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1. Introduction

The increasing energy consumption and 
environmental problems urge the devel-
opment of clean energy resources. As 
a clean and carbon-neutral energy car-
rier, hydrogen has been proposed as an 
appealing alternative to fossil fuels. In 
the ideal scenario, hydrogen is produced 
through water splitting driven by a renew-
able and clean source of energy, such as 
solar and wind power.[1–4] Generally, water 
splitting is proceeded through two funda-
mental half-reactions: the hydrogen evolu-
tion reaction (HER) at the cathode and the 
water oxidization reaction, also known as 
the oxygen evolution reaction (OER), at the 
anode. As compared with HER, the process 
of OER involves more complicated electron 
transfer processes, which leads to slug-
gish kinetics and sets a bottleneck for the 
energy-efficient full water splitting.[5] Pre-
cious metal oxides, such as IrO2 and RuO2, 
are then employed as active electrocatalysts 
for OER that can accelerate the reaction 
rate reducing energy consumption; how-
ever, their applications are limited to small 
scales owing to their high-cost, scarcity, 
and low stability under the working condi-

tions.[6,7] Therefore, tremendous research effort has been devoted 
to the exploration of alternative electrocatalysts by utilizing 
low-cost earth-abundant metals.[8–13] To date, a variety of earth-
abundant materials, particularly metal oxide/hydroxide based 
on first-row transition metal elements including Ni, Co, Fe, and 
Mn, have been demonstrated as promising OER catalysts.[13,14] 
For example, their amorphous counterparts have the superior 
activities for OER catalysis because of the lattice distortion and 
surface dangling bonds that are favorable for the generation of 
catalytically active *OOH intermediates, which are essential for 
the OER process.[15–20] In addition, owing to the relative loose 
packing of atoms, amorphous electrocatalysts possess the high 
structural flexibility, enabling the catalytically active sites to 
adjust to any geometry required for electrocatalysis.[21] Moreover, 
due to the structural disorder, foreign atoms can be easily incor-
porated into an amorphous phase to form a hybrid catalyst there 

Earth-abundant amorphous nanomaterials with rich structural defects 
are promising alternative catalysts to noble metals for an efficient electro-
chemical oxygen evolution reaction; however, their inferior electrical con-
ductivity and poor morphological control during synthesis hamper the full 
realization of their potency in electrocatalysis. Herein, a rapid surface-guided 
synthetic approach is proposed to introduce amorphous and mixed-metal 
oxyhydroxide overlayers on ultrathin Ni-doped MnO2 (NiMnO2) nanosheet 
arrays via a galvanic replacement mechanism. This method results in a 
monolithic 3D porous catalyst with a small overpotential of only 232 mV to 
achieve a current density of 10 mA cm−2 in 1 m KOH, which is much lower 
than the corresponding value of 307 mV for the NiMnO2 reference sample. 
Detailed structural and electrochemical characterization reveal that the 
unique NiMnO2 ultrathin nanosheet arrays do not only provide a large 
surface area to guide the formation of active amorphous catalyst layers but 
also ensure the effective charge transport owing to their high electron con-
ductivity, collectively contributing to the greatly improved catalyst activity. It 
is envisioned that this highly operable surface-guide synthetic strategy may 
open up new avenues for the design and fabrication of novel 3D nanoarchi-
tectures integrated with functional amorphous materials for broadened 
ranges of applications.

Dr. M. Fang, D. Han, W.-B. Xu, Y. Shen, Prof. Y. Lu, Dr. P. Cao, Dr. S. Han, 
Dr. W. Xu, Prof. D. Zhu, Prof. W. Liu
Shenzhen Key Laboratory of Special Functional Materials
Guangdong Research Center for Interfacial Engineering 
of Functional Materials
College of Materials Science and Engineering
Shenzhen University
1066 Xueyuan Avenue, Nanshan District, Shenzhen 518060, China
E-mail: Liuwj@szu.edu.cn
Prof. J. C. Ho
Department of Materials Science and Engineering
City University of Hong Kong
Tat Chee Avenue, Kowloon, Hong Kong SAR 999077, China
E-mail: johnnyho@cityu.edu.hk

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aenm.202001059.

Adv. Energy Mater. 2020, 10, 2001059

http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202001059&domain=pdf&date_stamp=2020-06-05


www.advenergymat.dewww.advancedsciencenews.com

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2001059 (2 of 8)

with synergistically improved catalytic characteristics.[22] Apart 
from all these advantages, amorphous catalysts often suffer 
from their low electrical conductivities that restrict the further 
improvement of their catalytic performances. Also, the loading 
of amorphous catalysts on electrodes usually requires the use of 
nonconductive polymer binders, which inevitably leads to poor 
interparticle connections and eventually causes compromised 
performances. In this regard, direct growth of nanostructured 
catalysts on conductive 3D substrates would offer an effective 
approach to alleviate all these above-mentioned issues.[23] Unfor-
tunately, it is still difficult to achieve the controllable growth of 
amorphous nanomaterials with predesigned aspect ratio and ori-
entations as a result of the lack of crystalline lattice.

In this work, we demonstrate a facile surface-guided method 
to fabricate active amorphous catalyst layers by utilizing nickel 
foam (NF)-supported ultrathin Ni-doped MnO2 (NiMnO2) 
nanosheet arrays as the starting material. Then, there is a 
surface reconstruction process initiated by a simple galvanic 
replacement reaction between Fe2+ and MnO2 nanosheets in a 
FeSO4 solution at room temperature, which facilitates the rapid 
formation of amorphous mixed-metal oxyhydroxide (denoted 
as ammo@MnO2) overlayers on the nanosheets by selective 
dissolution of Mn and simultaneously precipitation of Ni and 
Fe on the surface. It is impressive that the obtained ammo@
MnO2 catalysts require an overpotential of only 232  mV to 
achieve a current density of 10  mA  cm−2 in 1  m KOH, which 
is much smaller than the corresponding values of 307 and 
338 mV for the reference samples of NiMnO2 and NF, respec-
tively. Importantly, the ammo@MnO2 catalyst also exhibits the 
high stability for OER under alkaline conditions, delivering 
a stable overpotential for at least 40  h at a current density of 
100 mA cm−2 in the chronopotentiometry test.

2. Results and Discussion

The preparation of ammo@MnO2/NF was achieved via a 
two-step method, including the in situ hydrothermal growth 
of ultrathin NiMnO2 nanosheet arrays on NF, followed by a 
short-time (30s) immersion treatment in an aqueous solution 
of FeSO4 for the deposition of amorphous (Ni, Fe)-containing, 
mixed-metal (oxy)hydroxide on the NiMnO2 nanosheet surface 
as detailed in the Experimental Section. The formation mecha-
nism is illustrated in Scheme 1. During the solution treatment, 
galvanic replacement reactions occurred between NiMnO2 
and Fe2+ due to the difference in standard redox potentials (E0) 
of the FeOOH(s)/Fe2+ (0.74 V) and MnO2(s)/Mn2+ (1.23 V) cou-
ples, where the solid-state Mn(IV) was reduced to dissolutive 
Mn2+ by Fe2+ under the assistance of H+, producing Fe3+ and 
OH− simultaneously and then leading to the oxidative deposi-
tion of Fe3+ in the form of oxide or oxyhydroxide.[24,25] Mean-
while, the released Ni2+ or Ni3+ species from NiMnO2 would 
also get reprecipitated with OH− on the surface.

In this work, ultrathin birnessite-type MnO2 (δ-MnO2) 
nanosheets arrays were grown on a piece of commercial NF 
by the hydrothermal method in a KMnO4 aqueous solution. 
Scanning electron microscope (SEM) images confirm the uni-
form coating of ultrathin nanosheets on the nickel substrate 
(Figure S1, Supporting Information) similar to those as 

reported.[26] The layered microstructures were further identi-
fied in the transmission electron microscope (TEM) image as 
shown in Figure  1a. The corresponding selected area electron 
diffraction (SAED) pattern (Figure 1b) shows a typical polycrys-
talline nature of the nanosheets with three predominant diffrac-
tion rings which can be indexed to the (200), (201), and (114) 
atomic planes of the δ-MnO2 structure (PDF#80-1098), respec-
tively. Through high-resolution TEM (HRTEM), well-defined 
atomic layers with an interlayer spacing of about 0.695 nm were 
observed (Figure 1c), corresponding to the (001) atomic planes of 
δ-MnO2. Moreover, at the middle region of the shown nanosheet, 
the (111) planes of δ-MnO2, with a lattice spacing of 0.227 nm, 
have also been clearly resolved (Figure  1d). Careful investiga-
tion on isolated nanosheets in TEM coupled with energy disper-
sive X-ray (EDS) spectrum further disclosed that a considerable 
amount of Ni has been incorporated into the MnO2 nanosheets, 
with the atomic ratio of Mn:Ni:K = 33:4:9, while all of the con-
stituent elements are uniformly distributed in the nanosheets 
(Figure S2, Supporting Information). The Ni is likely originated 
from the nickel foam during the hydrothermal synthesis. Spe-
cifically, the E0 of the Ni2+/Ni(s) and MnO4

−/MnO2(s) couples 
are −0.236 and 1.692  V, respectively, which allows the nickel 
substrate to release Ni2+ that can be subsequently incorporated 
into the MnO2 nanosheets during the hydrothermal process. 
Notably, Elshof et  al.[27] have recently revealed that the atomic-
level substitutional doping of 3d metal ions (Co, Fe, Ni) in 
ultrathin MnO2 nanosheets can introduce new electronic states 
near the Fermi level. This way, the electronic conductivity of the 
material can be enhanced, which implies that the incorporation 
of Ni would be beneficial for efficient charge transfer in OER 
catalysis. At the same time, these Ni dopants can provide metal 
sources for the formation of amorphous mixed oxyhydroxides 
on the nanosheet surface.

The ammo@MnO2 catalysts were as well comprehensively 
characterized. SEM shows that the samples have preserved 
the layered microstructure without any noticeable degrada-
tion (Figure S3, Supporting Information). However, fur-
ther investigation in TEM clearly reveals that surfaces of the 
nanosheets become evidently roughened as compared to that 
of NiMnO2 (Figure  1e). As depicted in the HRTEM images 
(Figure  1g,h), significant lattice disturbance has also been 
observed, making it difficult to identify the lattice fringes. The 
SAED pattern (Figure 1f, corresponding to Figure 1e) presents 
no structural change except the appearance of the diffraction 
ring at the innermost position, corresponding to (002) plane 
of the δ-MnO2. These observations suggest that while the 
surfaces of nanosheets have been significantly modified, the 
main birnessite structure is still largely preserved as the skel-
eton, whereas no other crystalline phase was formed during 
the solution treatment. EDS spectrum (Figure S4, Supporting 

Scheme 1. Process of the surface-guided formation of ammo@MnO2 via 
the galvanic replacement reaction.
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Information) confirms the precipitation of Fe with an atomic 
ratio of Mn:Ni:Fe:K being 12.3:5.9:7.6:1.5. The decreased Mn/Ni 
ratio indicates the loss of Mn in content and the enrichment 
of Ni on the surface, which is consistent with the mechanism 
as proposed in Scheme 1. Figure 1i–m displays the high-angle 
annular dark field-scanning transmission electron microscopy 
(HAADF-STEM) and the corresponding EDS mapping images. 
As can be seen, the Mn, Fe, and Ni elements are uniformly dis-
tributed in the nanosheets. All these results evidently indicate 
the formation of NiFe-containing amorphous overlayers on 
the NiMnO2 nanosheets.

X-ray photoelectron spectroscopy (XPS) was next employed 
to evaluate the surface chemical bonding states of the samples. 
The high-resolution Mn 3s spectra were utilized to distinguish 
the Mn oxidation states. As shown in Figure 2a, both NiMnO2 
and ammo@MnO2 exhibit two multiplet-splitting peaks, with 
a binding energy (B.E.) separation (ΔE3S) of 4.5 eV between the 
peaks, indicating that Mn existed mainly in the Mn4+ state.[28] 
The high-resolution Mn 2p spectra were also measured and dis-
played in Figure S5 (Supporting Information). Unfortunately, 
the overlapping of strong Ni Auger signals (as indicated by the 
evident observation of 2p3/2 to 2p1/2 intensity ratio being larger 
than 2:1) makes it difficult to apply a quantitative analysis of 
the peaks, especially for the ammo@MnO2 sample.[29,30] In 
any case, the pronounced Ni Auger peak intensity in ammo@
MnO2 implies the increased exposure of Ni substrate due to 
the removal of MnO2 during the Fe2+ treatment. The Ni 2p 
spectra (Figure  2b) consist of two peaks for the Ni 2p3/2 and 
Ni 2p1/2 components and their shake-up satellites. Peak fitting 
reveals the coexistence of Ni2+ (856.0, 873.4 eV) and Ni3+ (857.0, 
875.0  eV) in both of the samples.[31–33] Meanwhile, ammo@
MnO2 has a higher Ni3+/Ni2+ peak intensity ratio as compared 

with the one of the original NiMnO2. It is not surprising to 
have Ni3+ species in the samples, as the oxidization of Ni2+ into 
Ni3+ at the surface was feasible given that the E0 of NiOOH(s)/
Ni(OH)2(s) is 0.49 V, being much lower than the one of MnO4

−/
MnO2(s). In addition, during the Fe2+ solution treatment, the 
redox reaction between the Fe2+ and NiMnO2 produced Fe3+-
based species, which also held the capacity to oxidize Ni2+ 
into Ni3+ and yielded to increased Ni3+/Ni2+ atomic ratio in 
the ammo@NiMnO2 sample. Notably, it has been proposed 
that Ni3+-rich surfaces can benefit the formation of NiOOH as 
active sites for OER.[18,34,35] The Fe 2p spectrum (Figure 2c) of 
ammo@MnO2 shows two dominant peaks at 712.4 and 725.9 eV 
corresponding to Fe 2p3/2 and Fe 2p1/2, respectively. The B.E. 
difference of 13.5  eV between the Fe 2p3/2 and Fe 2p1/2 peaks 
as well as the appearance of a peak at 57.1 eV in the Fe 3p spec-
trum (Figure S6, Supporting Information) consistently indicate 
the presence of Fe3+.[36] The Fe 2p spectrum was further decon-
voluted into two pairs of doublets which could be assigned to 
Fe3+ in the oxide (711.9, 725.2  eV) and oxide–hydroxide (714.0, 
727.7 eV) forms, accordingly.[37,38] The O 1s spectra (Figure 2d) 
exhibited three peaks at 531.0, 532.6, and 535.1 eV, which can be 
attributed to O2−, OH−, and adsorbed molecular water, respec-
tively. As contrasted to NiMnO2, the ammo@MnO2 sample 
exhibits the greatly improved OH− peak intensity, indicating the 
formation of metal (oxy)hydroxide on the surface.

To further shed light on the coordination environment 
of the atoms in the samples, synchrotron X-ray absorption 
spectroscopy was performed here. Figure  3a displays the 
normalized Mn K-edge X-ray absorption near edge structure 
(XANES) profiles of NiMnO2 and ammo@MnO2. It is clear 
that both samples present a very similar feature in the absorp-
tion profiles except a gentle shift of the absorption edge toward 

Figure 1. a) SEM image, b) SAED pattern, and c,d) HRTEM images of NiMnO2; e) SEM image, f) SAED pattern, and g,h) HRTEM images of 
ammo@MnO2. i) HAADF-STEM image and j–m) the corresponding elemental mapping of Mn, Ni, Fe, and O in ammo@MnO2.
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the lower energy for ammo@MnO2, which indicates the slightly 
lower average oxidation state of Mn in the sample. By utilizing 
the linear correlation between the K-edge excitation energy 
and the metal valence, the average oxidization state of Mn of 
ammo@MnO2 and NiMnO2 were determined to be 3.81 and 
3.73 (Figure S7, Supporting Information), respectively, which 
are quite close to the results obtained by XPS. The Fourier trans-
form (FT) extended X-ray absorption fine structure (EXAFS) 
spectra of samples were obtained from the normalized Mn 
k-edge curves. As shown in Figure 3b, both samples exhibit two 
main coordination peaks in the R-space spectra corresponding 
to the MnO and MnMn scattering shells, respectively. The 
EXAFS data were further fitted in the Artemis software, while 
the involving parameters are summarized in Table S1, Sup-
porting Information. It is revealed that the average distance of 
MnO and MnMn scattering shells of both samples is kept 
at 1.90 and 2.87  Å, correspondingly. The coordination num-
bers (CN) of MnO and MnMn are found to be 4.6 and 4.7 
for the sample of NiMnO2, whereas the corresponding values 
are determined as 4.4 and 4.7 for the sample of ammo@MnO2. 
This insignificant change of CN implies that the removal of Mn 
atoms from the lattice most likely proceeded in a layer-by-layer 
fashion so that the remaining MnO2 in ammo@MnO2 being 
able to maintain in a similar coordination environment. Yet, 
the larger Debye–Waller factor of ammo@MnO2 still manifests 
more structural distortions of the Mn centers in the sample. 
Notably, the CN of MnMn being less than 6 indicates the 
presence of coordinatively unsaturated sites in the lattice. The 

previous study by Xie et al.[39] has demonstrated that this kind of 
defects in ultrathin MnO2 nanosheets can lead to a half-metallic 
property and improve the electron conductivity of the mate-
rials, which is beneficial for effective charge transport in OER 
catalysis. Figure 3c,d displays the normalized Fe K-edge XANES 
and FT-EXAFS profiles of ammo@MnO2. The bond length of 
1.98 Å and the CN of 6.0 for FeO signifies that the Fe atoms 
are in the octahedral (FeO6) coordination structure, and mean-
while the CN for FeM (M = Fe, Mn, or Ni) is 4.1, being much 
smaller than the standard value of 6, suggests a considerable 
amount of FeO6 octahedrons are coordinatively unsaturated and 
settled at the edge or out-of-plane positions. The much longer 
bond length of FeM (3.08  Å) with respective to MnMn 
(2.87  Å) also suggests that the Fe atoms are not incorporated 
in the MnO networks. It is also noteworthy that owing to the 
strong absorption of Ni metal substrate, there is not any useful 
information obtained by analyzing the Ni K-edge spectra.

The OER electrocatalytic activity of the monolithic NF-sup-
ported ammo@MnO2 catalysts was investigated by using a 
standard three-electrode setup in 1  m KOH aqueous solution 
together with NiMnO2 and bare NF as the reference samples. 
Figure  4a displays the iR-corrected linear sweep voltam-
metry (LSV) polarization curves of the samples recorded after  
20 cyclic voltammetry (CV) treatment. A significant shift of the 
LSV curve for ammo@MnO2 toward the less positive potential 
direction, indicating a remarkable enhanced catalytic activity 
of the sample. Figure 4b displays a quantitative comparison of 
the overpotentials required for the three catalysts to achieve the 

Figure 2. XPS spectra of a) Mn 3s, b) Ni 2p, c) Fe 2p, and d) O1s regions for NiMnO2 and ammo@MnO2, respectively.
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current densities of 10, 50, and 100 mA cm−2. As can be seen, 
in order to obtain a current density of 10  mA  cm−2, ammo@
MnO2 requires an overpotential of only 232 mV, which is much 
lower than the values of 307 and 338  mV for NiMnO2 and 
NF, respectively. Moreover, ammo@MnO2 exhibits unique 
advantages for working at large current densities. For example, 
at 100  mA  cm−2, the required overpotential of ammo@MnO2 
is 270  mV, corresponding to reduced amplitudes of 120 and 
193 mV as compared to those of NiMnO2 (390 mV) and NF 
(463  mV), accordingly. A zoomed view of the LSV curves at 
the low potential region is presented (Figure S8, Supporting 
Information) to disclose more detailed information about the 
electrochemcial characteristics of catalysts. For NF, anodic 
peaks at 1.34 and 1.36 V are related to change of the Ni oxida-
tion state from Ni2+ to Ni3+, where Ni(OH)2 and/or NiO spe-
cies are oxidized into NiOOH.[40,41] The NiMnO2 exhibits two 
prominent peaks. The board peak at 0.8-1.2  V is likely due to 
Mn2+/Mn3+ and Mn3+/Mn4+ oxidation transitions.[42] The other 
peak centered at 1.33  V can be ascribed to the oxidizaiton of 
Ni2+ to Ni3+, in which the slight downshift of the peak position 
as compared to that of NF may suggest the easier oxidative 
transition of Ni2+ in NiMnO2 toward the higher valence. For 
ammo@MnO2, the Ni anodic peak is significantly supressed, 
which has also been observed in iron-contaminated nickel-
based OER catalysts, indicating the intimate contact between 

Ni and Fe atoms.[43,44] Tafel plots are then utilized to analyze 
the reaction kinetics of associated OER processes. As displayed 
in Figure  4c, the Tafel slope of ammo@MnO2 is found to be 
36.0  mV  dec−1, while the reference samples of NiMnO2/NF 
and NF give the much larger values of 77.0 and 88.1 mV dec−1, 
respectively. Typically, the OER process proceeds through four 
elemental steps associating with active sites, in the sequence of 
*OH → *O→ *OOH→ O2, where * represents the active site.[45] 
According to the previous studies,[46] when the Tafel slope has a 
value between 30 to 80 mV dec−1, *OH formation is found to be 
more favorable on the catalyst surface. In the present case, the 
relatively small Tafel slope of ammo@MnO2 is possibly resulted 
from the improved OH− adsorption capacity by defects and dis-
order on the catalyst surface, being similar to those proposed in 
other amorphous material systems.[26,37,47,48] The excellent per-
formance, as indicated by the low overpotential (at 10 mA cm−2) 
and small Tafel slope, makes ammo@MnO2 being comparable 
to the state-of-the-art OER electrocatalysts (Table S3, Supporting 
Information). Electrocatalytic stability of ammo@MnO2 was 
also evaluated by chronopotentiometry (V–t) tests at both mod-
erate (10  mA  cm−2) and large (100  mA  cm−2) current densi-
ties. As presented in Figure 4d, there is a slight increase in the 
overpotential for the initial 10  h test at 10  mA  cm−2, which is 
presumably due to the partial blockage of some active sites by 
small adhered O2 gas bubbles; however, in the following 40 h 

Figure 3. a) XANES spectra and b) k3-weighted FT-EXAFS of Mn K-edge for NiMnO2 and ammo@MnO2; c) XANES spectra and d) k3-weighted FT-
EXAFS of Fe K-edge for NiMnO2 and ammo@MnO2.
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test at 100 mA cm−2, the overpotential sustains at a voltage of 
around 373 mV (without iR compensation), demonstrating the 
excellent durability of the ammo@MnO2 catalyst.

Since the activity of a catalyst is controlled by both the 
number of active sites and the intrinsic activity of each site, it 
is important to investigate the electrochemically active surface 
area (ECSA) to estimate the number of exposed active sites and 
evaluate the intrinsic activity. The double-layer capacitance (Cdl), 
which is proportional to the ECSA, was obtained by CV meas-
urements under different scanning rates in a nonfaradaic poten-
tial window. Figure 4e shows the capacitive current densities as 
a function of scanning rate extracted from the CV curves pre-
sented in Figure S9, Supporting Information. The linear slope 
of each the data set is equivalent to twice of the double-layer 
capacitance Cdl. The calculated Cdl values of ammo@MnO2, 
NiMnO2, and NF are found to be 2.93, 2.70, and 0.17 mF cm−2, 
respectively. By taking the average Cdl value of 40 µF cm−2 for 
a smooth metal surface, the roughness factor (σ) of ammo@
MnO2, NiMnO2, and NF can be calculated as 73.3, 67.5, and 
4.25, correspondingly. The intrinsic activities of the catalysts can 
be reliably compared by normalizing the polarization curves 
with respect to the roughness factors. As displayed in Figure S10 
in the Supporting Information, at any given normalized current 
density, the ammo@MnO2 catalysts always exhibit the smallest 
overpotential, confirming their high intrinsic catalytic activity. 

Notably, the LSV curve of NiMnO2 lags behind the one of NF 
after the normalization, implying that the increased surface 
area of NiMnO2 plays the essential role in its catalytic activity 
improvement. Electrochemical impedance spectroscopy (EIS) 
was also employed to further assess the catalytic kinetics of the 
samples. Figure  4f shows the Nyquist plots of ammo@MnO2 
and the reference samples measured at the overpotential  
of 315 and 365 mV. Apparently, all the samples exhibit a poten-
tial-dependent radius of the semicircles, which reflects the 
change of charge transfer resistance (Rct) at different potential 
levels. The data were further fitted by applying an equivalent 
circuit (Figure S11, in the Supporting Information) consisting 
of a solution resistance (Rs)  connected in series with two par-
allel combinations of resistors (R1, Rct) and constant-phase 
elements (CPE1, CPE2), where the R1-CPE1 time constant sim-
ulates the charge transfer at the NF/catalyst junction and the 
Rct-CPE2 represents the charge transfer process at the catalyst/
electrolyte interface. The obtained values of Rs, R1, and Rct are 
summarized in Table S2, Supporting Information. It is not 
surprising that bare NF has the smallest R1 of 0.05 Ω owing to 
its metallic nature. The R1 of ammo@MnO2 (0.29 Ω) is larger 
than that of NiMnO2 (0.15 Ω), signifying the relatively lower 
conductivity of the amorphous oxyhydroxide layer. Neverthe-
less, these values are still within the reasonable range, which 
indicates the effectiveness of our structural design strategy by 

Figure 4. a) iR-corrected LSV polarization curves of NF, NiMnO2, and ammo@MnO2 electrodes; b) Overpotentials required for j = 10, 50, 100 mA cm−2 
of the tested electrodes; c) Tafel plots of NF, NiMnO2, and ammo@MnO2 electrodes; d) Chronopotentiometric measurement on ammo@MnO2 for OER 
at the current densities of 10 and 100 mA cm−2; e) Capacitive current density versus scan rate for NF, NiMnO2, and ammo@MnO2; and f) EIS Nyquist 
plots of NF, NiMnO2, and ammo@MnO2 electrodes under the overpotential of 315 and 365 mV for OER. All tests were carried out in 1 m KOH solution.
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utilizing the more conductive NiMnO2 nanosheet arrays as 
the supporting skeleton. The Rct of ammo@MnO2 is 0.81  Ω 
at the overpotential of 315 mV, while the corresponding values 
for NiMnO2 and NF are determined to be 15.28 and 11.95 Ω. 
The much smaller Rct value indicates the faster charge transfer 
rate between its surface and reaction intermediates, confirming 
the higher intrinsic catalytic activity of ammo@MnO2 among 
all the measured samples. Meanwhile, the Rct of NiMnO2 is 
slightly larger than that of NF, which coincides well with the 
results of normalized LSV curves (Figure S10, Supporting Infor-
mation) as mentioned above, suggesting the important role of 
Ni atoms for OER catalysis.

Based on the above analyses, the high performance of NF-
supported ammo@MnO2 catalysts can be understood from 
the following aspects. First, the formation of homogeneously 
mixed-metal oxyhydroxide plays an essential role in increasing 
the intrinsic catalytic activity. It is speculated that the synergistic 
interplay between Mn, Fe, and Ni produces the favorable local 
coordination environment and electronic structure that opti-
mizes the adsorption energies of oxygen evolution intermediates 
and hence reduces the required overpotential.[49,50] Such an effect 
has been previously demonstrated in both FeMn and NiFe 
hydroxide material systems.[8,18,37,51–53] Second, the conductive 
NiMnO2 ultrathin nanosheet arrays do not only provide a 
large surface area to guide the formation of amorphous catalyst 
layers but also ensure the effective charge transport due to their 
superior electron conductivity. Lastly, the hierarchical ammo@
MnO2/NF 3D architecture enables the effective mass transfer, 
which allows the catalyst to function at high current densities 
without significant performance compromise.[23]

3. Conclusions

In summary, a facile surface-guided synthetic route has been 
developed to direct the growth of amorphous mixed-metal 
oxide (overcoat) layers on ultrathin NiMnO2 nanosheet arrays 
supported on NF. During the fabrication, the high redox poten-
tial of MnO2/Mn2+ provides the driving force for the oxidative 
deposition of Ni and Fe on the surface in the (oxy)hydroxide 
form. Electrochemical measurements reveal that the unique 
ammo@MnO2/NF electrode delivers a greatly improved catalytic 
performance for OER in alkaline conditions, requiring an overpo-
tential of only 232 mV to achieve a current density of 10 mA cm−2 
that is much smaller as compared to the value of 307  mV of 
NiMnO2 nanosheet arrays. Moreover, ammo@MnO2/NF also 
possesses high stability for OER, allowing operation for at least  
40 hours at a current density of 100 mA cm−2 without degrada-
tion. Detailed structural and electrochemical analyses suggest 
that the superior OER activity of the catalyst can be mainly 
ascribed to the atomic-scale synergy among the homogeneously 
mixed Mn, Fe, and Ni atoms. Moreover, the superior conduc-
tivity and high electrochemical surface area of the NiMnO2/
NF scaffold also ensure the effective charge and mass transfer 
for electrocatalysis. This surface-guided synthetic approach does 
not only enable the facile fabrication of a novel OER electrocata-
lysts with excellent activity but also opens up new avenues for 
the development of other material systems integrated with func-
tional amorphous materials for various applications.

4. Experimental Section
Preparation of NiMnO2 Nanosheet Arrays Supported on Nickel 

Foams: NiMnO2/NF was synthesized via an in situ hydrothermal 
method. Frist, NF was cut into pieces of 2 × 4 cm2, washed in isopropyl 
alcohol and HCl (1 m) sequentially for 10 min, rinsed in deionized water 
(DI) and ethanol, and then dried under N2 gas blowing. The washed 
NF was transferred into a 50  mL of Teflon-lined autoclave containing 
50 ×  10−3 m aqueous solution of KMnO4. The enclosed autoclave was 
then heated at 180  °C for 2.5  h in an electric oven. After cooling to 
room temperature, the NiMnO2/NF product was obtained. The 
product was washed with distilled water and ethanol several times and 
then dried in air at 60 °C.

Surface-Guided Formation of ammo@MnO2 Nanosheets: ammo@
MnO2 nanosheets were fabricated through a galvanic replacement 
reaction at room temperature. Typically, the NiMnO2/NF was 
immersed in a freshly prepared 20 × 10−3 m aqueous solution of Fe2SO4 
for 30 s, rinsed with DI water and ethanol, and then dried under N2 gas 
blowing.

Material Characterization: The morphology and chemical composition 
were investigated by a Hitachi SU8010 field emission SEM and 
JEOL2100F scanning transmission electron microscopy (STEM). Both 
of which are equipped with EDS. XPS data were obtained on a Thermo 
Fisher Scientific ESCALAB X-ray photoelectron spectrometer. The X-ray 
absorption spectra were collected on the beamline BL01C1 in National 
Synchrotron Radiation Research Center under the technical support by 
Ceshigo Research Service. The radiation was monochromatized by a Si 
(111) double-crystal monochromator. The data were processed and fitted 
by using the Athena and Artemis software packages.

Electrochemical Measurement: The electrochemical measurements 
were performed on a Gamry 1010E potential station with a three-
electrode cell. The bulky nickel foam supported catalyst was directly used 
as the working electrode. A piece of pure nickel foam and a saturated 
calomel electrode (SCE) were employed as the counter and the reference 
electrode, respectively. The SCE reference electrode was connected with 
an additional KCl salt bridge before contacting with the KOH electrolyte 
(as shown in Figure S12, Supporting Information). All electrochemical 
measurements were conducted in 1 m KOH (pH = 13.6). Potentials were 
converted to the reversible hydrogen electrode (RHE) scale via the Nernst 
equation (E vs RHE = E vs SCE + 0.059 * pH + 0.242 V = E vs SCE + 1.044 V). 
The SCE has also been calibrated against a Pt|H2(g) electrode in the 1 m 
KOH electrolyte. The potential measured for SCE is 1.045 V (Figure S13, 
Supporting Information), which is consistent with the one calculated 
by using the Nernst equation. The work electrodes were subjected 
to 20 CV scans with a scan rate of 100  mV  s−1 at the potential range 
of −0.1–0.7  V versus SCE before data collection. The LSV curves were 
recorded at a scan rate of 5  mV s−1 with iR compensation by applying 
the current interrupt method. The EIS measurements were performed 
under potential static mode over the frequency range of 10−2–105  Hz 
at the overpotential (vs 1.23  V) of 315 or 365  mV with the oscillation 
amplitude of 10 mV.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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