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for electricity generation and the pro-
duction of energy carriers such as H2.[1] 
Electrochemical water splitting is widely 
considered as one of the most attractive 
future technologies for H2 production, 
due to its simplicity and reasonably high 
energy conversion efficiency.[2] However, 
water splitting is a thermodynamically 
unfavorable process, with the overall 
efficiency of the process hindered some-
what by the large overpotentials for the 
hydrogen evolution reaction (HER) and 
oxygen evolution reaction (OER) on most 
electrocatalyst materials. Currently, Pt 
and IrO2 are the most efficient electro-
catalyst for HER and OER, respectively. 
However, their widespread use for indus-
trial scale water splitting is not practical 
due to the high cost and scarcity of Pt 
and Ir. Therefore, it is highly desirable to 
develop efficient low-cost electrocatalysts 

based on earth-abundant elements for overall water splitting. 
Recently, ultrathin 2D layered materials have attracted exten-
sive attention in electrocatalysis,[3] photoconversion,[4] ferro-
magnetism,[5] and thermocatalysis,[6] owing to their unique 
electronic structures.[7] Layered materials with a thickness of 
one or a few atomic layers, such as graphene,[8] g-C3N4,[9] and 
MoS2,[10] show very promising performance for HER and OER 
mainly due to their tunable electronic structure.[11] As a means 
of further enhancing the electronic properties and performance 
of such 2D materials, researchers are increasing focusing on 
defect engineering (vacancy or facet controlling) and exploi-
tation of structure–property–performance relationships.[12] 
Through defect engineering, the electronic structure of many 
semiconductors can be modified significantly, in extreme cases 
transforming semiconductors with the low intrinsic electrical 
conductivity into materials with half-metallicity. The large 
improvement in electrical conductivity realized through defect 
engineering can lead to remarkable enhancements in catalytic 
and electrocatalytic performance.

Layered manganese dioxide (δ-MnO2), consisting of edge-
sharing MnO6 octahedra, demonstrates very good oxygen evo-
lution reaction and oxygen reduction reaction performance and 
has been widely investigated in relation to these processes.[13] 
However, δ-MnO2 has generally been considered inactive for 
HER, due to its unsuitable electronic structure and low con-
duction band level.[14] Recently, single-layer MnO2 nanosheets 
doped with Mn and O vacancies (VMn and Vo) were found to 
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Water Splitting

Growing energy demand, coupled with concerns about fossil 
fuel depletion and anthropogenic greenhouse gas emissions, 
motivates the search for clean and sustainable technologies 
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contain half-metallic character, a property not shared by their 
bulk counterparts,[12a] providing a tantalizing new strategy for 
improving the electronic properties and conductivity of δ-MnO2 
for overall water splitting.

Herein, ultrathin δ-MnO2 nanosheet arrays of only two-
monolayer thickness (1.4 nm) were successfully prepared via a 
novel one-step in situ growth process on the surface of an Ni 
foam (denoted as NS-MnO2) (Scheme 1). The NS-MnO2 exhib-
ited excellent electrocatalytic performance for both HER and 
OER with low overpotentials of 197 and 320 mV at 10 mA cm−2, 
and Tafel slopes of 62 and 40 mV dec−1, respectively. Based 
on detailed structure analyses and density functional theory 
(DFT) calculations, the remarkably OER and HER activity can 
be attributed to the unique structure of the nanosheets which 
contain an abundance of Vo and associated Mn3+ active sites, 
with the latter directly confirmed by X-ray absorption near-edge 
structure spectroscopy (XANES). The formation of Mn3+ active 
sites introduces half-metallicity into the nanosheets whilst Vo 
promotes H2O adsorption, thereby enhancing the overall water 
splitting performance. This defect-engineering strategy repre-
sents a viable approach for the large-scale development of non-
precious metal Mn-based electrocatalysts for efficient electrical-
to-chemical energy conversion.

NS-MnO2 was prepared by a facile one-step hydrothermal 
treatment of Ni foam (denoted as NF) in the presence of 
aqueous KMnO4, with the color of foam changing from silver 
to black during the hydrothermal treatment (Figure S1A, 
Supporting Information). The X-ray diffraction (XRD) pattern 
of the sample obtained by sonication of NS-MnO2 in ethanol 
showed four main peaks, confirming the successful formation 
of δ-MnO2 on NF (JCPDS 86-0666) (Figure S1B, Supporting 
Information), with an interlayer spacing of ≈0.7 nm calcu-
lated from the (00l) reflections. Quantitative energy dispersive 
X-ray (EDX) analysis examined the elemental composition of 
NS-MnO2 (Figure S2, Supporting Information). Elements iden-
tified in the sample were Ni, Mn, K, and O, with the atom ratio 

K:Mn being 0.397 (the K was likely interca-
lated between the δ-MnO2 layer).

Scanning electron microscopy (SEM) con-
firmed that NS-MnO2 consisted of an irreg-
ular array of 2D MnO2 nanosheets aligned 
almost vertically on the surface of the NF 
(Figure 1A), in contrast to the starting Ni 
foam had a smooth morphology (Figure S1C,  
Supporting Information). The morphology 
of the δ-MnO2 nanosheets was also inves-
tigated using transmission electron micro-
scopy (TEM). As shown in Figure 1B, the 
δ-MnO2 nanosheets had warped edges 
and thicknesses ≈1.5 nm, corresponding 
to two monolayers along the (001) direc-
tion. The lattice spacing of 0.245 nm, cor-
responding to the (101) plane of δ-MnO2, 
was clearly observed in the high-resolution 
TEM (HRTEM) image (Figure 1C). The cor-
responding selected-area electron diffraction 
(SAED) pattern confirmed the polycrystalline 
nature of the nanosheets, and well-defined 
diffraction rings can readily be indexed to 

the (006) and (101) planes of δ-MnO2 (inset of Figure 1C). The 
thickness of δ-MnO2 nanosheets determined by atomic force 
microscopy (AFM) was ≈1.5 ± 0.1 nm, in good accord with the 
TEM findings (Figure 1D,E). EDX maps obtained during the 
TEM measurements confirmed a uniform spatial distribution 
of K, Mn, and O elements in the ultrathin δ-MnO2 nanosheets 
(Figure 1F). Bulk δ-MnO2 particles (denoted as Bulk-MnO2) 
synthesized by thermal decomposition of KMnO4 in air, were 
phase pure by XRD with a mean size of ≈3.0 µm by TEM 
(Figure S3A,B, Supporting Information). Electrochemical reac-
tion centers are mainly located on the surface of catalysts.[15] 
Accordingly, the ultrathin δ-MnO2 nanosheets were expected 
to offer a much higher concentration of active sites and thus 
superior electrocatalytic performance compared to Bulk-MnO2, 
an aspect we explore in detail below.

X-ray absorption fine structure (XAFS) was applied to 
explore the local atomic structure and the defect sites in 
NS-MnO2. As shown in Figure 2A, the Mn K-edge XANES 
spectra and the corresponding extended X-ray absorption fine 
structure (EXAFS) k-space spectra of Bulk-MnO2 and NS-MnO2 
were similar, except that the absorption edge of NS-MnO2 was 
shifted by about 0.5 eV to lower energy, indicating a slightly 
lower oxidation state of Mn in NS-MnO2 compared with Bulk-
MnO2. Furthermore, analysis of the pre-edge region of the 
XAFS k-space spectra for Bulk-MnO2 and NS-MnO2 provided 
further useful information about the Mn oxidation state in 
these materials (Figure S4, Supporting Information). Two 
peaks can be observed for Bulk-MnO2. In comparison, only one 
broad peak was found for NS-MnO2, with the position of the 
peak intermediate between the two peaks of Bulk-MnO2. The 
shift of the peak to lower energy indicates a lower average Mn 
oxidation state in NS-MnO2 due to defect engineering. The 
above results confirm that the coexistence of Mn (III) and Mn 
(IV) in NS-MnO2.[16] The different local atomic arrangements 
around Mn atoms in NS-MnO2 and Bulk-MnO2 were displayed 
in the corresponding k-space (Figure 2B) and R-space spectra  
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Scheme 1. Schematic showing the in situ growth of ultrathin δ-MnO2 nanosheets on an Ni 
foam (NS-MnO2).



www.advenergymat.dewww.advancedsciencenews.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700005 (3 of 7)

(Figure 2C; Table S1, Supporting Information). The Mn EXAFS 
spectra for δ-MnO2 show two peaks in R-space spectra corre-
sponding to the first MnO and MnMn shells, respectively. 
As can be seen, the MnO and MnMn peaks for NS-MnO2 
are weaker than the corresponding peaks for Bulk-MnO2. 
Table S1 (Supporting Information) reveals that when the  
MnO2 sheet thickness is of atomic length scales, as is the 
case for NS-MnO2, the MnO coordination number (4.9) 
and MnMn coordination number (5.4) are significantly 
reduced compared to the corresponding values for Bulk-MnO2  
(both 6.0). The data provide strong evidence for the existence of 
Vo in NS-MnO2. Additionally, for NS-MnO2 the MnO distance 
was smaller (1.89 Å) and the MnMn distance larger (2.89 Å)  
than the corresponding values for Bulk-MnO2 (1.90 and 2.88 Å,  
respectively), which indicates a structural distortion of some 
sort exists in the ultrathin nanosheets. Xie and co-workers  
reported the coexistence of VMn and Vo in monolayered 
MnO2.[12a] The existence of single-VMn or both VMn and Vo may 
be not possible in our system, owing to the synthesis method 

used here. Instead, the Vo in the nanosheets gives rise to coordi-
natively unsaturated Mn sites, as evidenced by the XANES and 
EXAFS data above and further characterization studies below.

X-ray photoelectron spectroscopy (XPS) and UV–vis spec-
troscopy were used to examine the valence state of Mn in 
NS-MnO2. The XPS survey spectrum for NS-MnO2 showed 
the presence of Ni, Mn, O, K, and C, with the latter being due 
to adventitious hydrocarbons (Figure S5, Supporting Informa-
tion). The elements identified by XPS were in good accord with 
EDX results (Figure S2, Supporting Information). Mn 2p XPS 
spectra (Figure S4B, Supporting Information) for NS-MnO2 
showed peaks at 653.46 and 641.91 eV (1:2 area ratio) due to 
Mn3+ (2p1/2 and 2p3/2, respectively), and another set of peaks 
at 654.55 and 643.18 eV due to Mn4+ (2p1/2 and 2p3/2, respec-
tively).[17] The atomic ratio Mn3+:Mn4+ was ≈0.59:1, which is 
slightly higher than that (0.51:1) of Bulk-MnO2 (Figure S6, 
Supporting Information). UV–vis diffuse reflectance spectros-
copy provided additional evidence for the existence of an Mn 
(III) species. A band at ≈380 nm and peaks originating from 
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Figure 1. A) SEM image of NS-MnO2. B) TEM image of δ-MnO2 nanosheets (the inset shows the thickness of the nanosheets). C) HRTEM image of 
δ-MnO2 nanosheets (the inset shows the SAED pattern). D) AFM image and E) the corresponding height profiles of δ-MnO2 nanosheets (the numbers 
of 1, 2, and 3 correspond to the line scan number in (D). F) EDX maps of δ-MnO2 nanosheets.

Figure 2. A) Mn K-edge XANES spectra. B) Mn K-edge EXAFS oscillation function k2χ(k) and C) magnitude of k2-weighted Fourier transforms of Mn 
K-edge EXAFS spectra for Bulk-MnO2 and NS-MnO2.
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d–d transitions in the visible region are characteristic of Mn3+, 
providing strong support for the presence of Mn3+ sites in 
NS-MnO2 (Figure S7, Supporting Information).[13d,16] The high 
fraction of Mn3+ centers is associated with the abundance of Vo 
in NS-MnO2. The unique 2D structure, Vo and Mn3+ sites in 
NS-MnO2 were expected to dramatically alter its electronic and 
electrocatalytic properties for water splitting, as confirmed by 
experiments below.

Recently, δ-MnO2 has been studied in relation to OER, but 
rarely in relation to HER. To evaluate the electrocatalytic activity 
of NS-MnO2 for OER and HER, a three-electrode system was 
used (see the Supporting Information), and the performance 
of NS-MnO2 compared against the NF, IrO2, and commer-
cial Pt/C electrocatalyst (20 wt% Pt). As shown in Figure 3A, 
all the catalysts showed water oxidation activity, with the first 
peak around 1.38 V (vs RHE) for the NF assigned to the oxi-
dation of Ni2+/Ni3+ mediated by OH−.[17] NS-MnO2 exhibited 
excellent electrocatalytic activity for OER with an overpoten-
tial (η) of 0.32 V at 10 mA cm−2, much lower than that of NF 

(0.39 V) and IrO2 (0.34 V). Moreover, the Tafel slope (Figure 3B) 
of NS-MnO2 is 40 mV dec−1, which was smaller than that of 
NF (108 mV dec−1) and IrO2 (68 mV dec−1). By contract, Bulk-
MnO2 nearly did not exhibit any OER activity (Figure S8A, 
Supporting Information). The Faradaic efficiency of oxygen 
evolution on NS-MnO2 was calculated and presented in 
Figure S9 (Supporting Information). Excellent agreement was 
found between the amount of O2 evolved and that predicted by 
theory, suggesting that NS-MnO2 exhibits nearly 100% Fara-
daic efficiency for catalytic OER at an overpotential of 400 mV. 
Results confirm that NS-MnO2 demonstrates the best OER per-
formance of the electrocatalysts tested, with its excellent activity 
relating to its unique 2D structure.

Currently, there is great interest in the discovery of low cost 
bifunctional electrocatalysts with excellent activity for both 
OER and HER, which would therefore satisfy requirements 
for overall water splitting. Thus, the performance of NS-MnO2 
toward electrochemical HER was also studied. As revealed 
in Figure 3C, NS-MnO2 showed significantly enhanced 
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Figure 3. A) Linear sweep voltammetry (LSV) curves for OER at a scan rate of 5 mV s−1. B) Tafel plots for OER. C) LSV curves for HER at 5 mV s−1. 
D) Tafel plots for HER. E) Nyquist plots for NS-MnO2 and NF (the inset shows the equivalent electrical circuit from the fitted impedance spectra).  
F) Current density versus time (I–t) curves of HER and OER for NS-MnO2.
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performance compared to pristine NF. At the same current 
density of 10 mA cm−2, the overpotentials for H2 evolution 
were 378 mV for NF and 196 mV for NS-MnO2. Bulk-MnO2 
showed an overpotential of 757 mV and negligible HER perfor-
mance (Figure S8B, Supporting Information). Furthermore, the 
overpotential for Pt/C at 300 mA cm−2 was 665 mV, which was 
higher than that of NS-MnO2 (605 mV), direct evidence that 
HER performance of NS-MnO2 was superior to that of Pt/C at 
high current densities. In order to gain deeper insight into the 
excellent HER activity of NS-MnO2, NF, and commercial Pt/C, 
Tafel plots were constructed (Figure 3D), with slopes increasing 
in the order Pt (33 mV dec−1) < NS-MnO2 (62 mV dec−1) < NF  
(89 mV dec−1). Results suggest that NS-MnO2 is also a  
promising HER electrocatalyst. To explain the differences in 
HER performance between Bulk-MnO2 and NS-MnO2, elec-
trochemically active surface areas (EASAs) were determined 
by double-layer capacitance from the cyclic voltammetry (CV) 
curves. Figure S10A,B (Supporting Information) shows the 
typical CV curves for Bulk-MnO2 and NS-MnO2 collected at 
different scanning rates (5–40 mV s−1). The EASA determined 
for Bulk-MnO2 and NS-MnO2 were 0.80 and 19.58 mF cm−2, 
respectively (Figure S10C, Supporting Information), revealing 
the active surface area of NS-MnO2 was ≈25 times higher than 
that of Bulk-MnO2. The higher EASA for NS-MnO2 reflects that 
ultrathin nanosheet architecture of samples. To the best of our 
knowledge, this is the first report on the excellent HER perfor-
mance for δ-MnO2 (η = 196 mV at 10 mA cm−2) which arises 
in the case of NS-MnO2 from modification of morphology and 
electronic structure. It is worth noting that the catalytic activity 
of NS-MnO2 surpasses that of most reported bifunctional 
electrocatalysts (Table S2, Supporting Information). Hence, 
NS-MnO2 represents one of the most promising electrocata-
lysts yet identified for overall water splitting.

It is well-known that electrical conductivity and transport 
resistances are major factors that influence electrocatalyst 
performance in overall water splitting. Thus, electrochem-
ical impedance spectroscopy (EIS) studies were performed 
(Figure 3E) and the measured impedance data fitted and 
further analyzed by an equivalent electrical circuit (inset of 
Figure 3E), which consists of an electrolyte solution resist-
ance (Rs), Warburg impedance (W), charge-transfer impedance 
(Rct), and a constant phase element. The Warburg impedance 
can be estimated from the slope of the EIS curve in the low 
frequency region. It should be noted that the steeper slope of 
low-frequency line in Figure 3E results from the different sur-
face of the electrode, implying a low diffusion resistance of 
the electrode.[18] The Rs values for the electrolyte solution was 
similar for both electrodes (1.62 and 1.54 Ω), with NS-MnO2 
possessing a slightly higher Rct value (10.6 Ω) compared to NF 
(9.5 Ω). Results confirm that NS-MnO2 has a high electrical 
conductivity and fast charge transfer rate, similar to that of the 
metallic Nickel foam.[19]

Electrocatalyst durability is also a critical factor for practical 
applications. The long-term cycling performance of NS-MnO2 
was measured at the current density of 10 mA cm−2 with 
overpotentials of 320 and 196 mV for OER and HER, respec-
tively. As shown in Figure 3F, there was no obvious decrease 
in the current density after cycling for 10 h. No change in 
the morphology of NS-MnO2 was observed after 10 h cycling 

(Figure S11, Supporting Information), further confirming the 
excellent durability of NS-MnO2.

DFT calculations revealed the origin of the excellent elec-
trocatalyst activity of NS-MnO2 for overall water splitting. 
The crystal structure model of δ-MnO2 consisted of brucite-
like layers composed of edge-sharing MnO6 octahedron 
(Figure 4A), with K+ ions occupying sites in the interlayer 
region.[20] Figure S12 (Supporting Information) shows the 
effect of introducing a Vo into the slab of two-layered δ-MnO2 
(denoted as Vo-MnO2), with an Mn3+ defect site existing next 
to the O vacancy. Figure S13 (Supporting Information) shows 
the band gap between valence band maximum and conduc-
tion band minimum in nondefective δ-MnO2 (denoted as 
Pure-MnO2), confirming semiconductor properties.[20b,21] Con-
versely, the total density of states (TDOS) and partial density 
of states (PDOS) calculated for Vo-MnO2 is continuous near 
the Fermi level (EF), suggesting a semimetal property for Vo-
MnO2 (Figure 4B). The continuous DOS near EF is expected 
to impart Vo-MnO2 with excellent electrical conductivity, effi-
cient electron transport, and ion diffusion properties,[22] exactly 
what was determined experimentally for NS-MnO2. Compared 
to the DOS calculated for metal nickel and the semiconductor 
NiO (Figure S14, Supporting Information), the electronic struc-
ture of Vo-MnO2 is much more similar to metallic Ni, which 
also agrees with the EIS results (Figure 3E). Since electrocata-
lytic water splitting occurs on the surface of the catalyst, the 
adsorption behavior of H2O on δ-MnO2 is a key factor for water 
splitting.[23] Figure S15 (Supporting Information) shows the 
optimized adsorption structures of H2O on the surface of Pure-
MnO2, Vo-MnO2, NiO, and Ni. As summarized in Figure 4C,  
Vo-MnO2 possessed the highest absolute H2O adsorption 
energy (1.1 eV), significantly larger than values determined 
for Pure-MnO2 (0.65 eV), NiO (0.38 eV), and Ni (0.71 eV). The 
results imply that the adsorption of H2O on the surface of  
Vo-MnO2 is energetically favored, thereby leading to faster 
charge transfer from the surface of Vo-MnO2 to H2O during the 
electrochemical reaction.

The adsorption free energy of H* (ΔG(H*)) is an important 
benchmark of HER activity for metal catalysts, with a smaller 
ΔG(H*) representing a better HER activity.[24] DFT calculations 
were thus carried out to determine ΔG(H*) for the various elec-
trocatalysts tested in this study. The possible adsorption sites of 
H* on the different surfaces are depicted in Figure S16 (Sup-
porting Information). Pure-MnO2 (−0.7 eV) afforded a smaller 
ΔG(H*) than NiO (−0.638 eV) or Ni (−0.47 eV). After intro-
ducing Vo into MnO2, the resulting sample Vo-MnO2 gave the 
smallest ΔG(H*) (−0.134 eV). From a thermodynamics view-
point, the chemical adsorption of H* on Pure-MnO2, Ni and 
NiO is too strong for efficient electrocatalytic HER activity,[25] 
whereas the adsorption strength on Vo-MnO2 is more ideal 
for efficient electrocatalytic HER (Figure 4D). Results strongly 
suggest that Vo-Mn3+ active sites on the surface of ultrathin 
δ-MnO2 nanosheets may be highly beneficial to the HER 
activity.[26] In addition, in edge-sharing MnO6 octahedra, Mn3+ 
is expected to be unstable due to the single electron in the eg 
band (t2g

3, eg
1),[27] which may contribute to the excellent effi-

cient HER performance. The HER could be envisaged to pro-
ceed via the oxidation of Mn3+ to Mn4+ (i.e., Mn3+ + H2O → 
Mn4+ + 1/2H2 + OH−). As reported by other groups,[13d,16,28] 

Adv. Energy Mater. 2017, 1700005
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under neutral conditions (pH = 7) MnO2 exhibits poor activity 
and instability, due primarily to the instability of Mn(III) at 
neutral pH (Figure S17, Supporting Information). However, 
under alkaline conditions, the oxygen evolution mechanism 
of NS-MnO2 (4Mn3+ + 4OH− → 4Mn2+ + O2 + 2H2O) would 
be highly preferred over the disproportionation reaction of 
Mn3+ to Mn2+ and Mn4+ during OER. Thus, the abundance 
of Vo in NS-MnO2 created and stabilized defective Mn3+ active 
sites, and ultimately underpinned the excellent OER and HER 
performance of NS-MnO2.

On the basis of the data presented above, the superior elec-
trocatalytic performance of NS-MnO2 for overall water splitting 
can be rationalized as follows: (1) The ultrathin nanosheet array 
architecture of NS-MnO2 offers a very large EASA. The higher 
EASA provides an abundance of active sites for the HER and 
OER. (2) The numerous Vo results in the formation of unsat-
urated Mn3+ sites, which give NS-MnO2 partial metallic char-
acter, high electrical conductivity, and improved charge-transfer 
properties, all of which contribute to excellent overall water 
splitting performance of NS-MnO2.

In summary, atomically thin δ-MnO2 nanosheet (1.4 nm) 
arrays have been successfully prepared through an in situ 
growth method. The obtained Vo-doped NS-MnO2 offers an 
abundance of coordinately unsaturated Mn3+ sites that activate 
δ-MnO2 for overall water splitting. Defect engineering gives 
NS-MnO2 half-metallic character, promoting H2O adsorption 
and leading to excellent HER and OER performance. This 
work highlights the untapped potential of 2D intercalation 
layer materials and defect engineering in the development 

of earth-abundant element electrocatalysts for overall water 
splitting.
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