using Ni-BDC
supported on Ni foam as the precursor. The reconstruction of
Ni-BDC/NF precursor is initiated by cyclic voltammetry
(CV) activation in an industrial alkaline solution (6.0 M
KOH). The in situ Fe'' doping is realized though the CV
induced continuous leaching of Fe'" from the Fe foam
counter electrode, which enables the complete reconstruction
of Ni-BDC/NF. The obtained OER catalyst (Fe-NiO,(OH),/
NF) with low crystallinity manifests a low overpotential of
217mV at 10mA cm ° and 263 mV at 100 mA cm ~ in
1.0 M KOH. The Fe-NiO,(OH),/NF also demonstrates high
stability in industrial alkaline solution (30 wt.% KOH) with a
negligible activity decay of 0.09 mV h' (200h at
100 mA cm ).
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2 Experimental

2.1 Chemicals

NiCl, 6H,0 (98%, Sinopharm Chemical Reagent Co., Ltd,
China), H,BDC (99%, AladinReagent Co., Ltd, China), and
KOH (95%, Aladin Reagent Co., Ltd, China) were pur-
chased from commercial suppliers. Ni foam and Fe foam
were purchased from Kunshan Guangjiayuan Electronics
Co., Ltd.

2.2 Synthesis of Fe-NiO,(OH),/NF

Firstly, the Fe foam was cleaned by acetone and 1.2 M HCl
solution. The as-prepared Ni-BDC/NF, the cleaned Fe foam,
and Hg/HgO electrode were employed as the working elec-
trode, counter electrode, and reference electrode, respec-
tively. The electrochemical three electrode system was used
to prepare Fe-NiO,(OH)/NF by CV with a scan rate of
100 mV s in 6.0 M KOH solution in the potential window
of —0.2-0.9 V vs. Hg/HgO (300 CV cycles). By controlling
the CV cycle number, a series of samples can be obtained:
Fe-NiO,(OH),/NF-z (z = 0, 10, ..., 300, 400). The corre-
sponding powder collected from the Fe-NiO,(OH),/NF-z is
designated as Fe-NiO,(OH),-z.

2.3 Electrochemical measurements

Electrochemical measurements were conducted on the
workstation (CHI 760E, CHI 1140C) with the as-synthesized
electrodes, Hg/HgO, and graphite rod as the working elec-
trode, reference electrode, and counter electrode, respec-
tively. The Ni-BDC/NF and the RuO,/NF were activated by
CV cycles at a scan rate of 50 mV s, The reconstructed
sample has already undergone the CV activation process, so
there is no need to repeat this process. Linear sweep vol-
tammetry (LSV) curves were scanned at 5 mV s . The iR
drop was corrected using the uncompensated series re-
sistance. All the measured potentials were converted to re-
versible hydrogen electrodes (RHEs): Eryp = Epgngo +
0.0592 x pH + 0.098 (V).

3 Results and discussion

A continuous Fe’" releasing enabled complete reconstruction
strategy is proposed in this study to promote the conversion
of Ni-BDC into Fe-doped nickel hydroxide/oxyhydroxide
(Fe-NiO,(OH),) (Figure 1a). Briefly, Ni foam supported Ni-
BDC nanosheet arrays (Ni-BDC/NF) were prepared via a
simple solvothermal method [22,23]. The morphology and
phase of the powder collected from Ni-BDC/NF are essen-
tially identical to the Ni-BDC growing on the Ni foam
(Figure Sla—c, Supporting Information online). The Ni-BDC


http://engine.scichina.com/doi/10.1007/s11426-024-2125-5

Wang et al.  Sci China Chem  September (2024) Vol.67 No.9 2951
@ . (b) [ " Ni-BDG
| ] 2 ( 2
yot © ] % ' :
¥eat A ~’.' | oH- .© L
0 <t o "’, £ ¢ o it
! |- Meao : :
~. _- % | \’Oz ¢
~ - [0 Yit
0, @ ‘A e
f Reconstru- ol lo
Solvothermal Fe3*enabled complete [ ction
. | - o
process reconstruction | O = o
—_— B - 0 o
OH- : oo — o
¢ | - v— e-
) B o
NF Ni-BDC/NF é s Foor )
(c) (d)
2.4 300 = 0.30
6 mol/L KOH Cyclic voltammetry 10t 0.25
m 30"601"100""140"180"240""300"400" — 300 '
T 60"
% 1.8- & 2004 Joom 0.20
s §  |—1a0m
2 < 180" 0.15
S % —— 240"
5124 1004__ 3pqtn 0.10 0.079
S —— 400" %
o 0.05 é
0,012 40,0914 %
0.004 7
0.6 0+ T : r 0.00 0 S
J(mA cm?) 1.2 1.3 1.4 1.5 1.6 1.7 \§< S e‘<'\ Q'\Q X
Potential (V vs. RHE) X F TN
= N S SN
O ¥ O o
S O AV ¢
N ©F O O
@ & L& &
< < <

Figure 1 (a) Scheme for the synthesis of Fe-NiO,(OH),/NF. (b) Schematic diagram of continuous Fe'

releasing enabled complete reconstruction of Ni-

BDC. (¢) CV curves collected during the reconstruction of Ni-BDC/NF to form Fe-N10V(OH)V/NF (without iR correction). (d) LSV curves of Ni-BDC/NF

reconstructed with different CV cycles (Fe-NiO,(OH),/NF-z) in 6.0 M KOH at 5mV s

reconstructed samples (color online).

nanosheet arrays with high crystallinity are composed of
uniformly distributed C, O, and Ni, as confirmed by trans-
mission electron microscopy (TEM), selected area electron
diffraction (SAED), and energy-dispersive X-ray (EDX)
spectra (Figure S2). Then, the reconstruction of Ni-BDC/NF
was initiated by CV in high-concentration KOH solution
(6.0 M) and the in situ Fe' doping was realized by the
continuous releasing of Fe'" from the Fe foam counter
electrode during CV activation. The working electrode, Ni-
BDC/NF, is unstable in high-concentration KOH solution
[24,25]. The hydrolysis of Ni-BDC leads to Ni*" leaching
and the destruction of metal-ligand coordination [24]. With
the continuous releasing of F ¢’ from the Fe foam counter
electrode (Figure S3), the Ni-BDC/NF is completely re-
constructed into Fe-NiO,(OH),/NF after 300 CV cycles
(Figure la, b). By replacing the Fe foam counter electrode
with graphite rod, an Fe-free catalyst (NiO,(OH),/NF) is
obtained.

CV activation was used to convert the Ni-BDC/NF pre-
cursor into Fe-NiO,(OH),/NF. A pair of redox peaks can be
observed in the CV profiles, which is from the oxidation/
reduction of Ni species (Figure 1¢). The redox peaks undergo
a continuous decrease in intensity with cycling due to the
leaching of nickel ions from the Ni-BDC/NF [26]. The CV
profiles gradually stabilize after 300 CV cycles (Figure 1c),

(w1th0ut iR correction). (e) Fe contents of Ni-BDC/NF and the

suggesting the complete of reconstruction. Notably, when the
Fe foam is replaced by a graphite rod, the decreasing trend in
redox peak intensity is somewhat weakened, highlighting the
crucial role of Fe* (in situ released from the Fe foam) in
promoting the reconstruction process (Figure S4a).

The effect of KOH concentration on the reconstruction
process is studied by tuning the KOH concentration from 1.0
to 8.0 M (Figure S4b—d). Generally, the higher the KOH
concentration, the greater decrease in redox peak intensity
during CV activation. Especially, with a low KOH con-
centration (1.0 M), the redox peaks do not shrink sig-
nificantly during CV activation (Figure S4b), indicating that
the reconstruction of Ni-BDC/NF is enhanced in high-con-
centration KOH solution.

The OER activity in high-concentration KOH solution is
of crucial importance for industrial applications. Thus, LSV
was performed for the reconstructed samples in 6.0 M KOH
(Figure 1d). Generally, the OER activity of the sample in-
creases with the CV activation number, and remains stable
after 300 cycles (the LSV curve of the sample reconstructed
after 400 CV cycles overlaps with that after 300 CV cycles).
The potential at 100 mA cm gradually decreases from 0 to
300 CV cycles and then remains stable (Figure S5a). With
the increase of CV activation number from 0 to 100, the area
of the oxidation peak decreases continuously (Figure S5b).
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After 100 CV cycles, the oxidation peak shows an obvious
tendency to move towards positive potential. The continuous
introduction of Fe’™ in the reconstructed catalyst is re-
sponsible for the gradual improvement of catalytic activity
with CV activation number [27,28]. The shrinking of the
large oxidation peak makes this trend difficult to be observed
in the first 100 cycles.

To explore the relationship between the Fe-doping amount
and CV activation number, inductively coupled plasma (ICP)
was conducted. The mass fraction of Fe in NiO,(OH),/NF,
Ni-BDC/NF, Fe-NiO,(OH),/NF-10, Fe-NiO,(OH),/NF-100,
Fe-NiO,(OH),/NF-200, Fe-NiO,(OH),/NF-300, and Fe-NiO,
(OH),/NF-400 are 0.012, 0.004, 0.014, 0.079, 0.127, 0.194,
and 0.236 wt.%, respectively (Figure le). The trace amount
of Fe in NiO(OH),/NF prepared with a graphite rod counter
electrode is mainly derived from Fe impurity in KOH solu-
tion [29], and the Fe content of Fe-NiO(OH),/NF-300 is
much higher than that of NiO,(OH),/NF. The ICP results
indicate that both the Fe foam counter electrode and high-
concentration KOH solution play significant roles in Fe
doping. Moreover, there is a quasi-linear relationship be-
tween the Fe-doping amount and the CV activation number
within 300 cycles. To determine the Fe content in Fe-NiO,
(OH), (without the Ni foam substrate), the powder grown on
NF is detached from Fe-NiO,(OH),/NF and analyzed by ICP.
The mass fractions of Ni and Fe are 45.8 and 3.8 wt.%,
respectively, and the Ni/Fe mass ratio is ~12:1 (Figure S6).

To investigate the structure and valence state evolution
during the conversion of Ni-BDC/NF to Fe-NiO,(OH),/NF,
in situ Raman, ex situ X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS) were performed. When
the Ni-BDC/NF is immersed in 6.0 M KOH without CV
cycling (0), the Raman peaks corresponding to Ni-BDC
shrink or disappear, while new peaks from a-Ni(OH),
emerge at 450, 3,610, and 3,665 cm | (Figure 2a, b)
[28,30,31]. The Raman results indicate that a portion of Ni-
BDC is converted into o-Ni(OH), by immersing in 6.0 M
KOH.

Drastic change in Raman spectra can be observed in the
first 10 CV cycles. The emergence of new peaks at 474 (Ni-
O bending vibration, 6 mode) and 554 cm ' (Ni-O stretching
vibration, v mode) suggests the formation of y-NiOOH [32—
34] (Figure 2a). The disappearance of the 450 cm’! peak
associated with a-Ni(OH), is due to the overlap with the
strong NiIOOH Raman band. The peaks at 630, 858, 1,130,
1,420, and 1,611 cm ' from the H,BDC ligand of Ni-BDC
experience a gradual decrease in intensity and eventual dis-
appearance [35,36]. The weak peak at 3,581 cm’' suggests
the possible formation of B-Ni(OH), (Figure 2b) [30]. The
emergence of this peak is caused by the aging of a-Ni(OH),
and its transformation into B-Ni(OH), [29]. During this
period, the reconstruction mainly involves the phase transi-
tion of Ni-BDC into nickel hydroxide/oxyhydroxide, while

the in situ Fe doping is negligible (Figure le). With the
increase of cycle number to 20, the Raman peaks from the
H,BDC ligand disappear completely. This indicates that the
surface Ni-BDC is completely transformed into nickel hy-
droxide/oxyhydroxide. The Raman band at 3,581 em ' dis-
appears, which may be caused by the in situ Fe doping
inhibited production of B-Ni(OH),.

With the proceeding of CV cycle number from 20 to 300,
no new peaks are observed in the Raman spectra. Never-
theless, the continuous introduction of Fe’" in the sample
causes the gradual decrease in peak area ratio of Ni-O 0-
mode to v-mode (8/v) from 2.13 to 1.45 (Figures S7 and S8).
The &/v ratio is regarded as a descriptor for the disorder
degree [32,37]. The smaller the I3/, ratio, the greater the
disorder degree. This indicates that the Fe' doping in the y-
NiOOH lattice results in lattice mismatch and thus structural
defects [32,37,38]. Compared to the Fe-NiO,(OH),/NF pre-
pared with the Fe foam counter electrode, the NiO,(OH),/NF
prepared with the graphite counter electrode presents a much
higher I3/I, ratio (2.35 vs. 1.45) (Figure S9). The results
suggest that the in situ Fe' doping caused by the continuous
releasing of Fe’* from Fe foam would exacerbate the re-
construction of Ni-BDC by introducing more defects in the
reconstructed catalyst, possibly bringing more active sites
and thus better OER catalytic activity.

To further analyze the impact of Fe'* doping on the re-
construction of Ni-BDC/NF, the reconstructed samples were
analyzed with XPS. After CV activation, a substantial
amount of C is leached away from the Ni-BDC/NF, while the
Ni and Fe contents increase (Figure 2¢). The O 1s spectrum
of Ni-BDC/NF shows two peaks at 531.7eV (O1) and
533.2 eV (02), which can be assigned to the carboxylate
groups of H,BDC and absorbed water, respectively [39,40].
After CV activation, the O s spectra show three components
at 529.2 eV (03), 531.1 eV (04), and 532.7 eV (05), which
are from the metal-oxygen bonds, defects, and surface-ad-
sorbed oxygen species, respectively [41-43] (Figure 2d).
Moreover, the existence of oxygen vacancies of the re-
constructed catalyst (Fe-NiO,(OH),/NF) has been further
confirmed by electron paramagnetic resonance (EPR, Figure
S10a). This indicates that the CV activation decomposes the
metal-ligand coordination, leading to the appearance of
abundant oxygen vacancies and defects during the re-
construction [24]. With increasing CV number, the O 1s peak
shifts towards higher binding energy, and the O4 component
becomes more dominant, which is related to the formation of
nickel hydroxide/oxyhydroxide and in situ Fe'' doping [43].

The Ni 2p XPS spectrum of Ni-BDC/NF exhibits two
major peaks at 856.1 (Ni 2p;5,) and 873.8 eV (Ni 2p,,) with
corresponding satellite peaks [44,45] (Figure 2¢). After CV
activation, the two major peaks from Ni(Il) shift to lower
binding energies (Ni 2ps, at 855.5 eV, Ni 2p,,, at 873.1 eV).
This is caused by the conversion of Ni-BDC to nickel hy-
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droxide with increased local electron density and thus re-
duced binding energy [46]. Additionally, two new compo-
nents emerge at 856.9 (Ni 2p;,) and 874.5 eV (Ni 2p,5,),
suggesting the formation of Ni(Ill) [46]. Interestingly, the
increase of CV cycle number results in a positive shift for the
Ni (II) 2p major peaks [39]. The above-mentioned changes in
the XPS spectra mainly occur in the first 100 cycles, as the
catalyst’s surface has undergone complete reconstruction in
the first 100 cycles. Compared to the NiO,(OH),/NF, the
major O 1s and Ni 2p peaks of Fe-NiO,(OH),/NF shift po-
sitively, which is caused by the Fe doping (Figure S10b, c).
The Fe 2p spectra show relatively weak and broad peaks at
~713.0 (Fe 2ps),) and 725.4 eV (Fe 2p,,), suggesting the +3
oxidation state of Fe in the reconstructed samples (Figure 2f)

[21].

To further determine the phase of the reconstructed cata-
lyst, the Ni-BDC/NF and Fe-NiO,(OH),/NF were subjected
to sonication and the powders grown on the Ni foam were
collected for XRD analysis. XRD (Figure 2g) demonstrates
that the Ni-BDC with high crystallinity is transformed into a
mixture of a-Ni(OH), (00-038-0715) [47,48] and y-NiOOH
(00-006-0075) [49] with low crystallinity after 300 CV cy-
cles. The Fe exists in the Fe-NiO,(OH),/NF by replacing the
Ni atoms in the lattice of Ni(OH),/NiOOH.

According to the above results, the phase and composition
evolution of Ni-BDC/NF during the reconstruction process
are schematically shown in Figure 2h. The Ni-BDC/NF
precursor is unstable in high-concentration KOH. It under-
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goes hydrolysis and is initially converted into Ni(OH),.
During the CV activation, a portion of Ni(OH), is oxidized
into NiOOH under high anode potential. Meanwhile, the
incorporation of Fe'" in Ni(OH),/NiOOH leads to lattice
mismatch and defects. After 20 CV cycles, the Ni-BDC on
the surface has been completely transformed into Fe-doped
Ni(OH),/NiOOH. With the increase of CV cycles, the depth
of reconstruction increases, accompanied by the continuous
incorporation of Fe''. After 300 CV cycles, the Ni-BDC
grown on Ni foam is completely transformed into Fe-NiO,
(OH),.

The morphology of Fe-NiO,(OH), was characterized by
scanning electron microscopy (SEM) and atomic force mi-
croscopy (AFM). Although the Ni-BDC undergoes structural
reconstruction during CV activation, the as-synthesized Fe-
NiO,(OH), after 300 CV cycles generally inherit the na-
nosheet morphology of Ni-BDC, even after cycling (Figure
3a, b, Figure S11). Despite this fact, the gradual collapse of
nanosheets can still be observed during the reconstruction
process (Figure S11). AFM topological image (Figure 3c)
shows that the Fe-NiO(OH), nanosheet has an ultrathin
thickness of only 2.2 nm, which is thinner than that of Ni-

(a) (b)
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BDC (~3.6 nm) and NiO,(OH), (~3.0 nm) nanosheets (Fig-
ure S12).

TEM confirms the ultrathin nanosheet structure of Fe-NiO,
(OH), (Figure 3d). The SAED (Figure 3e) pattern exhibits
three weak and continuous diffraction rings from a-Ni(OH),
and another diffraction ring from y-NiOOH. High-angle
annular dark-field scanning TEM (HAADF-STEM) reveals
that the Fe-NiO,(OH), nanosheet consists of numerous fine
domains with low crystallinity (Figure 3f). In addition, the
(113) lattice fringe of a-Ni(OH), and the (10-5) and (015)
lattice fringes of y-NiOOH can be clearly observed in the
high-resolution HAADF-STEM image. The HADDF-STEM
image and corresponding EDX mapping (Figure 3g) reveal
the even distribution of Fe, Ni, O, and C in Fe-NiO,(OH),,
which also demonstrates the successful introduction of Fe.
Based on the above characterizations, it can be concluded
that the Ni-BDC is completely reconstructed into a-Ni(OH),/
v-NiOOH heterogeneous ultrathin nanosheets with low
crystallinity during CV activation.

The as-prepared samples grown on Ni foam were used as
the working electrodes for OER performance evaluation in a
three-electrode system. Compared to the Ni-BDC/NF, the

Figure 3 (a, b) SEM images of Fe-NiO,(OH),/NF. (c) AFM topological image (inset: height profile of a single-layer nanosheet along the white line) of Fe-
NiO,(OH),. (d) TEM image of Fe-NiO,(OH), and (e) the corresponding SAED pattern. (f) HAADF-STEM image of Fe-NiO,(OH),. (g) HAADF-STEM

image and the corresponding EDX mappings of Fe-NiO,(OH), (color online).
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reconstructed catalysts show significantly smaller redox
peaks (Figure S13). In addition, the in situ Fe doping and the
increase of KOH concentration further reduce the redox peak
area. At 10 and 100 mA cm , the overpotential of Fe-NiO,
(OH),/NF are 217 and 263 mV, respectively (Figure 4a). The
overpotentials of Fe-NiO,(OH),/NF are significantly smaller
than those of Ni-BDC/NF (286, 365 mV), NiO,(OH),/NF
(279, 342 mV), Fe-NiO,(OH),/NF-4M (229, 280 mV), Fe-
NiO,(OH),/NF-8M (262, 315mV), and RuO,/NF (304,
381 mV). Tafel slope is used to reflect the reaction kinetics
of the OER catalysts. The Tafel slopes of Fe-NiO,(OH),/NF,
Ni-BDC/NF, NiO,(OH),/NF, Fe-NiO,(OH),/NF-4M, Fe-
NiO,(OH),/NF-8M, and RuO,/NF are determmed to be 44.9,
78.7, 62.1, 53.1, 51.9, and 76.6 mV dec”! (Figure 4b), re-
spectively. The Fe-NiO,(OH),/NF shows the lowest Tafel
slope, corresponding to the fastest reaction kinetics. In ad-

(@)
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dition, the OER performances of catalysts obtained by the
reconstitution of Ni-BDC/NF in 1.0 M KOH (Fe-NiO,(OH),/
NF-1M) and the reconstruction of pure Ni foam in 6.0 M
KOH (Fe-NF) are evaluated. The Fe-NiO,(OH),/NF man-
ifests much lower overpotential and Tafel slope than the Fe-
NiO,(OH),/NF-IM and Fe-NF (Figure S14), demonstrating
the significant role of both high concentration KOH and Ni-
BDC precursor in obtaining high-performance OER catalyst.
The required overpotential at 10 mA cm ” and Tafel slope of
Fe-NiO,(OH),/NF-100, Fe-NiO,(OH),/NF-200 and Fe-NiO,
(OH),/NF catalysts are decreasing, indicating that the OER
performance of the catalyst is improving as CV reconstruc-
tion proceeds. Moreover, Fe-NiO,(OH)/NF demonstrates
superior OER performance compared to similar reported
catalysts (Table S1, Supporting Information online). The
turnover frequency (TOF) of Fe-NiO,(OH),/NF at an over-

180 T—NiBDCINF f 9T NiBDCNF 787mVdec’| °]e NFBDCINF
— NIO,(OH), /NF g > NiO,(OH), /NF 62.1 mV dec’ NiO,(OH), /NF
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Figure 4 (a) LSV curves of Ni-BDC/NF, NiO(OH),/NF, Fe-NiO,(OH),/NF-4M, Fe-NiO,(OH),/NF, Fe-NiO,(OH),/NF-8M, and RuO,/NF in 1.0 M KOH at
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potential of 300 mV is calculated to be 0.11 s, significantly
surpassing that of Ni-BDC/NF (0.003 sfl). It suggests the
reaction kinetics on a single active site of the catalyst has
been greatly improved after reconstruction.

Electrochemical impedance spectroscopy (EIS) was con-
ducted to illustrate the charge transfer ability of the catalysts.
The Fe-NiO,(OH),/NF exhibits the lowest charge transfer
resistance (R.) of 0.87 Q among the samples (Figure 4c).
The R, of Ni-BDC/NF, NiO,(OH),/NF, Fe-NiO,(OH),/NF-
4M, Fe-NiO,(OH),/NF-8M, and RuO,/NF are 6.57, 4.25,
1.17,2.67, and 9.29 Q, respectively. The EIS results indicate
that both CV activation in high-concentration KOH and in
situ Fe doping improve the charge transfer ability of the
sample.

Electrochemically active surface area (ECSA) can be es-
timated from the double-layer capacitance (Cy), which is
calculated from the non-Faraday potential regions of CV
profiles (Figure S15). The C, of Fe-NiO,(OH)/NF, Ni-
BDC/NF, NiO,(OH),/NF, Fe-NiO,(OH),/NF-4M, Fe-NiO,
(OH),/NF-8M, and RuO,/NF are determined to 2.58, 1.71,
1.13,2.32, 1.16, and 5.63 mF cm (Figure 4d), respectively.
The Fe-NiO,(OH),/NF shows a relatively high Cy value,
indicating its relatively large ESCA. Usually, a large ECSA
means a large electrolyte/electrode contact interface and it
would lead to more exposed active sites. It should be men-
tioned that the RuO,/NF exhibits a larger Cy but lower OER
activity than the Fe-NiO,(OH),/NF. This is because the Cy
can be used to reflect the exposed ECSA of catalysts, but it is
not necessarily positively correlated with the OER activity
[44]. To show the intrinsic OER activity of the samples, LSV
curves and Tafel plots normalized by ECSA are provided in
Figure S16. After normalization, the Fe-NiO,(OH),/NF still
manifests the smallest overpotential (234 mV at
10 mA cm72) and lowest Tafel slope (50.3 mV decfl).

The long-term stability of Fe-NiO,(OH),/NF was tested in
both 1.0 M (Figure 4e, f) and 30 wt.% KOH (Figure 4g) at
10 mA cm "~ by chronopotentiometry. The Fe-NiO,(OH),/NF
exhibits ignorable activity decay (0.03 mV h™' for 312 h)
during the stability test in 1.0 M KOH as can be reflected
from the overlapping of LSV curves before and after stability
test (Figure 4e, f). Moreover, the Fe-NiO,(OH),/NF can work
stably (activity decay: 0.1 mV hfl) and continuously for
more than 312 h even under industrial alkaline conditions
(30 wt.% KOH, Figure 4g). Ex situ Raman and XPS were
employed to explore the phase and electronic structure
evolution of the catalyst. Raman spectra collected after the
stability test show no obvious change in peak position and 73/
I, value, demonstrating the excellent stability of Fe-NiO,
(OH),/NF. In addition, the XPS spectra show insignificant
change in chemical composition and surface valence state
(Figure S17), further confirming the ideal stability of the
catalyst. Even at 100 mA cm °, the Fe-NiO,(OH),/NF is able
to work continuously for 200 h with a slow activity decay of

Sci China Chem  September (2024) Vol.67 No.g

0.09 mV h' under industrial alkaline conditions (30 wt.%
KOH, Figure S18).

4 Conclusions

In summary, an Fe-doped nickel hydroxide/oxyhydroxide
(Fe-NiO,(OH),/NF) OER electrocatalyst with low crystal-
linity and abundant defects has been constructed by the
electrochemical reconstruction of Ni-BDC/NF in 6.0 M
KOH. The continuous releasing of Fe'" from the Fe foam
counter electrode enables the in situ doping of Fe'" and
creates abundant defects in the reconstructed catalyst, which
accelerates the reconstruction process and enhances the OER
activity. The Fe-NiO,(OH),/NF manifests decent OER per-
formance in terms of overpotential and stability in both
1.0M KOH and industrial alkaline conditions (30 wt.%
KOH), showing great potential for industrial water electro-
lysis.
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