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a b s t r a c t
Developing high-efficiency, low-cost electrocatalysts for water splitting is important but challenging.
Two-dimensional nanosheet manganese dioxide (MnO2) arrays are promising candidates for the design
and development of advanced catalysts because of their large surface area. Here, a feasible solution to
improve the catalytic activity of MnO2 materials via decorating the active sites on the surface is proposed.
With the help of plasma engineering, we successfully enabled surface activity of the MnO2 nanosheets by
decorating P or Fe species together with rich vacancies on the surface. The decorated P (P-MnO2) or Fe
(Fe-MnO2) species were highly beneficial for the absorption of protons and OH respectively, and rich
oxygen vacancies induced the formation of stable Mn3+, which contributed to electron and charge transfer. Thus, increased electrochemically active specific areas, accelerated charge transfer, and a proper surface electronic structure could be achieved. On the basis of this activation strategy, the fabricated P-MnO2
and Fe-MnO2 showed excellent catalytic performance for the hydrogen evolution and oxygen evolution
reactions. To our knowledge, the performance of P-MnO2 and Fe-MnO2 outperformed most MnO2-based
electrocatalysts in the field of electrocatalytic water splitting. Surface activation of two-dimensional
MnO2 materials by decorating active species via plasma treatment can provide a feasible route for modulating the performance of earth-abundant electrocatalysts for practical applications.
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introduce decorated active species and numerous vacancies for
efficient electrocatalytic water splitting.

1. Introduction
Electrocatalytic water splitting has been considered as a
promising method to ease the energy crisis [1,2]. Hydrogen is
regarded as a green and sustainable alternative to fossil fuels.
Among the many hydrogen production technologies, water splitting is an effective way to produce high-purity hydrogen, and it
consists of the hydrogen evolution (HER) and the oxygen evolution
reactions (OER). To increase the production efficiency and save
energy, effective electrocatalysts are needed to accelerate the reaction kinetics of HER and OER and reduce the overpotential [3,4].
Currently, state-of-art high-efficiency Pt and Ir/Ru-based oxides
catalysts are used for HER and OER, respectively. However, the
scarcity and cost of these noble metal-based catalysts greatly limit
their scaled development and application [5]. Consequently, it is of
great significance to explore low-cost electrocatalysts with satisfactory HER and OER efficiencies.
Recently, transition metal-based two-dimensional (2D) materials have attracted increasing attention in the field of electrocatalytic water splitting because of their large specific surface area,
which ensures exposed active sites [6,7]. Among them, manganese
dioxide, which contains rich edge-sharing MnO6 octahedrites, has
indicated promising potential for electrocatalytic water splitting.
The oxygen vacancies and multiple valences of Mn present in the
layered d-MnO2 could benefit the HER and OER catalytic processes
[8]. Zhang et al. successfully synthesized defect-engineered dMnO2 nanosheets and applied them toward overall water splitting
[9]. Oxygen vacancies play a key role in inducing the formation of
Mn3+ sites, which serve as highly active sites for promoting conductivity and H2O adsorption. Mn3+ can lead to a more ideal
adsorption energy for the proton intermediate species during the
HER, as well as promoting OER via the disproportionation reaction.
However, the limited amount of active sites still poses an important challenge for the design of high-performance electrocatalysts
[10–12].
Notably, surface activation via decoration with electroactive
species (anions and cations) on the surface has been demonstrated
as an efficient method for improving the catalytic activity via the
introduction of highly active sites [13]. Lv et al. demonstrated that
P atoms usually play a significant role in promoting HER because
the partial negative charges caused by the polarization of the P
atoms greatly benefits the adsorption of protons [14,15]. Friebel
et al. demonstrated that Fe3+ was beneficial for OER electrocatalysis via efficient adsorption of H2O molecules and the OH species
[16]. In view of this, 2D materials provide a large surface area for
decoration with electroactive sites. Considering the modulation
effects on the electronic structure caused by vacancies, the development of new strategies that combine decorated active species
and vacancies is of interest.
In this work, using plasma engineering for the fabrication of
MnO2 nanosheets, we successfully constructed sheets with rich
vacancies and decorated P anions for HER and Fe cations for OER.
With this strategy, the decorated active species and oxygen vacancies clearly increased the active sites, adjusted the electronic structure, and accelerated electrical conductivity during the catalytic
process. Our activation strategy successfully addressed the poor
HER catalytic activity and improved the OER performance of the
MnO2 nanosheets. As a result, MnO2 nanosheets with surface activation showed remarkable catalytic activities with low overpotentials of 105 mV and 244 mV for HER and OER, respectively. To the
best of our knowledge, such catalytic performances outperform
most MnO2-based electrocatalysts in the field of overall water
splitting. On application in a two-electrode electrolyzer, only a
low voltage of 1.59 V was needed to achieve 10 mA cm 2. This
work focused on surface activation via plasma engineering to

2. Materials and method
2.1. Reagents
Chemicals: Potassium permanganate (KMnO4) was purchased
from Beijing Chemical works. Iron nitrate nonahydrate (Fe(NO3)39H2O, 99%) and Sodium hypophosphite monohydrate (NaH2PO2H2O, 99%) were purchased from Aladdin Reagent Co., Ltd. Ni
foam (NF) was purchased from Hefei kejing material Technology
Co., Ltd. Of Hefei, China. The Ni foam (2 cm  5 cm) was cleaned
by acetone for 10 min and aqueous HCl for 10 min, then was rinsed
with water and ethanol for several times.
2.2. Synthesis of P-MnO2 and Fe-MnO 2 electrocatalysts
Fabrication of MnO2 nanosheet array: Typically, 4 mmol
potassium permanganate (KMnO4) was dissolved in 80 mL deionized water to form a mixed solution after mechanical stirring.
The mixed solution with treated Ni foam was transferred to
100 mL Teflon-lined stainless-steel autoclave, and heating at
180 °C for 3 h. After that, the Ni foam with MnO2 product was collected after washing with distilled water and ethanol for several
times, and then dried overnight.
Fabrication of E-MnO2 nanosheet array: The obtained MnO2
was placed in the tubular PECVD system (PECVD, OTF-1200X-504CLV-PE) under 0.5 torr and heated in the Ar flow of 10 sccm.
When heated to 200 °C, the MnO2 was treated with Ar plasma at
200 W for 10 min.
Fabrication of P-MnO2 nanosheet arrays: The 0.3 g NaH2PO2H2O and MnO2 were put in the upstream and downstream side
of the tube furnace under 0.5 torr and heated in the Ar flow of
10 sccm, respectively. When the upstream and downstream sides
were heated to 300 and 200 °C, respectively. Then, the MnO2 was
treated with Ar plasma under the PH3 atmosphere at 200 W for
1, 5, 10 and 20 min (denoted as P-MnO2-1, 5, 10, 20), respectively.
The optimal sample was marked hereafter as P-MnO2.
Fabrication of Fe-MnO2 nanosheet arrays: The obtained MnO2
was immersed in Fe(NO3)39H2O/ethanol solution for 10 min, and
air dried. Different amounts (0.02, 0.05, 0.1 and 0.2 g) of Fe(NO3)39H2O were conducted to obtain various dopant of Fe element. The
dried sample was placed in the tubular under 0.5 torr and heated
under the Ar flow of 10 sccm. When heated to 200 °C, the dried
sample was treated with Ar plasma at 200 W for 10 min to obtain
Fe-MnO2-0.02, 0.05, 0.1, 0.2. The optimal sample was shortly
demoted hereafter as Fe-MnO2.
2.3. Sample characterization
Scanning electron microscopy (SEM), Transmission electron
microscopy (TEM) and X-ray diffraction (XRD) were applied to
investigate the nanostructure, morphology and crystalline phases
of obtained samples. X-ray photoelectron spectra (XPS) and electron paramagnetic resonance (EPR) was used to investigate the
surface states. The corresponding characterization methods can
refer to the literature [17–22].
2.4. Electrochemical measurements
All electrochemical performances were measured in the electrochemical workstation (CHI 760E and PARSTAT 4000A). The OER
and HER properties were measured in a three-electrode system,
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plays a key role in regulating the morphology. Next, we further
investigated the samples via TEM and HRTEM. After decorating
the P species via plasma treatment, Fig. 1f and g show that the PMnO2 maintained a rough porous nanosheet structure and had
the MnO2 phase. Furthermore, the energy-dispersive X-ray spectroscopy (EDS) results in Fig. 1h demonstrate uniform mapping
of Mn, O, and P, confirming successful decoration of the P species.
With decoration of the Fe species via plasma treatment, a rough
porous nanosheet morphology and the phase of MnO2 are indicated by the results shown in Fig. 1j and k. Additionally, the EDS
results in Fig. 1l show a uniform distribution of Mn, O, and Fe, indicating successful decoration of the Fe species.
In order to identify the defect level, EPR investigation is performed. As shown in Fig. 2a, the signal at g = 2.003 indicates the
existence of lattice distortions. Apparently, compared to pristine
MnO2, the signal of E-MnO2, P-MnO2 and Fe-MnO2 is greatly
strengthened, while no significant fluctuations in pristine MnO2.
The enhanced signals indicate the increase of lattice defects after
plasma treatment and P/Fe decorated. The increased defective
state of E-MnO2 can be ascribed to oxide vacancies induced by
plasma treatment. Further, the signals of P-MnO2 and Fe-MnO2
are stronger than that of E-MnO2, which can be attributed to that
the decorated P or Fe species caused the extra lattice distortions
[25]. These lattice defects may bring more active sites, which are
benefited for electrocatalytic process. To further explore the surface chemical states of the optimal samples, Fig. 2b and c show
the XPS results of MnO2. For pristine MnO2, as shown in Fig. 2b,
the peaks at 641.7 eV and 653.4 eV indicate the existence of
Mn3+ while the peaks at 642.9 eV and 654.5 eV can be indexed
to Mn4+ [26]. And the three characteristic peaks of 529.9 eV,
531.2 eV and 532.6 eV in O 1s spectra shown in Fig. 2c can be
ascribed to the metal–oxygen bonds, OH groups and surface oxygen defects respectively [27]. After Ar plasma treatment, the proportion of Mn3+ dramatically increases than the Mn 2p spectra of
E-MnO2, as shown in Fig. S4b. The formation of more Mn3+ sites
is correlated to the rich defects in E-MnO2 [28], which can be
attributed to the etching effect of plasma treatment. Besides,
according to previous research [9], the Mn3+ sites could play an
important role in promoting the catalytic performances of HER
and OER. Specifically, the defective Mn3+ sites own a more ideal
adsorption free energy for protons and H2O molecules, as well as
improve the conductivity of the MnO2 with semiconductor properties. Thus, the HER would be greatly facilitated. Moreover, the OER
can be promoted by rich Mn3+ since that the disproportionation
reactions of Mn3+ to Mn2+ and Mn4+ benefit the evolution of O2
[29,30]. After decorated the P species, the P 2p in Fig. 2d demonstrates that there are partial negatively charged P atoms greatly
beneficial for the HER [14,15], which further confirms the successful decoration of the electroactive P species. Besides, as shown in
Fig. 2e, the Mn 2p spectra of P-MnO2 suggests that Mn3+ maintains
a relatively high proportion. Additionally, as shown in Fig. 2f, the O
1s of P-MnO2 suggests the obvious characteristic peak at 532.6 eV,

using obtained samples, Hg/HgO and carbon rod as working electrode and reference electrode and counter electrode, respectively.
All the potential was converted to reversible hydrogen electrode
(RHE). The polarization curves were collected at 2 mV s 1 in 1 M
KOH solution, and compensated with iR-correction. And R can be
obtained from an EIS Nyquist plot as the first intercept of the main
arc with the real axis. Before OER and HER tests, all samples were
cycled at 10 mV s 1 until the stability of cyclic voltammetry (CV),
then the data were collected. The overall water splitting was tested
in the two-electrode system. The reference electrodes of Pt/C
(20 wt%) and RuO2 were also prepared on carbon cloth, and the
prepared method was according to previously reported researches
[23,24].

3. Results and discussions
Scheme 1 shows the schematic fabrication of the P-MnO2 and
Fe-MnO2 nanosheet arrays. The MnO2 nanosheets are achieved
through following process. Firstly, MnO2 nanosheet arrays are synthesized on Ni foam by the hydrothermal process. Subsequently, P
species and oxygen vacancies are concurrently decorated on the
surface of MnO2 nanosheets via Ar plasma for HER, besides, Fe species and oxygen vacancies are concurrently introduced on the surface via Ar plasma treatment for OER.
Fig. 1 shows the microstructures and crystalline phases of the
optimal samples. The SEM image (Fig. 1a) clearly shows the
edge-shared nanosheet morphologies in the pristine MnO2
nanosheets with smooth surfaces that are uniformly grown on
the Ni foam. The morphology of the MnO2 nanosheets were further
confirmed via TEM, as shown in Fig. 1b and the results correspond
well with the SEM results. From the high-resolution TEM (HRTEM)
image in Fig. 1c, a lattice spacing of ~0.214 nm corresponding to
the (0 1 5) facet of MnO2 was determined. The XRD spectra
(Fig. 1d) show that all the diffraction peaks can correspond well
with the d-MnO2 phase (JCPDS Card No. 86-0666).
Subsequently the pristine MnO2 nanosheets were etched via
plasma treatment. As shown in Fig. S1, E-MnO2 maintained a rough
and porous nanosheet structure because of the etching effect of the
Ar plasma. After decorating with P or Fe species via plasma treatment, the morphologies of the P-MnO2 and Fe-MnO2 appeared to
be similar to that of E-MnO2, as shown in Fig. 1e and i. This indicated that rich defects could be caused by plasma etching. Additionally, the porous structure of the nanosheets can lead to
increased exposure of active sites as well as shortened charge
transfer pathways, which is beneficial for the catalytic performance. With increasing plasma treating time, the edge surfaces
of P-MnO2-1~20 became increasingly porous, indicating the
enhanced etching effect, as shown in Fig. S2. Additionally, for the
optimal plasma treatment time, the increase in Fe species caused
no obvious change in the nanosheet morphology (Fig. S3); this further proves that it is plasma etching rather than the Fe species that

Scheme 1. Schematic illustration of fabrication of P-MnO2 and Fe-MnO2.
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Fig. 1. (a) SEM image, (b) TEM image and (c) HRTEM image of MnO2; (d) XRD patterns of the obtained samples; (e) SEM image, (f) TEM image, (g) HRTEM image and (h)
corresponding element mapping of P-MnO2; (i) SEM image, (j) TEM image, (k) HRTEM image and (l) corresponding element mapping of Fe-MnO2.

Additionally, the AC impedance spectra shown in Fig. 3d demonstrate that E-MnO2 has a smaller radius than pristine MnO2, indicating that the oxygen vacancies and defective Mn3+ sites could
lead to a smaller charge transfer resistance. After decorating the
P species, P-MnO2 had the smallest radius among the curves of
the investigated samples, which suggests accelerated adsorption
of H2O molecules and protons caused by the presence of the P species and oxygen vacancies. Notably, this is in agreement with the
XPS analysis previously mentioned. Furthermore, to determine
the density of active sites, the electrochemical active specific areas
(ECSA) were estimated by the double layer capacitances (Cdl). The
Cdl of E-MnO2 is larger than that of pristine MnO2, proving that
oxygen defects induced by the plasma could lead to the exposure
of more active sites. After decorating the P species, the Cdl of PMnO2 dramatically increased, suggesting that the decorated P species could serve as highly active sites for HER. To evaluate the stability of the as obtained P-MnO2, chronopotentiometry was
performed at 10 mA cm 2 (Fig. 3f); the steady curve demonstrates
its good stability. Furthermore, the SEM images in Fig. S6a and S6b
suggest that the nanosheet morphology was maintained after the
long-duration HER test. Additionally, the XRD pattern of P-MnO2
after the long-duration HER test corresponds well with d-MnO2
(JPCDS no. 86-0666), indicating there was no alteration in the
phase. According to the above analysis, the excellent performance
of P-MnO2 can be attributed to the surface activated strategies
with the decorated electroactive P species and rich vacancies,
which can accelerate the absorption of protons, promote charge
transfer, and provide more active sites.
The OER activities of the obtained samples are shown in Fig. 4.
The polarization curves of Fe-MnO2 with different amounts of Fe
species decorated on the surface are shown in Fig. 4a. It can be seen

indicating the existence of rich oxygen vacancies. While after decorated Fe species, the Fe 2p spectrum in Fig. 2g illustrates the coexistence of Fe2+ and Fe3+ [31], further confirming the successful
decoration of Fe species on the surface of MnO2. Further, as shown
in Fig. 2h, the Mn 2p of Fe-MnO2 demonstrates the existence of rich
Mn3+. Besides, the O 1s spectrum in Fig. 2i suggests the rich oxygen
defects in Fe-MnO2.
To determine the performance of the obtained surface activated
MnO2 for water splitting applications, related electrochemical tests
were conducted with a three-electrode electrolyzer using 1 M
KOH. For HER, the polarization curves of P-MnO2-1~20 are shown
in Fig. 3a, which demonstrate that the P-MnO2-10 is the optimal
sample. This shows that the plasma treatment time has an optimal
range, which could be because excessive plasma treatment leads to
mass loss of the electrocatalyst. Moreover, Fig. 3b shows the polarization curves of the Ni foam, MnO2, E-MnO2, P-MnO2, and Pt/C.
The P-MnO2 has the best performance for HER among the samples
in the control group with a low overpotential of 105 mV at
10 mA cm 2. Compared with pristine MnO2, the overpotential
was reduced by 130 mV. Notably, this performance is quite competitive among recently reported electrocatalysts (Table S1). Additionally, E-MnO2 performs better than pristine MnO2, proving that
oxygen defects induced by plasma etching are beneficial for HER
catalytic activity. After decorating the P species via plasma treatment, realization of the lowest overpotential by P-MnO2 confirmed
the high electroactivity of the P species for the HER. To further
explore the catalytic kinetic behavior, the Tafel slopes are plotted
in Fig. 3c. P-MnO2 had the smallest Tafel slope (69.3 mV dec 1)
among the Ni foam (160.6 mV dec 1), MnO2 (154.8 mV dec 1),
and E-MnO2 (121.4 mV dec 1), indicating a dramatically accelerated electron transfer process and favorable HER dynamics [6].
4
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Fig. 2. (a) EPR spectra of MnO2, E-MnO2, P-MnO2 and Fe-MnO2; XPS spectra of (b) Mn 2p and (c) O 1s in MnO2; XPS spectra of (d) P 2p, (e) Mn 2p and (f) O 1s in P-MnO2; XPS
spectra of (g) Fe 2p, (h) Mn 2p and (i) O 1s in Fe-MnO2.

Fig. 3. (a) LSV curves of P-MnO2-1, 5, 10, 20. (b) LSV curves, (c) corresponding Tafel plots, (d) Nyquist plots and (e) the estimated Cdl values of obtained catalysts for HER tests.
(f) Chronopotentiometry measurements for P-MnO2 (without iR correction).
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Fig. 4. (a) LSV curves of P-MnO2-1, 5, 10, 20. (b) LSV curves, (c) corresponding Tafel plots, (d) Nyquist plots and (e) the estimated Cdl values of obtained catalysts for HER tests.
(f) Chronopotentiometry measurements for P-MnO2 (without iR correction).

than pristine MnO2, indicating that oxygen vacancies and defective
Mn3+ could lead to a smaller charge transfer resistance. After decorating the Fe species, Fe-MnO2 had the smallest radius of the
curves among the investigated samples, which suggests it has the
smallest charge transfer resistance due to the contributions of the
Fe species and oxygen vacancies; this is in agreement with the XPS
analysis previously mentioned. Furthermore, the ECSA were estimated via Cdl to determine the density of active sites (Fig. 4e).
The Cdl of E-MnO2 was larger than that of pristine MnO2, proving
that the oxygen defects induced by plasma could lead to the exposure of more active sites. After decorating the Fe species, the Cdl of
Fe-MnO2 dramatically increased, suggesting that the decorated Fe
species could serve as highly active sites for OER. Additionally,
chronopotentiometry was performed at 10 mA cm 2 (Fig. 4f) to
determine the stability of the as obtained Fe-MnO2. The steady
curve demonstrates the good stability. Furthermore, no obvious
change was found in the Fe-MnO2 morphology after the longduration OER test, as shown in Fig. S8a and S8b, further suggesting
the good durability of Fe-MnO2. The XRD pattern of Fe-MnO2 after

that Fe-MnO2-0.1 was the optimal sample, suggesting that an optimal range exists for the Fe content. The polarization curves of the
Ni foam, MnO2, E-MnO2, Fe-MnO2, and IrO2 are shown in Fig. 4b.
The Fe-MnO2 had the best performance for the OER, only needing
an overpotential of 244 mV at 10 mA cm 2. Compared with pristine MnO2, the overpotential was reduced by 116 mV. It should
be noted that such performance is competitive relative to existing
electrocatalysts (Table S2). Furthermore, the performance of EMnO2 was better than pristine MnO2, proving that the oxygen
defects induced by plasma etching were beneficial for OER catalytic activity. After decorating the Fe species via plasma treatment, the lowest overpotential for Fe-MnO2 confirmed the high
electroactivity of the Fe species towards OER. To further determine
the kinetic behavior, the Tafel slopes are plotted in Fig. 4c. The FeMnO2 had the smallest Tafel slope (44.3 mV dec 1) among Ni foam
(145.4 mV dec 1), MnO2 (92.0 mV dec-1), E-MnO2 (88.1 mV dec 1),
and even IrO2 (58 mV dec-1), indicating dramatically improved OER
dynamics. Additionally, the electrochemical impedance spectra
shown in Fig. 4d demonstrate that the E-MnO2 has a smaller radius

Fig. 5. Polarization curves of Fe-MnO2||P-MnO2 and IrO2||Pt/C for overall water splitting. (b) Long-term stability for Fe-MnO2||P-MnO2 at 10 mA cm
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these tests corresponded well with d-MnO2, indicating that there
were no phase changes. Additionally, XPS tests were performed
with the Fe-MnO2 after the long-duration OER cycling tests. As
shown in Fig. S9a, the Fe 2p spectra show the coexistence of Fe2+
and Fe3+. Furthermore, the Mn 2p spectrum (Fig. S9b) indicates
that the proportion of Mn3+ is still high, which could promote
charge transfer. It should be noted that the ratio of OH is higher
than that of the original sample (Fig. S9c), which could be attributed to the Fe species being beneficial for the absorption of OH
[32]. Additionally, the decorated Fe species may be converted
in situ to the corresponding oxide/hydroxide with higher OER
activity [33]. In summary, the surface activation strategy with decorated Fe species and rich oxygen vacancies was beneficial for promoting the OER performance. This can be attributed to the
accelerated catalytic process, enhanced charge transfer, and the
increased number of active sites.
Encouraged by the good HER performances of P-MnO2 and the
satisfying OER performances of Fe-MnO2, the overall water splitting is measured by using P-MnO2 as cathode and Fe-MnO2 as
anode. As shown in Fig. 5a, the polarization curves of Fe-MnO2||
P-MnO2 and IrO2||Pt/C are measured by two-electrode water splitting device. Notably, the Fe-MnO2||P-MnO2 cell only needs 1.59 V
to achieve 10 mA cm 2, competitive among previous electrocatalysts in Table S3. Besides, the chronopotentiometry results of FeMnO2||P-MnO2 electrolyzer shown in Fig. 5b, and the steady curve
demonstrates the good stability. Consequently, the surface activated MnO2 electrodes could serve as promising candidates for
overall water splitting.
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