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Stabilization of layered manganese oxide by
substitutional cation doping†
Zhimi Hu,a Ming Chen,b Hao Zhang,c Liang Huang, a Kaisi Liu,a Yansong Ling,a
He Zhou,a Zheng Jiang,c Guang Feng b and Jun Zhou *a
Manganese oxides (d-MnO2) with a layered structure are considered as potential electrode materials due to
the presence of an extra ion transport channel between interlayers. However, their dissolution and structure
collapse during the electrochemical charge and discharge process usually lead to rapid capacity fading. In
this study, we designed a metal-ion (Ba2+, Sn2+, Co3+ and Ni2+)-doped two dimensional (2D) d-MnO2 to
improve the stability of the layered structure. Both the experimental and the theoretical calculations
indicated that Co3+ and Ni2+-doped 2D d-MnO2 (2D Co–KMnO and Ni–KMnO, respectively), obtained
via a substitutional doping route (by replacing the Mn atom), could eﬃciently stabilize the layered
structure. Moreover, the 2D Co–KMnO electrode material exhibited a high speciﬁc capacitance (342.7 F
g1) and excellent cycling performance, with 95.3% capacitance retention after 20 000 cycles at the
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current density of 5 A g1. This study revealed the mechanism of the eﬀect of the doping behavior of
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metal ions on the crystal stability of metal oxides, possibly paving a new path for the rational design of
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other robust functional nanomaterials.

1. Introduction
Manganese oxide (MnO2) is considered an important functional
material for applications in supercapacitors, rechargeable
batteries and fuel cells.1–11 Due to its diverse crystal structures
and morphologies, MnO2 exhibits special properties and thus
has high research signicance. a-, b-, g-, 3- and d-phases of
MnO2 can be formed with tunneled or layered structures
through diﬀerent arrangements of the same [MnO6] octahedron.12 Among these structures, d-MnO2 possesses a relatively
open layered structure with an interlayer spacing of about
0.72 nm and is regarded as a promising electrode material for
supercapacitors due to the presence of a well-suited channel for
fast electrolyte ion transfer.13–15 However, the thermodynamic
metastable phase of d-MnO2 usually shows poor cycling
stability, which limits its practical applications.16,17
Generally, there are two factors that aﬀect the cycling
stability of d-MnO2:17,18 one factor is the electronic conductivity.
The charge storage mechanism in MnO2 is mainly based on the
redox reaction between Mn4+ and Mn3+ on the surface or nearsurface. The poor electronic conductivity of MnO2 can cause
a
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hyperpolarization in the charge and discharge process that may
reduce Mn4+ to soluble Mn2+.19 To address this issue,
researchers have been focusing on compounding MnO2 with
conductive carbon materials, such as graphene or carbon
nanotubes (CNT), to achieve a long cycle life.20–23 For example,
Peng et al. reported a durable electrode based on a d-MnO2/
graphene hybrid lm with a capacitance retention of 92% aer
7000 cycles.24 In addition, Zhang et al. had grown ordered MnO2
on CNT arrays through electrodeposition to assemble a high
stability electrode (capacitance retention could reach 97% aer
20 000 cycles).25
The other factor is the crystal stability that determines the
cycling performance of d-MnO2. The fast reversible insertion/
extraction of electrolyte ions in the layered structure of dMnO2 will result in lattice expansion and crystal collapse during
the charge and discharge process. Previous studies have indicated that the crystal stability of d-MnO2 is mainly related to the
panel formed by the [MnO6] octahedron. In the charge and
discharge process, MnIII–O and MnIV–O with diﬀerent bond
lengths can result in a rearrangement of the [MnO6] octahedron
and then cause lattice distortion of d-MnO2. In this way, d-MnO2
may get converted to more stable phases, such as the a- or the bphase (with a tunneled structure), under specic conditions.26,27
This phase change process can destroy the layered structure and
cause capacitance fading to a certain level. To date, only few
studies have been reported on the improvement of the cycling
performance of d-MnO2.
In this study, we proposed an eﬀective modication
approach to improve the stability of the crystal structure of d-
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MnO2 by metal-ion doping. 2D K+-intercalated d-MnO2 (2D
KMnO) and metal-ion-doped 2D KMnO (2D M–KMnO, where M
represents Ba2+, Sn2+, Co3+ and Ni2+ that possess diﬀerent ionic
radii (Table S1†)), have been synthesized by a modied molten
salt method.28 The radii of the doping ions determined the
doping routes, which had diﬀerent inuences on the crystal
stability of KMnO (Scheme 1). The doping route of Ba2+ and Sn2+
for 2D KMnO was interstitial, whereas that of Co3+ and Ni2+
involved both substitutional and interstitial modes. Both the
experimental results and the theoretical calculations illustrated
that a substitutional doping route could facilitate the stability of
the crystal structure of 2D KMnO and restrain the conversion of
the 2D morphology. Importantly, 2D Co–KMnO exhibited good
specic capacitance and excellent cycling stability.

2.
2.1

Experimental
Synthetic procedures

Synthesis of 2D K+-intercalated d-MnO2 and metal-iondoped K+-intercalated d-MnO2. The 2D K+-intercalated d-MnO2

has been synthesized by a modied molten salt method that has
been reported before.28 Typically, 3 g KNO3 and 0.2 g MnSO4
powder were mixed together and ground for 5 minutes to form
a homogeneous mixture. Then, this mixture was placed in
a muﬄe furnace at the xed temperature of 380  C for 10
minutes. Aer the product was cooled down to room temperature, it was washed with deionized water (DI water); then, 2D K+intercalated MnO2 (named as 2D KMnO) was obtained. Metalion-doped 2D KMnO (2D M–KMnO) was synthesized using the
same approach. However, the precursor mixture included 3 g
KNO3, 0.2 g MnSO4 and 0.5 mmol metal chloride (BaCl2, SnCl2,
CoCl2 and NiCl2). Aer the same reaction process, 2D M–KMnO
samples were obtained, and they were named as 2D Ba–KMnO,
Sn–KMnO, Co–KMnO and Ni–KMnO. To investigate the crystal
stability of 2D KMnO and metal-ion-doped 2D KMnO, we
extended the reaction time from 10 to 30 minutes, and the
obtained samples were named as M–KMnO-30 (KMnO-30, Ba–
KMnO-30, Sn–KMnO-30, Co–KMnO-30 and Ni–KMnO-30).
Preparation of the electrode for electrochemical tests. A freestanding electrode was fabricated according to our previous

Scheme 1 Mechanism of the crystal structure conversion by metal ion doping. (a) Ba2+ and Sn2+-doped 2D KMnO. The layered structure of 2D
KMnO became disordered due to the diﬀerent bond lengths of Mn3+–O and Mn4+–O, and 2D KMnO turned into a-MnO2 with a tunneled
structure as the reaction time was increased from 10 minutes to 30 minutes. (b) Co3+ and Ni2+-doped 2D KMnO. The layered structure of 2D
KMnO was maintained after increasing the reaction time to 30 minutes.
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study.7,8 Typically, 70 wt% active materials, 20 wt% acetylene
black (Alfa Aesar, 99.9%) and 10 wt% poly (tetrauoroethylene)
(PTFE) as a binder were dispersed in ethanol via ultrasonication. Then, the mixture was heated in an oil bath at 80  C
under magnetic stirring to evaporate most of the ethanol to
obtain a uniform slurry. Next, the slurry was roll-pressed into
a lm on a at glass surface, which was then tailored to form
a circular sheet with a diameter of 0.5 mm. The mass loading of
the prepared electrode was approximately 0.85 mg cm2. In
a typical electrochemical measurement process, we used
a three-electrode conguration with Swagelok cells (Swagelok,
USA) in an aqueous electrolyte. Ag/AgCl (CHI, USA) was used as
the reference electrode, a carbon lm fabricated from YP-50
(Kuraray, Japan) was used as the counter electrode, a Celgard
lm (Celgard, USA) acted as a separator and the electrolyte was
a 0.5 mol L1 Na2SO4 solution.
2.2

Characterizations of the synthesized materials

The crystal structures and surface properties of the prepared
samples were investigated by X-ray diﬀraction using Cu Ka
radiation (l ¼ 1.5418 Å) (XRD, X'Pert Pro, PANalytical) and X-ray
photoelectron spectroscopy (XPS, ESCALab 250), respectively.
The morphology was determined by eld-emission scanning
electron microscopy (FE-SEM, FEI Nova 450 Nano), highresolution transmission electron microscopy and energy
dispersive X-ray spectroscopy (TECNAI and Titan). The element
content was measured by inductively coupled plasma emission
spectroscopy (ICP-OES, Optima 4300DV). To determine the
specic surface area of the samples, N2 adsorption–desorption
isotherms were obtained using Micromeritics ASAP 2000. The
electrochemical performance was investigated using EC-Lab
(Bio-Logic VMP-300). The mass loading of the electrode was
measured by a microbalance (CPA225D, Sartorius) with an
accuracy of 0.01 mg.
2.3

X-ray absorption ne structure (XAFS) measurements

Transition metal (Mn, Co) XAFS measurements were performed
at the BL14W1 station in the Shanghai Synchrotron Radiation
Facility (SSRF). The electron storage ring of the SSRF was
operated at 3.5 GeV, with a maximum current of 250 mA. The
Mn K-edge XAFS data were obtained in the transmission mode,
whereas the Co K-edge data were measured by obtaining the
uorescence signal, with the energy calibrated using metal foils.
In addition, the XAFS data were obtained using a xed-exit
double-crystal Si (111) monochromator.
2.4

XAFS data analysis

Utilizing the ATHENA module of the IFEFFIT soware packages, the obtained EXAFS data were processed according to the
standard procedures. The EXAFS contributions were separated
from diﬀerent coordination shells using hanning windows (dk
¼ 1.0 Å1). Subsequently, the quantitative curve-ttings were
carried out in an R-space (1.0–2.8 Å) with the Fourier transform
k-space ranges of 3.0–12.2 Å1 for Mn and 3.0–12.6 for Co using
the ARTEMIS module of IFEFFIT. All ts were performed in the
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R space with the k-weight of 2. During the curve-tting, the
overall amplitude reduction factor S02 was xed to 0.90.
2.5

Density functional theory (DFT) calculations

Herein, all DFT calculations were carried out using the Vienna
ab initio simulation package (VASP)29 with the Perdew–Burke–
Ernzerhof (PBE) exchange–correlation functions of the generalized gradient approximation (GGA).30 The electron–ion
interaction was utilized by a projector augmented wave
(PAW),31 with the kinetic energy cut-oﬀ set at 550 eV. The
eﬀective U term (Ueﬀ) was induced as 4.0 eV on Mn 3d electrons, which was the same as used in the previous study.13 The
geometry convergence criteria for the total energy and the
maximal component of the force were set as 105 eV and
0.05 eV Å1, respectively. Spin-polarization was considered in
all the calculations. Aer testing, a Gaussian smearing of
0.05 eV was set for Fermi surface broadening, and a 4  8  2
Monkhorst–Pack k-point mesh was utilized for Brillouin zone
sampling.

3.
3.1

Results and discussion
Material characterization

2D KMnO and M–KMnO were synthesized by a modied molten
salt method. In a typical synthesis procedure, MnSO4 was mixed
with a certain amount of dopant (BaCl2, SnCl2, CoCl2 and NiCl2)
and KNO3 to form a homogeneous precursor powder by
grinding. The mixture was then placed in a muﬄe furnace at the
xed temperature of 380  C for 10 min. Aer washing with DI
water to remove the molten salt (KNO3) and the byproduct salts
(K2SO4 and KCl), we could obtain 2D KMnO and a series of 2D
M–KMnO (Ba–KMnO, Sn–KMnO, Co–KMnO and Ni–KMnO)
powders for further studies.
The morphologies of 2D KMnO and 2D M–KMnO powders
were explored via scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As shown in Fig. 1a–j,
KMnO and M–KMnO species presented similar 2D morphologies with obvious wrinkles and transparency for a reaction
time of 10 min. In addition, high-resolution TEM and selected
area electron diﬀraction (SAED) images demonstrated the
polycrystalline nature of 2D KMnO and 2D M–KMnO (Fig. S1†).
Energy dispersive X-ray spectroscopy (EDS) illustrates the
successful doping, and the mapping patterns further indicate
the homogeneous doping behavior of metal ions (Fig. S1 and
S3†). As the reaction time was extended to 30 min, the
morphology of KMnO-30, Ba–KMnO-30 and Sn–KMnO-30 was
converted to a 1D nanowire with a monocrystalline structure,
whereas Co–KMnO-30 and Ni–KMnO-30 still maintained the 2D
morphology (Fig. 1k–t and S2†). In this situation, as indicated
by the elemental mapping patterns (Fig. S2†), the metal ions
achieved doping as well. Based on the abovementioned representation, we can conclude that Co and Ni doping can restrain
the morphology conversion of KMnO from a 2D nanosheet to
a 1D nanowire.
X-ray diﬀraction (XRD) was conducted to identify the crystal
structure of these species. As shown in Fig. 2a and b, the XRD
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Morphology of KMnO and metal-ion-doped KMnO at diﬀerent reaction times. SEM images of (a) 2D KMnO, (b) 2D Ba–KMnO, (c) 2D Sn–
KMnO, (d) 2D Co–KMnO and (e) 2D Ni–KMnO for the reaction time of 10 minutes. TEM images of (f) 2D KMnO, (g) 2D Ba–KMnO, (h) 2D Sn–
KMnO, (i) 2D Co–KMnO and (j) 2D Ni–KMnO for the reaction time of 10 minutes. SEM images of (k) KMnO-30, (l) Ba–KMnO-30, (m) Sn–KMnO30, (n) Co–KMnO-30 and (o) Ni–KMnO-30 for the reaction time of 30 minutes. TEM images of (p) KMnO-30, (q) Ba–KMnO-30, (r) Sn–KMnO-30,
(s) Co–KMnO-30 and (t) Ni–KMnO-30 for the reaction time of 30 minutes.

Fig. 1

patterns of both 2D KMnO and 2D M–KMnO exhibit a layered dphase with an interlayer spacing of 0.72 nm for the xed reaction time of 10 min, respectively. However, when the reaction
time was extended to 30 min, the crystal structure of KMnO-30,
Ba–KMnO-30 and Sn–KMnO-30 turned into a tunneled a-phase
with a tunnel size of approximately 0.46 nm (K+, Ba2+ or Sn2+
existed in the tunnel to support the structure), whereas Co–
KMnO-30 and Ni–KMnO-30 maintained the d-phase. This
means that Co- and Ni-doped d-MnO2 exhibit higher crystal
stability as compared to KMnO, Ba–KMnO and Sn–KMnO. Co
and Ni doping not only can maintain the 2D morphology of dMnO2 but can also stabilize the layered structure and hinder the
phase transition.
To further investigate the eﬀect of metal-ion doping on the
thermodynamic stability of d-MnO2, we placed 2D KMnO, 2D
Ba–KMnO and 2D Co–KMnO samples in a muﬄe furnace for
heat treatment under an air atmosphere at 400  C. The transformation of the morphologies and structures was determined
by SEM and XRD. As shown in Fig. S4,† the partial 2D

This journal is © The Royal Society of Chemistry 2019

nanosheets of KMnO and Ba–KMnO turned into 1D nanowires
as the annealing time was extended from 0.5 to 6 h. The corresponding XRD patterns (Fig. S5a and b†) illustrate that the
layered crystal structure of 2D KMnO and 2D Ba–KMnO is
converted into the a phase when the treatment time reaches 1 h.
In contrast, 2D Co–KMnO maintained the same morphology
and structure even aer a heat treatment for 6 h (Fig. S4 and
S5c†). All these results reveal that the Co-doped KMnO
possesses better thermodynamic stability.
We have then comprehensively discussed the mechanism of
stabilization of the crystal structure of d-MnO2 via doping
diﬀerent metal-ions. At rst, we explored the doping route and
doping content of each metal ion. Generally, two doping routes,
i.e. substitutional doping (the metal ion replaced the Mn atom
on the panel) and interstitial doping (the metal ions intercalated inbetween the interlayers), occurred in the layered structure of 2D KMnO. We measured the contents of K+, Ba2+, Sn2+,
Co3+ and Ni2+ in the structures of 2D KMnO and 2D M–KMnO by
inductively coupled plasma emission spectroscopy (ICP-OES).
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Structural characteristics and doping contents of metal ions in 2D KMnO and 2D M–KMnO. XRD patterns of KMnO and M–KMnO for
a ﬁxed reaction time of (a) 10 minutes and (b) 30 minutes. (c) The H+ exchange process of 2D KMnO. (d) XRD patterns of 2D KMnO and 2D M–
KMnO after H+ exchange. (e) Comparison of the element contents for K, Ba, Sn, Co and Ni before and after the H+ exchange; the inset shows an
enlarged view of the rectangular frame. (f) TEM image of 2D Co–KMnO after the H+ exchange and the corresponding element mapping,
indicating the existence of Co.
Fig. 2

The results are summarized in Table S2.† As is well-known,
the ions that intercalate between interlayers can be exchanged
with H+ by placing the sample in an acid solution for a certain
time (Fig. 2c); this enables us to conrm the content of the ions
existing in the interlayer. For this experiment, 20 mg 2D KMnO
and 2D M–KMnO were dispersed in a 100 mL 1 M H2SO4
solution under magnetic stirring for one week to complete the
exchange reaction. Then, the obtained samples were washed
with DI water and dried at 60  C for further XRD and ICP-OES
measurements. In the XRD patterns, the layered structure
only shows a slight change (approximately 0.7 nm) in the
interlayer spacing aer the H+ exchange (Fig. 2d). The K+

7122 | J. Mater. Chem. A, 2019, 7, 7118–7127

content of the 2D KMnO sample reduced from 4.12% to 0.03%
aer the acid solution treatment; this indicated that H+ could
completely replace the cations between the interlayers of 2D
KMnO (Fig. 2e). For the 2D Ba–KMnO sample, the K+ content is
0.01% aer the H+ exchange, and the content of Ba2+
decreases from 1.97% to 0.02%. The content change illustrates
that the doping route for Ba2+ is interstitial. From the ICP-OES
measurements, we also found that Sn2+ shows the same doping
behavior as Ba2+ in 2D Sn–KMnO due to their similar ionic radii.
In contrast, the Co3+ content of the 2D Co–KMnO sample was
reduced from 3.62% to 2.14% aer the same acid solution
treatment; thus, the doping route for Co3+ included both the

This journal is © The Royal Society of Chemistry 2019
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substitutional and the interstitial doping, with the corresponding doping contents of 2.14% and 1.48%, respectively.
The elemental mapping of 2D Co–KMnO aer the acid treatment also indicates the existence of Co (Fig. 2f). Unsurprisingly,
Ni2+ in the 2D Ni–KMnO sample shows a doping mode analogous to that of Co3+ since the metal-ion radii of both ions are
close to that of Mn4+.
The X-ray absorption near-edge structure (XANES) technique
has been employed to further investigate the doping mechanism of 2D KMnO, 2D Ba–KMnO and 2D Co–KMnO since this
technology is sensitive to the local environment of the atoms
and the relative electronic conguration.1,12,32–35 The absorption
edge energies determined from the Mn K-edge XANES spectra
for 2D KMnO, 2D Ba–KMnO and 2D Co–KMnO (Fig. 3a) exhibit
no signicant diﬀerence; this indicates that the main valence
state of manganese ions remains +4 before and aer the metalion doping; this nding matches well with the XPS results

Journal of Materials Chemistry A

(Fig. S6 and S7†). In addition, the XANES spectra were obtained
to determine the valence state by comparing them with the
standard spectra (Fig. S8†). It was found that the element Co
possessed a valence state of +3, whereas Ni showed a valence
state of +2.
The local structure of the Mn atoms in 2D KMnO, 2D Ba–
KMnO and 2D Co–KMnO was investigated by the extended X-ray
absorption ne structure (EXAFS) technique. As shown in
Fig. 3b, the Mn EXAFS spectra exhibit two main peaks in the Rspace, corresponding to the rst Mn–O and Mn–Mn shells;1,35
moreover, the 2D KMnO, 2D Ba–KMnO and 2D Co–KMnO
samples possess similar peak shapes even at a long radial
distance; this conrms that all the samples have approximately
the same crystal structure.32 As observed from the data (Fig. 3b
and Table S3†), the Mn–O peaks of these three samples show
similar intensities, whereas the Mn–Mn peak for 2D Co–KMnO
is stronger than the corresponding peaks for 2D KMnO and 2D

Doping mechanism analysis. (a) Mn K-edge XANES spectra of 2D KMnO, 2D Ba–KMnO and 2D Co–KMnO. (b) Mn K-edge EXAFS spectra of
2D KMnO, 2D Ba–KMnO and 2D Co–KMnO. (c) Mn K-edge and Co K-edge EXAFS spectra of 2D Co–KMnO. Relative energy analyses. (d) Relative
formation energies of diﬀerent structures. (e and f) The relative energy for the d- to a-phase transition of AMn7O16. Images of the key states of the
d- to a-AMn7O16 (A ¼ Mn, Co) transition; (g) transition-state 1 (TS1); (h) intermediate state (MS); and (i) transition-state 2 (TS2).
Fig. 3

This journal is © The Royal Society of Chemistry 2019
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Ba–KMnO; this suggests that the 2D Co–KMnO sample has
increased the long-range atomic ordering as compared to the
2D KMnO and 2D Ba–KMnO samples.33 Moreover, the Mn–Mn
distance in 2D Co–KMnO is smaller than that in 2D KMnO and
2D Ba–KMnO; this indicates that increased structural distortion
exists in 2D KMnO and 2D Ba–KMnO.1 Thus, we can conclude
that Co3+ doping makes the layered manganese oxides more
stable, whereas Ba2+ doping has no eﬀect on the structural
stability. This diﬀerence may be aﬀected by the doping route of
each element. As abovementioned, the doping behavior of Ba2+
is interstitial, whereas that of Co3+ is both substitutional and
interstitial. We have discussed the inuence of the doping route
on the crystal stability hereinaer. To further conrm the
existence of the substitutional doping behavior of Co3+, we
compared the EXAFS spectra of Mn and Co elements for the 2D
Co–KMnO sample (Fig. 3c). The similar peak shapes means that
the Mn and Co atoms possess similar chemical environments;
thus, we can speculate that Co partially replaces the sites of Mn.
Moreover, eighteen diﬀerent models (Fig. S9†), including
pure manganese dioxide (Mn8O16), manganese dioxide with
a metal atom substituted for the Mn atom (AMn7O16, A ¼ K, Ba,
and Co), and manganese dioxide with an extra inserted metal
atom (AMn8O16, A ¼ K, Ba, and Co), for both d- and a-MnO2
were investigated to understand the stability of diﬀerent structures. Initially, the crystal parameters of pure d- and a-MnO2
were obtained via structure optimization, agreeing with the
experimental data.36,37
Then, the thermodynamic stability was assessed from the
formation energy.38 The results of the formation energies are
shown in Fig. 3d. The formation energy of d-MnO2 is 2.32 eV/
fu, which is slightly larger than that of a-MnO2 (2.34 eV/fu),
consistent with the results of the previous study.13 Moreover,
it can be found that all the formation energies are negative,
suggesting that both substitution and intercalation are thermodynamic stabilization processes.38 However, the formation
energies are more negative when the K or the Ba atom is the
interstitial atom as compared to the case when the K or the Ba
atom is the substituted atom for both d- and a-MnO2; this
indicated that the interstitial AMn8O16 (A ¼ K and Ba) formation
is easier than substitution. However, the formation energy for
the interstitial Co atom is almost equal to that in the case of
substitution; this demonstrates that the opportunity for the
substitution of MnO2 is comparable to that of the interpolation;
this conrms the experimental results.
To understand the process of phase transition, generalized
solid-state nudged-elastic band (G-SSNEB)39 calculations were
performed to determine the energy barriers from the d- to the aphase (Fig. 3e–i). The transition from the d- to the a-phase is not
a direct reaction, but mediated by an intermediate state; this is
similar to the study reported by Li et al.13 The phase transition
starts with the buckling of the d-MnO2 sheet (Fig. S10a†),
leading to the breakage of Mn–O bonds, which induces the
formation of 5-coordinated Mn (Mn5c) and 2-coordinated O
(O2c) at the transition-state 1 (TS1, Fig. 3g). Aer TS1, the Mn5c
atoms can create new bonds with the O2c atoms on the
neighboring MnO2 sheet; this results in the formation of an
intermediate state (MS, Fig. 3h) with a [2  6] tunnel. Then, the
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[2  6] tunnel is involved in a shear distortion similar to the rst
step (TS2, Fig. 3i). Thus, the [2  6] tunnel is divided into two [2
 2] tunnels and one [1  1] tunnel; this leads to the formation
of the a-phase (Fig. S10b†). The energy barrier for the transition
of pure MnO2 from the d- to the a-phase is 0.4768 eV/fu. The
transition process for AMn7O16 from the d- to the a-phase is
similar to that of the pure case. However, when one Mn atom is
substituted by Co, the energy barrier increases to 0.4881 eV/fu;
this suggests that the substituted Co can make it diﬃcult for
AMn7O16 to transit from the d to the a-phase. Based on the
abovementioned results, we can conclude that the stabilization
of the layered structure is mainly attributed to the substitutional doping of Co3+ and Ni2+.
d-MnO2 is considered as the ideal electrode material for
a supercapacitor due to its low-cost, eco-friendliness, and
large-ion transport channel.22,40–42 The 2D morphology of dMnO2 is benecial for fast ion-transfer because of the large
specic surface area. Moreover, the Co3+ and Ni2+ doping can
eﬃciently enhance the crystal stability of d-MnO2, which may
lead to long cycling stability. We then investigated the electrochemical performance of 2D KMnO and 2D M–KMnO in
a three-electrode system using 0.5 M Na2SO4 as the electrolyte.
Initially, electrochemical impedance spectroscopy (EIS) was
used to investigate the electronic and ionic conductivities of
these samples, as shown in Fig. 4a. As observed from the
slopes in the low frequency region, 2D Co–KMnO possesses
a more eﬃcient ion transport as compared to 2D KMnO and
2D Ba–KMnO.43
Cyclic voltammetry (CV) and galvanostatic charge and
discharge (GCD) experiments were then conducted to further
investigate the electrochemical performance of these samples
(Fig. 4, S11 and S12†). The typical pseudocapacitive behavior
of 2D KMnO, 2D Ba–KMnO and 2D Co–KMnO was revealed
from the CV curves obtained at the scan rate of 50 mV s1
(Fig. 4b). The CV curve of 2D Co–KMnO shows a much larger
integral area than those of 2D KMnO and 2D Ba–KMnO at the
same scan rate, revealing better specic capacitance. Moreover, 2D Co–KMnO showed the high capacitance retention of
68.1% when the scan rates were increased from 5 to 100 mV
s1 (Fig. 4c). The enhanced capacitance performance could be
attributed to the increased specic surface area of 2D Co–
KMnO that could allow more surface reactions (Fig. S13†). The
good symmetry of the GCD curves demonstrates the excellent
Coulombic eﬃciency of 2D Co–KMnO (97%), which is better
than the eﬃciencies of 2D KMnO (81%) and Ba–KMnO (79%)
at the current density of 0.5 A g1 (Fig. 4d). The highest specic
capacitance for 2D Co–KMnO is 342.7 F g1 at the current
density of 0.5 A g1, which is higher than those of 2D KMnO
(214.3 F g1) and 2D Ba–KMnO (197.6 F g1), consistent with
the results of the CV tests.
The cycling performance of these samples was tested at the
current density of 5 A g1. As shown in Fig. 4f, the capacitance
retention of 2D Co–KMnO reached 99.1% aer 10 000 cycles.
This value is better than that of 2D KMnO (87.1%) and 2D Ba–
KMnO (83.7%) aer 10 000 cycles. Even aer increasing the
number of cycles to 20 000 cycles, the capacitance retention of
2D Co–KMnO was maintained at approximately 95.3%. The

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Electrochemical performance. (a) EIS patterns of 2D KMnO, 2D Ba–KMnO and 2D Co–KMnO in the frequency range from 100 mHz to 10
kHz with a potential amplitude of 10 mV. (b) CV curves of 2D KMnO, 2D Ba–KMnO and 2D Co–KMnO at the scan rate of 50 mV s1. (c) CV curves
of 2D Co–KMnO at the scan rate ranging from 5 to 100 mV s1. (d) Galvanostatic charge/discharge curves of 2D KMnO, 2D Ba–KMnO and 2D
Co–KMnO at the current density of 0.5 A g1. (e) Gravimetric capacitance as a function of current density for 2D KMnO, 2D Ba–KMnO and 2D
Co–KMnO samples. (f) Cycling performance of 2D KMnO, 2D Ba–KMnO and 2D Co–KMnO (at the current density of 5 A g1). (g–i) Optical
images and SEM images of 2D KMnO, 2D Ba–KMnO and 2D Co–KMnO electrode ﬁlms on a steel rod before and after cycling.

excellent durability of 2D Co–KMnO is competitive with that of
the most stable d-MnO2-based electrode materials.17,44,45
Furthermore, we compared the electrode morphologies of 2D
KMnO and 2D Ba–KMnO with that of 2D Co–KMnO before and
aer cycling by optical and SEM images (Fig. 4g–i). In the
images, 2D KMnO and 2D Ba–KMnO show an obvious deposition phenomenon around the electrode lm on the surface of
a steel rod as compared to the 2D Co–KMnO electrode. In
addition, the SEM images indicate that 2D Co–KMnO maintains

This journal is © The Royal Society of Chemistry 2019

an undamaged 2D morphology, whereas a part of the 2D
morphology of KMnO and Ba–KMnO has been destroyed and
turned into nanoparticles (Fig. 4g–i).

4. Conclusions
In summary, we have achieved the regulation of the crystal
stability of layered MnO2 through in situ metal-ion doping in
a molten salt system. The doping behavior of the metal ions
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varied depending on the ionic radius. The interstitial route was
the main doping route for the metal ions Ba2+ and Sn2+, whereas
both the interstitial and the substitutional routes existed for
Co3+ and Ni2+ doping. The actual doping content of each metal
ion was conrmed by the H+ exchange process. We found that
the substitutional doping route could eﬃciently improve the
crystal stability of d-MnO2 and hinder the conversion of the 2D
morphology and structure. As expected, 2D Co3+-doped KMnO
exhibited the high specic capacitance of 342.7 F g1 with
excellent cycling stability. This study opens up new insights for
metal-ion doping and provides an eﬀective approach to
enhance the structural stability of the electrode materials for
energy storage applications.
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