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A B S T R A C T   

There have been reports about the promoted oxygen evolution reaction (OER) activity by adding of Fe ions into 
alkaline electrolytes for Ni-based catalysts. However, the origin and reason for the OER activity improvement 
remains vague. In this work, we endeavor to recognize the activity enhancement by a series of control and in/ex 
situ experiments. After introducing of 500 μM of Fe(III) to 1.0 M KOH, the current density of Ni(OH)2 nanosheet 
arrays at 1.6 V increases substantially from 36 to 1052 mA cm− 2, and the overpotentials required to reach 100 
mA cm− 2 reduces obviously from 422 to 269 mV and 1,000 mA cm− 2 from 616 to 367 mV. The electrochemical 
water splitting electrolyzer with Ni(OH)2 as anode and Pt/Ni-Mo as cathode exhibits robust activity and stability 
for 1,000 h at 1,000 mA cm− 2 @ 1.7 V. In/ex situ electrochemical analysis, morphology and structure charac
terizations reveal that Fe(III) serves as the active sites and promotes the OER kinetics by two ways: (1) mainly 
cyclical formation of intermediates (Fe(III) → (Ni)Fex+ → (Ni)Fe-OH → (Ni)Fe-O → (Ni)Fe-OOH → Fe(III) (+O2)) 
on the electrode/electrolyte interface and (2) growth of the Ni-FeOOH/Fe-NiOOH interface on the surface of Ni 
(OH)2. The results provide insights into the Fe(III)-catalysis effect and guidance for the development of high- 
performance commercial water-splitting systems.   

1. Introduction 

The growing concern about energy depletion and environmental 
problems make it urgent to develop green and sustainable energy 
sources as alternatives to fossil fuels [1]. Hydrogen, as a clean and 
renewable energy carrier with high gravimetric energy, is regarded as 
one of the most promising energy sources to replace conventional fossil 
fuels [2]. Accordingly, water electrolysis, involving the hydrogen evo
lution reaction (HER) on the cathode and the oxygen evolution reaction 
(OER) on the anode, has attracted great attention as a clean and 
promising technology to produce H2, where the sluggish kinetics of the 
OER seriously restricts the efficiency of the overall water splitting [3–6]. 
Therefore, efficient OER electrocatalysts are urgently demanded to 

reduce the actual required potential for OER and improve the total 
hydrogen generation efficiency. Although noble metal-based oxides 
such as RuO2 and IrO2, have shown high OER catalytic activity in acidic 
media, the large-scale commercial implementation is hindered by the 
high cost and limited natural reserves [7]. In this regard, tremendous 
efforts have been devoted to alkaline OER using earth-abundant non
precious transition metals like Ni, Co, and Fe with high activity and 
stability [8]. Among the various active OER catalysts, mixed NiFe-based 
materials (e.g., oxyhydroxides, alloy, oxides, etc.) have stood out as one 
of the most promising candidates due to the earth abundance and su
perior OER efficiency in alkaline electrolytes [9–13]. 

Numerous efforts including heterostructure construction [14,15], 
interfacial interaction [16], vacancy-modifying [17,18], and 
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heteroatom-doping [19] have been developed to optimize the OER 
performance of mixed NiFe-based materials, achieving excellent activity 
for OER. Besides the activity, another concern about mixed NiFe-based 
materials is their stability, which is also important for commercial 
water splitting system. In particular, the strict industrial criteria of water 
electrolyzer requires an exceptional electrocatalyst to operate with 
robust stability at high current density above 500 mA cm− 2 with over
potential below 300 mV [20–23]. Recent studies have shown that the 
OER deactivation is a common issue among the mixed NiFe-based 
electrocatalysts under prolonged OER conditions, but the causes and 
strategies to solve the bottleneck are still being investigated [24–26]. In 
general, NiFe-based materials will experience severe metal dissolution 
at high OER potential and phase segregation due to selective redeposi
tion of dissolved Ni and Fe cations, resulting in activity decay, not to 
mention at even higher current densities for commercial application. 
Much effort have been made to enhance the stability and lifetime of 
mixed Ni-Fe-based materials for commercial application. For instance, 
Chen et al. have studied the deactivation mechanism of NiFe-LDH in 
OER and the acidic environment in the interlayers of bulk NiFe-LDH is 
responsible for metal dissolution in the alkaline electrolyte. Exfoliating 
multilayered NiFe-LDH into atomically thin nanosheets can improve the 
OER stability with time under industrial conditions (e.g., at 80 ◦C and 
500 mA cm− 2). However, OER degradation is still unavoidable because 
of phase segregation of FeOOH and NiOOH in the basal planes of the 
NiFe-LDH nanosheets [27]. Construction of atomic cation-vacancies on 
the basal plane of NiFe-LDH is an effective way to suppress metal 
dissolution under OER conditions and improve the stability. However, 

the current density is about 100 mA cm− 2, which cannot still satisfy the 
requirement for commercial applications [28]. Kuai and co-workers 
have developed an in situ electrochemical reduction strategy to refresh 
the catalytic activity of electrocatalysts degraded by FeOOH segregation 
and enhance the catalyst stability [29]. However, the intermittent 
reduction technique is unsuitable for industrial applications, as the 
application of an instantaneous reverse current for catalyst regeneration 
causes irreversible damage to the counter electrode [30]. This has 
spurred the search for alternative, simple, and practical strategies to 
endow mixed NiFe-based materials with both the desirable activity and 
durability for commercial applications. 

Besides designing and synthesizing electrocatalysts, recent findings 
have shown that the extrinsic cations in alkaline electrolyte exerted 
significant influence on the OER activity of Ni-based electrocatalysts and 
furnished a novel approach to improve the OER efficiency. With regard 
to Ni-based OER electrocatalysts, extrinsic cations in the alkaline me
dium affect the OER characteristics. Fe impurities were found to 
enhance the OER activity of Ni-oxide already in 1987 [31]. Subse
quently, huge efforts have been focused on understanding the role of Fe 
and the synthesis of highly active anodes to maximize the activity 
[32,33], but the exact role of “Fe3+ effects” [33] is still not fully un
derstood. Moreover, it has been reported that there exists dynamic metal 
ion exchange at the interface between the catalyst surface and the 
electrolyte during the OER process due to the dissolution/re-deposition 
of metallic species [29,34–36]. Inspired by this, we consider the addition 
of sufficient Fe cations as a feasible strategy to boost the OER activity 
and stability by dynamically adjusting the amounts of metal cations in 

Scheme 1. Demonstration of Fe(III)-catalyzed OER on the Ni(OH)2. (a) The preparation process of Ni(OH)2 nanosheet arrays (NSAs) and the structure evolution 
during the chronopotentiometry (CP) test in 1.0 M KOH with 500 μM Fe(III) (KOH + Fe(III)) for different time; (b) The LSV and CP plots of Ni(OH)2 in KOH and KOH 
+ Fe(III); (c) Proposed Fe(III)-catalyzed mechanism of OER on Ni(OH)2 in alkaline electrolyte. WE: working electrode, RE: reference electrode, CE: counter electrode. 
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the solution during the activation process, which can solve the problem 
of metal dissolution and phase segregation. 

Herein, sufficient Fe(III) cations are introduced to the electrolyte to 
enhance the OER catalytic efficiency and dynamic stability. The Ni(OH)2 
with Fe(III)-catalysis delivers improved OER performance by adding Fe 
(III) cations to the electrolyte. Fe(III) serves as the active sites and 
promotes the OER kinetics by two ways: (1) Cyclical formation of in
termediates (Fe(III) → (Ni)Fex+ → (Ni)Fe-OH → (Ni)Fe-O → (Ni)Fe- 
OOH → Fe(III) (+O2)) on the electrode/electrolyte interface and (2) 
Growth of the Fe-NiOOH/Ni-FeOOH interfaces on the surface of Ni 
(OH)2 (Scheme 1). For the commercial application, a water splitting 
electrolyzer with Ni(OH)2 as anode and reported Pt/Ni-Mo as cathode is 
demonstrated. The Fe(III)-catalyzed electrolyzer requires only 1.7 V to 
reach 1,000 mA cm− 2 and remains stable for 1,000 h under different 
operating conditions (1.0 or 3.0 M KOH and 25 or 60 ◦C). 

2. Experimental section 

2.1. Chemicals and reagents 

All the chemical and reagents in this work were used directly without 
pre-purification. The Ni foam was acquired from SaiBo Electrochemical 
Materials Network. Ferric(III) nitrate [Fe(NO3)3⋅9H2O] (99 %) and 
ammonium molybdate tetrahydrate [(NH4)6Mo7O24⋅4H2O] (99 %) were 
obtained from Saen Chemical Technology (Shanghai) Co., Ltd. Potas
sium hydroxide (KOH, AR), hydrochloric acid, and nickle(II) nitrate [Ni 
(NO3)2⋅6H2O] (AR) were purchased from Xilong Scientific Co., Ltd. 
Chloroplatinic acid hexahydrate [H2PtCl6⋅6H2O] (AR, Pt ≥ 37.5 %) was 
bought from Shanghai Macklin Biochemical Co., Ltd. All the solution 
and electrolytes were prepared with deionized water. For the Fe-free 
measurement for comparison, the KOH electrolyte was purified ac
cording to a previous report [32]. 

2.2. Preparation of electrodes 

The Ni(OH)2 nanosheet arrays (NSAs) electrode was prepared on Ni 
foam via a facile ultrasonic method according to a previous report [37]. 
The Ni foam was cut into pieces of 0.5 × 2 cm2 and sonicated in 5 wt% 
HCl solution for 30 min. The Ni(OH)2 NSAs were obtained after the 
ultrasonic-treated Ni foam being rinsing with deionized water and 
drying in vacuum oven (40 ◦C) overnight. The cathode of the water 
splitting electrolyzer, Pt/Ni-Mo [38], and the compared NiFe-LDH 
electrode [39] were prepared according to the previous reports. 

2.3. Characterization 

The morphology and microstructure of the materials were charac
terized by field-emission scanning electron microscopy (FE-SEM, 
Gemini 300) and scanning transmission electron microscopy (TEM, FEI 
Titan G2 60–300) coupled with energy dispersive spectroscopy (EDS). 
The crystal phases and chemical compositions were identified by X-ray 
powder diffraction (XRD, Mini Flex 600) and X-ray photoelectron 
spectroscopy (XPS, Thermo Fisher Scientific K-alpha). In situ Raman 
scattering was conducted on the HR RamLab Raman Spectrometer 
(excitation wavelength of 532 nm). 

2.4. Electrochemical measurements 

The electrochemical characterization was performed on the CHI660E 
workstation with a three-electrode system comprising Ni(OH)2 NSAs 
electrode (0.5 × 0.5 cm2) as the working electrode, calomel (SCE) 
electrode as the reference electrode, and Pt wire as the counter elec
trode. The 1.0 M KOH without and with Fe(NO3)3⋅9H2O of proper 
concentrations were used as the electrolytes. 50 cyclic voltammetric 
cycles (CVs) within 0.1–0.6 V (vs. SCE) at scanning rate of 10 mV s− 1 

were performed beforehand to stabilize the OER current. The linear 

sweep voltammetry (LSV) polarization curves were obtained at 5 mV s− 1 

within 0.1–0.75 V (vs. SCE) with 100 % iR compensation. To determine 
the double-layer capacitance (Cdl), the CV curves were recorded at 
various scanning rates of 2, 4, 6, 8, and 10 mV s− 1 in the non-Faradaic 
potential window of 0.1–0.2 V (vs. SCE). The in situ electrochemical 
impedance spectroscopy (EIS) was conducted with the potential and 
frequency ranging from 1.1 to 1.7 V and 0.1 to 100 kHz, respectively. In 
the stability test, the chronopotentiometry (CP) test was performed at 
1000 mA cm− 2. 

3. Results and discussions 

3.1. The OER performance of Ni(OH)2 boosted by Fe(III) 

To meet the commercial application, the Ni(OH)2 NSAs electrode 
was synthesized via a simple sonicated treatment of Ni foam for 30 min. 
FE-SEM images of Ni foam and Ni(OH)2 NSAs in the same magnifications 
(Fig. S1a and S1b) display a nanostructure assembled by well- 
interconnected NSAs on the surface of Ni foam in the as-prepared Ni 
(OH)2 sample, compared with the smooth surface of untreated Ni foam. 
The NSAs with voids are advantageous for the interaction with re
actants. The double-layer capacitances (Cdl) measurements are con
ducted to estimate the electrochemical active surface area (ECSA) of Ni 
foam and Ni(OH)2 (Fig. S2). The Ni(OH)2 NSAs electrode possesses a Cdl 
value of 8.4 mF cm− 2, which is larger than that of Ni foam (4.6 mF cm− 2) 
(Fig. S2c), indicating more active sites and porous structure of the Ni 
(OH)2 NSAs. Thus, the Ni(OH)2 NSAs could not only bring abundant 
active sites but also favor the penetration of the electrolyte into the 
interior structure, which is advantageous for electrolysis. 

To prove the enhancement effect of Fe(III) ions on the performance 
of Ni(OH)2 NSAs electrode, the OER electrocatalytic performance is 
evaluated and compared by LSVs initially using three-electrode system 
in purified KOH (pKOH, the analytic reagent KOH usually contains trace 
Fe impurity), unpurified KOH (KOH) solution without and with different 
concentration of Fe(III). As shown in Fig. S3, the LSV curve in pKOH 
shows smaller current density than that in unpurified KOH, indicating 
trace Fe(III) in solution can enhance the OER activity of Ni(OH)2 NSAs. 
Intentionally, Fe(III) ions with different concentrations were added into 
KOH for boosting OER performance. As shown in Fig. 1a, the LSV curves 
obtained from Fe(III) containing electrolytes demonstrate enhanced 
current density than that from KOH solution, even with the low Fe(III) 
concentration of 0.5 μM, which reveals the promoting effect of Fe(III) on 
the catalytic activity of Ni(OH)2 electrode. The OER current density 
increases with the increment of Fe(III) concentration until 500 μM. 
Catalyzed by Fe(III) of 500 μM, the system achieves the best OER 
properties. Noteworthily, Ni(OH)2 electrode in KOH + 500 μM Fe(III) 
even show much better OER activity than that of NiFe-LDH in KOH 
(Fig. 1b). The current density at 1.6 V (J@1.6 V) increases substantially 
from 36 to 1052 mA cm− 2, and the overpotentials required to reach 100 
mA cm− 2 (η100) reduces obviously from 422 to 269 mV (Fig. 1c). 
Meanwhile, the onset potential of Ni(OH)2 in KOH + Fe(III) is 1.45 V, 
which is much lower than that in KOH (1.60 V) (Fig. S4). The Tafel plots 
were derived from LSVs to compare the OER kinetics in 1.0 M KOH 
(denoted as KOH) and 1.0 M KOH with 500 μM Fe(III) (denoted as KOH 
+ Fe(III)) electrolytes. The Tafel slope of the Ni(OH)2 electrode in KOH 
+ Fe(III) is 51.9 mV dec-1, which is much lower than that in KOH (108.2 
mV dec-1), demonstrating that the adsorption of OH– is relatively easier 
and strongly catalyzed by Fe(III) (Fig. 1d) [40]. For comparison, Ni foam 
was also employed as the working electrode and tested in KOH and KOH 
+ Fe(III). Similarly, the LSV curves show obviously larger current den
sity in KOH + Fe(III) than that in KOH (Fig. S5a). Moreover, the Ni(OH)2 
catalyzed by Fe(III) delivers higher OER activity than Ni foam (Fig. S5b). 
Noteworthy, the oxidation peak of Ni(OH)2 increases from 1.36 V in 
KOH to 1.38 V in KOH + Fe(III), indicating that the Fe incorporation into 
the Ni(OH)2. These results reveal Fe(III) improves the OER activity of Ni 
(OH)2 NSAs. 
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3.2. The mechanism of Fe(III)-catalysis on Ni(OH)2 

To reveal the mechanism of Fe(III) catalysis and investigate the 
factors underpinning the OER activity trend, in situ electrochemical 
impedance spectroscopy (EIS) analysis was conducted at various po
tentials. The Bode phase diagrams and Nyquist plots in KOH and KOH +
Fe(III) are shown in Fig. 2a, 2b and S6, respectively. For the EIS spectra, 
the low-frequency and high-frequency regions are associated with OER 
and the electrooxidation inside the electrode, respectively [41]. With 
the increase of potential, the Bode phase diagrams in KOH and KOH + Fe 
(III) show the inflection points (greenish-blue circle, an area with a 
marked change in curvature) at 1.6 V and 1.5 V in the low-frequency 
region, respectively (Fig. 2a and 2b), which are in the same trend 
with the onset potentials in Fig. 1a [42]. In the high frequency region, 
the phase angle value in KOH + Fe(III) is lower than that in KOH, which 
means faster reaction kinetics in KOH + Fe(III) [42]. The Fe(III) addition 
contributes to the fast transfer of electrically active species (OH–) and 
thus facilitating the OER process [40,43,44]. In the Nyquist plots 
(Fig. S6c and S6d), the Rct decreases with larger applied potential. The 
Ni(OH)2 in KOH + Fe(III) shows smaller semicircle at all potentials, 
indicating lower charge transfer resistance and a faster reaction rate 
catalyzed by Fe(III). Furthermore, the electrochemical characteristics 
and OER activity of Ni(OH)2 electrodes in KOH and KOH + Fe(III) were 
first investigated by 40 cycle CVs with a scanning rate of 5 mV s− 1. The 
CV curves include information of phase transition and OER activity 
based on the redox features of Ni. The LSV curves exhibit a wide anodic 
peak at about 1.37 V due to the change of Ni2+ to Ni3+. In KOH (Fig. 2c), 
a small oxidative peak at 1.53 V is attributed to the formation of a small 
amount of Ni4+ oxidation state [32,45]. The OER current density in
creases with increasing CV cycles due to more Ni2+ to Ni3+/Ni4+ tran
sition beneath the surface of Ni(OH)2. However, in KOH + Fe(III) 
(Fig. 2d), the redox peak for the Ni2+ to Ni3+ transition was positively 

shifted compared to the peaks in KOH (1.37 V) due to the incorporation 
of Fe, ascribing the difficulty in oxidizing Ni2+ to Ni3+ [32], and no 
peaks corresponding to the oxidation peaks of Ni4+ were observed, 
which would be obscured by the robust OER current delivered at the 
oxidation potential. Altogether suggests that the Fe(III)-containing sys
tem lowers the overpotential consumption. The current density at 1.55 V 
keeps almost constant compared with that in KOH, which indicates the 
catalysis effect of Fe(III) plays the main role. Operando Raman spectra of 
the Ni(OH)2 electrode in both KOH and KOH + Fe(III) were collected to 
investigate the process of surface reconstruction during the real-time 
catalytic process (Fig. 2e and 2f). It was conducted in the potential 
range from 0.32 to 0.62 V (vs. Ag/AgCl) with an interval of 0.05 V. A 
characteristic peak located at 487 cm− 1 assigned to the characteristic 
mode of Ni(OH)2 [46] is observed from 0.32 to 0.52 V in KOH and from 
0.32 to 0.37 V in KOH + Fe(III). Two new characteristic peaks at 472 and 
552 cm− 1 emerge from 0.57 V in KOH attributed to the depolarized Eg 
mode (bending, denoted as B peak) and polarized A1g mode (stretching, 
denoted as S peak) of γ-NiOOH, respectively [47,48]. In KOH + Fe(III), 
the two new peaks appear from 0.42 V and slightly shift to a lower 
frequency of 471 and 552 cm− 1. The characteristic peaks of NiOOH 
appeared at 0.57 V and 0.42 V in KOH and KOH + Fe(III) are in the same 
trend with the onset potentials of 1.60 V and 1.45 V (vs. RHE) in Fig. S4. 
On both the in situ Raman and LSV measurements, the Fe(III) containing 
system exhibited a shift to a lower anodic potential by 150 mV, indi
cating that Fe(III) greatly improves the OER activity by facilitating the 
Ni2+ to Ni4+ transition, and thus, decrease the overpotential consump
tion for the transformation of Ni(OH)2 to γ-NiOOH [46,48–51]. The high 
ratio of B peak to S peak (IB/IS) also demonstrates the formation of 
γ-NiOOH, which contains highly oxidized nickel species and provides 
higher OER activity [52,53]. The Ni(OH)2 in KOH + Fe(III) shows higher 
IB/IS than that in KOH during the whole OER process, confirming the 
higher OER activity catalyzed by Fe(III). To investigate the change of 

Fig. 1. (a) The LSV curves of Ni(OH)2 in 1.0 M KOH with and without different concentration of Fe(III); (b) The comparisons of LSV curves of Ni(OH)2 in 1.0 M KOH 
(KOH) and 1.0 M KOH with 500 μM Fe(III) (KOH + Fe(III)), and NiFe-LDH in KOH; (c) Comparisons of J@1.6 V and η100 of Ni(OH)2 in KOH and KOH + Fe(III); (d) 
The Tafel plots of Ni(OH)2 in KOH and KOH + Fe(III). 
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ECSA after Fe(III) addition, the Cdl measurements were conducted on Ni 
(OH)2 in KOH and KOH + Fe(III) (Fig. S7). Interestingly, the Cdl values 
in KOH + Fe(III) (6.8 mF cm− 2) decreases slightly than that in KOH (8.4 
mF cm− 2), revealing that the OER enhancement in the system could be 
attributed to the catalysis effect of Fe(III). The above electrochemical 
and Raman data indicate that the Fe(III) improves the OER activity of Ni 
(OH)2 and would further promote the surface phase evolution during 
electrochemical activation. 

Previous reports declare that the active catalytic interface can be 
updated in situ by directional adjustment of dynamic equilibrium [54], 
but the mechanism is still elusive. Besides, the achieved current density 
and attended time are far from satisfying the strict criteria of commercial 
application. To ascertain the concrete enhancement effect of Fe(III) and 
the stability in the Fe(III) containing system, the LSVs and chro
nopotentiometry (CP) measurements at a larger current density of 1000 

mA cm− 2 for 50 h of Ni(OH)2 electrode in KOH and KOH + Fe(III), and 
Fe(III)-activated/absorbed Ni(OH)2 in KOH were compared. Fe(III)- 
activated Ni(OH)2 was preactivated in KOH + Fe(III) by 50 CVs in the 
range of 0.1–0.6 V (vs. SCE), while the Fe(III) absorbed Ni(OH)2 was 
absorbed in KOH + Fe(III) for the same time. As shown in Fig. 3a, the Ni 
(OH)2 electrode in KOH + Fe(III) and the Fe(III)-activated/absorbed Ni 
(OH)2 all demonstrate higher current density than that in KOH, indi
cating the Fe(III) species offer significant contribution to the OER ac
tivity. Moreover, the OER performance of Fe(III)-activated Ni(OH)2 is 
better than that of absorbed one, which implies more active interme
diate species generate on the surface of electrode through pre-activation. 
However, both the pristine Ni(OH)2 and Fe(III)-activated/absorbed Ni 
(OH)2 electrodes show unsatisfying OER stability (Fig. 3b) compared 
with that in KOH + Fe(III). As shown in Fig. 3b, both the potentials of CP 
curves in KOH and KOH + Fe(III) display decrement in the beginning, 

Fig. 2. Bode-phase plots of Ni(OH)2 for different applied potentials in (a) KOH and (b) KOH + Fe(III); CV profiles for 40 cycles of the Ni(OH)2 in (c) KOH and (d) 
KOH + Fe(III) at a scanning rate of 5 mV s− 1; In situ Raman spectra of Ni(OH)2 measured in (e) KOH, and (f) KOH + Fe(III) in the potential range from 0.32 to 0.62 V 
(vs. Ag/AgCl) with an interval of 0.05 V. 
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which might due to the activation of the Ni(OH)2 electrode. After that, 
the CP curve in KOH shows potential increases evidently, indicating the 
severe activity degradation of Ni(OH)2. While in KOH + Fe(III), the 
potential keeps constant, revealing Fe(III) plays a key role in realizing 
robust stability. To further illustrate the enhancement effect of Fe(III) in 
this system, we compare the OER activity by LSV measurements 
(Fig. S8a and 3c) and the Cdl values (Fig. S8b, S9 and 3d) of Ni(OH)2 
after testing in KOH + Fe(III) for different time (0, 2, 4, 10, 50, 600 h). 
Surprisingly, the electrode shows no evident changes in OER current 
density and Cdl values even after 600 h compared with the initial test. 
The oxidation peak of the transition from Ni2+ to Ni3+ shift toward 
higher potential with testing time, indicative of more and more Fe(III) 
incorporation with testing time (the inset in Fig. 3c). However, the OER 
performances almost keep unchanged over testing time, suggesting that 
the promoted OER activity is not mainly ascribed to the formation of 
NiFe bimetallic compounds. 

To obtain insight into the evolution of the surface structure and the 
relationship between the catalytic activity and the surface structures of 
the electrodes, the morphology of the pristine Ni(OH)2, Ni(OH)2 elec
trode after CP testing for 50 h in KOH and KOH + Fe(III), and 600 h in 
KOH + Fe(III) were characterized. The FE-SEM images in Fig. 3e and 3f 

show Ni(OH)2 electrodes before and after testing in KOH. Compared to 
the fresh Ni(OH)2 sample, the nanosheet structures collapse after 
running for 50 h, which might result in the OER activity deterioration 
(Fig. 3b). Interestingly, the nanosheets are intact and new nanofusiform 
particles with the length of ~ 200 nm and width of ~ 50 nm are 
deposited on the surface of the electrode after testing in KOH + Fe(III) 
for 50 h (Fig. 3g) and the number of the particles substantially increase 
after testing for 600 h (Fig. 3h and S10). The XRD patterns are used for 
identifying the structure of the samples (Fig. S11). However, only the 
peaks of Ni metal are observed on both the samples after testing in KOH 
and KOH + Fe(III), the same as pristine Ni(OH)2 sample, maybe due to 
the low content or amorphous structure of the intermediates. The TEM 
image exhibits the same nanosheet array and nanospindle morphology 
of the sample after CP testing for 50 h in KOH + Fe(III) (Fig. 4a) in good 
agreement with the SEM images, while the HRTEM (Fig. 4b) shows that 
the nanosheet consists of NiOOH and the nanospindle of FeOOH struc
ture. The interplanar spacing of 0.179 nm and 0.295 nm are assigned to 
NiOOH(108) and FeOOH(220), respectively. The selected area electron 
diffraction (SAED) pattern shows a set of diffraction dots (Fig. 4c), 
corresponding to the (110) plane of NiOOH, (324), (400), and (410) 
planes of FeOOH, respectively, which confirms that the surface species 

Fig. 3. (a) LSV curves and (b) CP plots of the Ni(OH)2, Fe(III)-activated and Fe(III)-absorbed Ni(OH)2 obtained from KOH as well as the Ni(OH)2 obtained from KOH 
+ Fe(III); (c) The LSV curves and (d) Cdl values of the Ni(OH)2 obtained from KOH + Fe(III) after the CP test for different time (0, 2, 4, 10, 50, 600 h); SEM images of 
(e) Ni(OH)2, Ni(OH)2 after CP test for 50 h (f) in KOH, 50 h (g) and (h) 600 h in KOH + Fe(III). 
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are NiOOH and FeOOH. The high-angle annular dark-field scanning 
TEM (HAADF-STEM) (Fig. 4d) and the EDS analysis (Fig. 4e-4 h) of the 
sample demonstrates the uniform dispersion of Fe, Ni and O. The EDS 
maps of the sample obtained from the SEM equipped with the EDS de
tector also show uniform distributions of Fe, Ni and O in both the 
nanosheet and nanofusiform structure (Fig. S12), indicating that the in 
situ formed NiOOH is doped with Fe (Fe-NiOOH) and FeOOH is doped 
with Ni (Ni-FeOOH). The in situ EIS analysis was conducted at various 
potentials on the Ni(OH)2 electrode and Fe-NiOOH/Ni-FeOOH con
taining Ni(OH)2 electrode in KOH + Fe(III) solution to determine the 

effect of the bimetallic interfaces on the reaction kinetics. Before the EIS 
measurements, the Ni(OH)2 electrode performed CP testing for 50 h to 
form the constructed interface (Fe-NiOOH/Ni-FeOOH). The Bode phase 
diagram of the Fe-NiOOH/Ni-FeOOH contained electrode shows the 
same inflection points at 1.5 V in the low-frequency region as that of the 
Ni(OH)2 electrode in KOH + Fe(III) (Fig. S13a and S13b), which are 
consistent with the OER activity in Fig. 3c. Meanwhile, the phase angle 
value and the charge transfer resistance (Fig. S13c and S13d) of the 
electrode with Fe-NiOOH/Ni-FeOOH interfaces are similar with that of 
the Ni(OH)2 electrode in KOH + Fe(III), which further indicates that the 

Fig. 4. (a) TEM image, (b) HRTEM image, (c) SAED pattern, (d) HAADF-STEM images and (e-h) EDS maps of the Ni(OH)2 after CP test for 50 h in KOH + Fe(III).  

Fig. 5. (a) XPS survey, (b) XPS Fe 2p, (c) XPS Ni 2p, and (d) XPS O 1 s spectra of the Ni(OH)2, Ni(OH)2 after CP test for 50 h in pKOH and KOH as well as CP test for 
50 h in KOH + Fe(III). 
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Fe(III) ions play the main role in improving the reaction kinetics. 
The surface environment and valence states of the samples were 

further analyzed by XPS, involving the sample of pristine Ni(OH)2, the 
Ni(OH)2 after CP test for 50 h in pKOH, KOH, and KOH + Fe(III). In the 
survey spectra, all the samples exhibit the presence of Ni and O ele
ments, while the Fe element only occurs on the samples after 50 h-tested 
in KOH and KOH + Fe(III) (Fig. 5a). In the fine Fe 2p spectra, the sample 
of 50 h-tested in KOH also shows the Fe composition, which should be 
stemmed from the Fe impurity in KOH. In Fe 2p spectra, four pairs of 
peaks are fitted, in which the binding energies at 712.3 and 725.8 eV are 
assigned to Fe3+ species and those 710.2 and 723.8 eV originate from 
Fe2+ species (Fig. 5b) [55]. The Fe2+ and Fe3+ peaks in the Fe 2p3/2 
region both shift to higher binding energy of the sample in KOH + Fe 
(III), which implies the generation of Fe species with high oxidation 
state. In Ni 2p spectra, the fitting peak at 858.8 and 877.3 eV are 
characteristic of Ni3+ and those at 856.4 and 873.9 eV correspond to 
Ni2+ (Fig. 5c) [56]. For the sample after testing in Fe(III)-containing 
electrolyte, the Ni2+ and Ni3+ in Ni 2p3/2 region both shift to lower 
binding energy, indicating that Fe(III) incorporation endows the Ni on 

the surface with electron-rich state favoring the pre-oxidation of Ni 
species and promoting the OER activity. The opposite binding energy 
shift of Fe 2p and Ni 2p peak reveals the electronic interaction between 
Fe and Ni. The O 1 s spectra in Fig. 5d present three binding energies at 
530.4, 531.5, and 532.3 eV, which are ascribed to the lattice of oxides, 
hydroxides, and absorbed water, respectively [57]. The compositions of 
the samples were further investigated by ex situ Raman spectra on 
pristine Ni(OH)2, and Ni(OH)2 after LSV and CP testing in KOH and 
KOH + Fe(III). As shown in Fig. S14, the peaks of NiIII-O ascribed to 
NiOOH exist on all the samples except pristine Ni(OH)2 [52,53]. The 
intensity of NiIII-O is more larger in the sample after testing in Fe(III) 
containing electrolyte, implying that Fe(III) promote the generation of 
intermediate. However, the peak of Fe-O only appears on the sample 
after CP testing in KOH + Fe(III) [40,49,58], indicating the FeOOH in
termediate can only generate in the Fe(III) containing environment. 

Based on the above results, the Fe-NiOOH/Ni-FeOOH interfaces are 
totally formed in situ after the 50-h CP measurement. The OER activity 
and the corresponding Cdl values do not change with different CP testing 
time (Fig. 3c and 3d), which demonstrates that maybe the Fe-NiOOH/ 

Fig. 6. (a) CP plots of the Ni(OH)2 in KOH + Fe(III) for 50 h and then in KOH for 150 h, followed by another 24 h after adding Fe(III) to KOH; (b) Proposed Fe ion- 
catalyzed mechanism of OER in alkaline electrolyte on Ni(OH)2 electrode; (c) Long-term stability test of the two-electrode system with the Ni(OH)2 as the anode and 
Pt/Ni-Mo as the cathode in 1/3 M KOH containing 500 μM Fe(III) at 25/60 ◦C at a current density of 1,000 mA cm− 2; (d) LSV curves before and after the stability test 
in KOH + Fe(III) at 25 ◦C; (e) Faradaic efficiency of the Ni(OH)2||Pt/Ni-Mo in KOH + Fe(III) at 25 ◦C at a current density of 200 mA cm− 2. 
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Ni-FeOOH structure forms in situ even after a LSV test with a short 
testing time. Moreover, the pH dependence of Ni(OH)2 in KOH + Fe(III) 
was performed to examine the OER mechanism (Fig. S15). The parallel 
Nernst shifts (the inset of Fig. S15a) of the polarization curves can be 
observed under different pH values of 13.15, 13.44, 13.55, and 13.71 
indicating one H+/OH– per electron transfer [59]. By plotting the po
tential versus pH values at the current density of 5 mA cm− 2, the current 
density selected to alleviate the influence of electrochemical polariza
tion under high current density, a 57.8 mV/pH potential shift was ob
tained (Fig. S15b), which is very close to the theoretical value of AEM 
(59.1 mV/pH) [60]. Taking the above results into account, Fe(III) pro
motes the OER kinetics by the cyclical formation of intermediates (Fe 
(III) → (Ni)Fex+ → (Ni)Fe-OH → (Ni)Fe-O → (Ni)Fe-OOH → Fe(III) 
(+O2)) on the electrode/electrolyte interface, and thus, the constant Fe 
(III)-containing environment is vital to maintaining the stability of the 
system. As shown in Fig. 6a, the Ni(OH)2 electrode is first tested for 50 h 
in KOH + Fe(III) for the generation of Fe-NiOOH/Ni-FeOOH structures, 
during which the electrode shows no obvious degradation on OER ac
tivity. After that, the Fe-NiOOH/Ni-FeOOH contained electrode was 
immersed in deionized water for 5 h to eliminate the absorbed Fe(III) 
and then tested in fresh KOH, and the results show that the OER activity 
of the cleaned electrode gradually decreases with testing time. Inter
estingly, the oxidation potential immediately plummet to the initial 
value after addition of Fe(III) to the alkaline electrolyte, indicating that 
OER activity recovers to the original excellent level. The LSV curves 
(Fig. S16) corresponding to the same stage in Fig. 6a demonstrate the 
same phenomenon. All the above results suggest that although some Fe- 
NiOOH/Ni-FeOOH form in situ in the system, the availability of Fe(III) in 
the alkaline electrolyte is critical to maintain the OER efficiency via 
cyclical evolution of (Ni)Fe-based intermediate. The well agreed OER 
mechanism for transition metal-based catalysts is the adsorbate evolu
tion mechanism (AEM), where the active site M of a (pre)catalyst ex
periences evolution of M → M− OH → M− O → M− OOH → M to emit O2 
and OER cycling occurs no matter what the starting (pre)catalyst is. 
Hence, according to the AEM mechanism, we hypothesize that the OER 
process is Fe3+ → (Ni)Fex+ → (Ni)Fe-OH → (Ni)Fe-O → (Ni)Fe-OOH → 
Fe3+ on the electrodes to release O2 as shown in Fig. 6b. 

3.3. The water splitting system with Fe(III) availability 

For industrial applications, the large current density (1000 mAcm− 2- 
level) and long-term stability (over 1000 h), especially at low over
potentials (<300 mV), are critical standards, which means a high rate of 
hydrogen production [61,62]. To demonstrate the feasibility of Fe(III)- 
catalyzed system for electrochemical water splitting under high cur
rent density, the electrolyzer was constructed with Ni(OH)2 electrode as 
anode and Pt/Ni-Mo electrode as cathode in the 500 μM Fe(III)- 
containing alkaline electrolyte (Fig. 6b). The electrolyte was operated 
in KOH electrolyte with different concentration (1 M and 3 M) and at 
different temperature (25 and 60 ◦C) to simulate the industrial condi
tions. Fig. S17 shows the LSV curves (without iR compensation) of the 
electrolyzer in different operating conditions, including 1 M KOH with 
500 μM Fe(III) at 25/60 ◦C and 3 M KOH with 500 μM Fe(III) at 25/ 
60 ◦C. The long-time stability under high current density of 1000 mA 
cm− 2 is shown in Fig. 6c. Tested in 1 M KOH at 25 ◦C for 600 h, the 
system only exhibits negligible potential increase. As the real concen
tration of Fe(III) ions possibly decreases with time due to the in situ 
construction of Fe-NiOOH/Ni-FeOOH interfaces on the surface of the 
electrode and the colloidal formation of Fe(OH)3 in the alkaline elec
trolyte, the alkaline solution with Fe (III) addition need to be replaced 
regularly. By replacing the Fe(III)-containing electrolyte every 120 h, 
the performance can return to the original level. Fig. 6d compares the 
LSV curve before and after 600-h test. The water splitting activity of the 
electrolyzer shows obvious decay after reaction but can recover by 
replacing the Pt/Ni-Mo cathode with a new one. The results indicate that 
the slightly increasing potential in Fig. 6c might be due to the 

deterioration of the cathode or the formation and release of gas bubbles. 
The Ni(OH)2 after testing for 600 h exhibits the similar nanosheet and 
nanofusiform materials as that of 50 h (Fig. 3g, 3 h, and S10). The 
system operated in Fe(III) containing 1 M KOH and 3 M KOH at 60 ◦C 
also exhibits the robust stability for 200 h respectively (Fig. 6c and S18). 

The Faradaic efficiency (FE) is an important parameter to evaluate 
the efficiency for hydrogen and oxygen production in electrochemical 
water splitting system. FE of the Ni(OH)2 involved electrolyzer for 
hydrogen and oxygen production catalyzed by Fe(III) is conducted at 
current densities of 100 and 200 mA cm− 2 (Fig. 6e and Fig. S19) for 
three parallel tests. The FE for hydrogen production at 100 and 200 mA 
cm− 2 are both about 100 %, whereas the FE for oxygen production in
creases from about 97.05 % at 100 mA cm− 2 to about 99.39 % at 200 
mA cm− 2. The phenomenon might be due to that the in situ formation of 
nanofusiform material Ni-FeOOH requires some applied electricity. 
With the current density increasing, the ratio of electricity to generate 
Ni-FeOOH is relatively low, thus producing a larger FE. 

4. Conclusions 

A simple, cost-effective, and efficient strategy to enhance the OER 
performance is described. The Ni(OH)2 nanosheet arrays electrode 
shows significantly boosted OER activity and dynamical stability when 
Fe(III) is added to the KOH solution. The electrochemical analysis and 
structure characterization are performed to investigate the catalysis ef
fect of Fe(III). The results indicate that Fe(III) not only enhances the 
reaction kinetics, but also serves as active sites via the cyclical genera
tion of intermediate Fe(III) → (Ni)Fex+ → (Ni)Fe-OH → (Ni)Fe-O → (Ni) 
Fe-OOH → Fe(III) to emit O2, and the Fe-NiOOH/Ni-FeOOH interfaces 
forms in situ on the surface of Ni(OH)2 electrode. The Fe(III)-catalyzed 
water-splitting system exhibits robust stability at large current den
sities. Under industrial conditions, degradation during the reaction can 
be recovered by replacing the Fe(III) containing electrolytes. This study 
reveals a new perspective in the design of efficient and stable water 
splitting systems for commercial applications. 
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Fig. S1. SEM images of (a) Ni foam, (b) Ni(OH)2.
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Fig. S2. The CV curves of (a) Ni(OH)2, and (b) Ni foam in 1.0 M KOH, in the non-

Faradaic range of 0.10-0.20 V with scanning rates of 2, 4, 6, 8, and 10 mV/s. (c) The 

corresponding Cdl values. 
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Fig. S3. The LSV curves of Ni(OH)2 in KOH and pKOH.
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Fig. S4. The LSV curves of Ni(OH)2 in KOH and KOH + Fe(III).



6 

 

 
 

 

Fig. S5. (a) The LSV curves of Ni(OH)2 and Ni foam in KOH and KOH + Fe(III); (b) 

Comparisons of J@1.6 V and η100 of Ni(OH)2 and Ni foam in KOH and KOH + Fe(III).
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Fig. S6. (a, b) Bode-phase plots and (c, d) Nyquist plots of Ni(OH)2 for different applied 

potentials in KOH and KOH + Fe(III), respectively. 
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Fig. S7. The CV curves of Ni(OH)2 in (a) KOH, and (b) KOH + Fe(III) in the non-

Faradaic range of 0.10-0.20 V with scanning rates of 2, 4, 6, 8 and 10 mV/s. (c) The 

corresponding Cdl values.
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Fig. S8. (a) CP plot of Ni(OH)2 in KOH + Fe(III); (b) The Cdl values of the Ni(OH)2 

obtained from KOH + Fe(III) after the CP test for different time (0, 2, 4, 10, 50 h).  
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Fig. S9. The CV curves of Ni(OH)2 in KOH + Fe(III) after CP testing in KOH + Fe(III) 

for (a) 0 h, (b) 2 h, (c) 4 h, (d) 10 h, and (e) 50 h in the non-Faradaic range of 0.10-0.20 

V with scanning rates of 2, 4, 6, 8 and 10 mV/s. 
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Fig. S10. Low-magnification SEM images of (a) Ni(OH)2, Ni(OH)2 after CP test for 50 

h (b) in KOH, 50 h (c) and (d) 600 h in KOH + Fe(III). 

  



12 

 

 

 
Fig. S11. XRD patterns of Ni(OH)2, Ni(OH)2 after the CP test for 50 h in KOH and 

KOH + Fe(III).
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Fig. S12. EDS maps of Ni(OH)2 after 50 h-CP testing obtained from the SEM equipped 

with the EDS detector. 
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Fig. S13. (a, b) Bode-phase plots and (c, d) Nyquist plots of Ni(OH)2 and Ni(OH)2 with 

Fe-NiOOH/Ni-FeOOH construction interfaces for different applied potentials in KOH 

+ Fe(III). 
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Fig. S14. Raman scattering of Ni(OH)2, Ni(OH)2 after the LSV test in KOH and KOH 

+ Fe(III) as well as CP test in KOH + Fe(III) for 10 h and 50 h.
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Fig. S15. (a) LSV curves (without iR compensation) of Ni(OH)2 in KOH + Fe(III) at 

different pH values (13.15, 13.44, 13.55, and 13.71), (b) The potentials of Ni(OH)2 in 

KOH + Fe(III) under different pH at current densities of 5 mA cm-2. The slope 

corresponds to the Nernst shift.
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Fig. S16. (a) CP plots of the Ni(OH)2 in KOH + Fe(III) for 50 h and then in KOH for 

150 h, followed by another 24 h after adding Fe(III) to KOH; (b) LSV curves of the 

electrode obtained from the specific time indexed in the CP test (a). 
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Fig. S17. The LSV curves (without iR compensation) of two-electrode system with 

Ni(OH)2 as anode and Pt/Ni-Mo as cathode in 1 M, 3 M KOH at 25/60 ℃ KOH with 

500 μM Fe(III). 
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Fig. S18. The chronopotentiometry of two-electrode system with Ni(OH)2 as anode and 

Pt/Ni-Mo as cathode in (a) 1 M and (c) 3 M KOH at 60 ℃ KOH with 500 μM Fe(III). 

(b) and (d) the corresponding LSV curves before and after stability test of (a) and (b). 
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Fig. S19. Faradaic efficiency test of two-electrode system with Ni(OH)2 as anode and 

Pt/Ni-Mo as cathode in KOH + Fe(III) at the current density of (a) 100, and (b) 200 mA 

cm-2. 
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