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Two-dimensional MnPSe3 Van der Waals stacked in an ABC sequence has abundant and low-cost Mn
resources, but has yet to exhibit expected performance as an electrode material in battery devices.
Here, we report a 2D/2D composite consisting of few layer MnPSe3 nanosheets and graphite through a
high energy ball milling method for uses on the anodes alkali metal-ion batteries, including lithium
ion battery (LIB) and potassium ion battery (PIB). These unique 2D/2D layer nanostructures, with
MnPSe3 layers hierarchically stacked in graphite, can successfully overcome the severe aggregation
due to restacking during charge/discharge cycles. Moreover, density functional theory (DFT) calculations
show that the band gap of the MnPSe3/graphite hybrid is as low as 0.07 eV, confirming that the combi-
nation of MnPSe3 and graphite efficiently reduces the ion migration energy barrier. As a result,
MnPSe3/graphite stacking composites achieve a discharge capacity of 488.1 mA h g�1 after 500 cycles
at 2000 mA g�1 in LIB, and 236.7 mA h g�1 after 700 cycles at 250 mA g�1 in PIB. Moreover, the analysis
of electrochemical, kinetics, reactions mechanism, DFT, and full cell applications were investigated dee-
ply. This work strongly supports the possibility of MnPSe3/graphite hybrid as a promising candidate for
alkali ion batteries, and makes important improvements for the application of two-dimensional MPCh3

layer materials in storage systems.
� 2022 Elsevier Inc. All rights reserved.
1. Introduction

With the excessive dependence on fossil energy, it is urgent to
develop high-energy storage systems to satisfy the increasing
energy demand [1,2]. For the metal-ion batteries field, lithium-
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ion batteries (LIBs) have been widely used in storage equipment
and developing rapidly due to high energy density, high operating
voltage, and long cycle life [3–6]. However, the shortage and
uneven global distribution of lithium resources limit large-scale
energy storage applications and the development of electric vehi-
cle technology in the future [7–9]. Recently, many studies have
explored other metal ions batteries as alternatives for LIB. Among
them, potassium-ion batteries (PIBs) are considered as potential
candidates owing to the abundant K resources and low cost [10–
13]. In addition, both of the elements Li and K belong to the same
group (group IA) of the periodic table, so the development and
advancement of LIBs can provide a reference for the research field
of PIBs [14–16]. Unfortunately, it remains a considerable challenge
to explore the suitable electrode materials for various alkali metal
ions (Li+ or K+) because both of the ionic radius (Li+ = 0.76 Å, K+ =
1.38 Å) and battery systems are different [17,18].

Given the urgent requirement for reliable materials in the field
of energy storage, two-dimensional (2D) materials have attracted
great attention, such as graphene [19], transition metal dichalco-
genides [20], black phosphorus [21], etc. The unique structural
property shortens ion diffusion distances and the high specific sur-
face area provides a large number of active sites for ion storage
[22–25]. Among 2D materials, the transition metal phosphorus
trichalcogenide (MPCh3, M = Co, Mn, Fe, Ni and Ch = S, Se) is
cost-effective and easily available material. The MPCh3 layers with
metal cations (M2+) and [P2Ch6]4-anions are stacked by van der
Waals interactions [26,27]. Compared with 2D P-based or S/Se-
based binary materials, MPCh3 has a more complex microstructure
and adjustable electronic states. MPCh3 as anode for energy stor-
age system has been gradually reported [28], for example, Ma
et al. reported that few-layer FePS3 nanosheets modified by N-
doped carbon exhibit a superior cycling performance for 800 cycles
[28]. Yang et al. prepared the Cd1�xPS3Li2x electrode with high
capacities of 1056 mA h g�1 at 0.2 A g�1 and 678 mA h g�1 at 8
A g�1 for LIBs, showing the excellent electrochemical performance
[29]. However, MPCh3 still has some shortcomings for practical
applications, such as agglomeration, dramatic volume changes
between adjacent layers, further resulting in poor electrochemical
performance.

It is difficult to directly use raw materials as electrodes to
achieve excellent electrochemical performance. Therefore, it has
been reported that synergistic effects between two or more mate-
rials have been designed to combine the advantages of each mate-
rial, thereby improving the structural stability of 2D materials [30].
In terms of operation complexity and low cost, carbon hybrid com-
posites are regarded as a most efficient strategy to improve the
performance of 2D materials. Due to its flexible and conductive
properties, carbon can act as a buffer layer to effectively accommo-
date the large volume change during the ion interaction/extraction
process, and significantly enhance electron transfer [31–33].
Recently, carbon nanotubes (CNTs) are considered as ideal additive
materials to improve the electrochemical properties of the elec-
trode for metal-ion batteries due to their unique one-
dimensional tubular structure, high electrical and thermal conduc-
tivity, and extremely large surface area [34–36]. Kim et al. reported
a Sn2P2S6-CNT heterostructure based on the Mott–Schottky con-
cept, the built-in electric field promotes the ion extraction during
the charging process and improves the stability of the SEI layer
[37]. On the other hand, graphene is also an attractive candidate
due to its unique single-atom-layer structure with superior
mechanical properties and high electron mobility. Lu et al. synthe-
sized a novel 2D/2D SnSe2/graphene heterostructure with an inter-
face coupling effect. The chemically coupled bond between
graphene and SnSe2 nanosheets can prevent the agglomeration of
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nanosheets and improve the cycle stability [38]. However, insuffi-
cient coupling between different materials may affect the high-
speed charge transfer kinetics, resulting in large charge transfer
resistance during the charge and discharge process [39]. Therefore,
a simple and efficient synthetic strategy is required to construct
the perfect coupled heterostructures.

Manganese (Mn) is a rock-forming element. Although Mn is
abundant resources and low cost, most Mn-based anodes exhibit
poor electrochemical performance due to poor electrical conduc-
tivity. In this work, we constructed a novel 2D/2D MnPSe3/graphite
hybrid as an anode for LIBs and PIBs. Through one-step high-
energy ball milling (HEBM), the graphite with a good electrical
conductor is stacked on the MnPSe3 nanosheets to further enhance
the electron transport and effectively reduce the aggregation of
MnPSe3 nanosheets during the charging and discharging process
(Scheme 1). The MnPSe3/graphite hybrid delivers 488.1 mA h g�1

at 2 A g�1 for LIB and 236.7 mA h g�1 at 0.25 A g�1 for PIB, and,
the MnPSe3/graphite anode exhibits high rate (194.4 mA h g-1,
10 A/g) for LIBs. As revealed by density functional theory (DFT) cal-
culations as show that the bulk MnPSe3 has been discovered as a
semiconductor with a large band gap of 1.72 eV, resulting in the
relatively poor conductivity and slow electron transfer. Conversely,
the band gap of the MnPSe3/graphite hybrid declines significantly
to 0.07 eV, confirming that the combination of MnPSe3 and gra-
phite can efficiently reduce the ion migration energy barrier,
thereby improving the K+ storage performance. Therefore,
MnPSe3/graphite hybrid can be recognized as general anodes for
alkali metal-ion batteries.
2. Experimental section

2.1. Chemicals

Manganese powder (99.3%) was purchased from Alfa Aesar. Red
phosphorous powder (97%), selenium powder (99.99%), potassium
hexacyanoferrate (II) trihydrate (K4Fe(CN)6�3H2O, 99.5%), ascorbic
acid (>99%), glycol (98%), sodium carboxymethyl cellulose (NaCMC,
average Mw � 700,000), ethyl carbonate (EC, 99%), dimethyl car-
bonate (DMC, anhydrous 99.5%), and potassium metal (chunks in
mineral oil, 98%) were purchased from Sigma-Aldrich. Potassium
chloride (KCl, 99%) was purchased from PubChem. Potassium bis
(fluorosulfonyl)imide (KFSI, 97%) was purchased from Combi-
Blocks. Lithium hexafluorophosphate (LiPF6), fluoroethylene car-
bonate (FEC), graphite, super-P, lithium foil, and coin-type cell
CR2032 were purchased from shining energy. Glass fiber was pur-
chased from Advantec. Copper was purchased from Chang-Chun
group.

2.2. Preparation of bulk MnPSe3

Bulk MnPSe3 was synthesized by a vacuum solid-state method.
The manganese powder, red phosphorous powder and selenium
powder (the molar ratio is 1:1:3) were heated in the vacuum-
sealed quartz tube at 650 �C for 24 h to obtain bulk MnPS3. After
completion of the reaction and natural cooling to room tempera-
ture, the quartz tube was broken using a diamond cutter and sam-
ples were collected.

2.3. Preparation of few layer MnPSe3 and MnPSe3/graphite composites

Few layer MnPSe3 and MnPSe3/graphite composites were syn-
thesized via high-energy mechanical milling (HEMM). Few layer
MnPSe3 was prepared by mixing 90 mg of bulk MnPSe3 and 1 mL



Scheme 1. Schematic illustration of the 2D/2D layered stacking structure with MnPSe3 layers hierarchically stacked in graphite through a high energy ball milling method.
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of 2-propanol. The mixture was placed into a stainless-steel jar
(12 cm3) with stainless-steel balls (diameter of 3/8 in.) in a plane-
tary ball mill (PM 100, RETSCH) at a rotation speed of 250 rpm for
24 h. MnPSe3/graphite composites were prepared by mixing 60 mg
of bulk MnPSe3 and 30 mg of graphite, which were placed into a
stainless-steel jar with stainless-steel balls and sealed inside an
argon-filled glovebox. The mass ratio of ball to powder is about
180:1. Finally, the mixture was ball milled for 24 h.

2.4. Synthesis of Prussian blue (PB)

1 g of FeCl2�4H2O was dissolved in 50 mL of deionized water as
solution A. 2.1 g of K4Fe(CN)6�3H2O, 3.06 g of potassium citrate,
15 g of KCl and 0.5 g of ascorbic acid were dissolved in 100 mL
of deionized water as solution B. Solution A was slowly added into
solution B under Ar atmosphere and kept at 60 �C for 6 h. The dark
blue solid product was centrifuged and washed three times with DI
water, and finally dried at 100 �C in a vacuum furnace for 12 h.

2.5. Materials characterization

The crystal purity was determined by X-ray diffractometer
(XRD, Bruker D8 ADVANCE) with a Cu-Ka source (k = 1.54 Å).
AFM study was performed by BRUKER Dimension Icon. The mor-
phologies of the obtained samples were examined by employing
scanning electron microscopy (SEM, HITACHI-SU8010) and an
energy dispersive spectrometer (EDS) was used for elemental map-
ping. Transmission electron microscopy (TEM, JEOL, JEM-
ARM200FTH, serviced provided by NTHU and NCTU) with an accel-
erating voltage of 200 kV for investigating structural analysis
including morphology, crystal d-spacing, and selected-area elec-
tron diffraction (SAED). The chemical state was examined by
high-resolution X-ray photoelectron spectroscopy (XPS, ULVAC-
PH, PHI QuanteraII). All the spectra obtained from XPS analysis
were first calibrated by referencing the standard binding energy
of C 1s (284.8 eV). Raman spectrum was measured via a LABRAM
HR 800 UV with a 532 nm excitation source. TGA analysis was
obtained using a thermogravimetric analyzer (TA, Q50) in an air
flow at a heating rate of 10 �C min�1 from ambient temperature
to 800 �C.
338
2.6. Electrochemical measurements

The homogeneous slurry was prepared by mixing active mate-
rial (bulk MnPSe3, few layer MnPSe3, MnPSe3/graphite), Super-P,
and NaCMC binder with a weight ratio of 7:2:1 onto a copper foil,
and then dried under vacuum at 80 �C for 1 h. The average mass
loading of the active material is � 1 mg�cm�2. For electrochemical
test, the half cells were assembled with the potassium foil as the
counter electrode, a solution of 1 M potassium bis(fluorosulfonyl)
imide (KFSI) in dimethyl carbonate as electrolyte, and glass fiber
filters as a separator for PIBs. CR2032 coin cells were assembled
in an argon-filled glove box. For LIBs, the half cells were assembled
with the lithium foil as the counter electrode, and used 1 M LiPF6
dissolved in ethyl carbonate/dimethyl carbonate (EC: DMC
(1:1 vol%)), with 10 wt% additional fluoroethylene carbonate
(FEC) as the electrolyte solution. Galvanostatic charge/discharge
tests were conducted on Neware battery analyzer (Neware, China)
in the potential range of 0.01–3 V (vs. K+/K). Galvanostatic inter-
mittent titration technique (GITT) was evaluated by Maccor Series
4000 battery test system. Cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) tests were performed on
a Biologic VMP3 electrochemistry workstation. For PIB, PB was
used as the cathode. For the fabrication of PB electrode, 70 wt%
of PB, 10 wt% CNT and 10 wt% NaCMC were mixed with DI water,
and the slurry was coated on Al foil, followed by a drying process
under vacuum at about 80 �C. To prepare the PIB full cell the mass
ratio of cathode/anode is around 3.5:1.
3. Results and discussion

The structure and morphology of the bulk MnPSe3 and
MnPSe3/graphite are examined by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). Fig. S1 and
Fig. 1a clearly show the typical stacked layered structure of the
as-synthesized bulk MnPSe3. The high-resolution transmission
electron microscopy (HRTEM) image of MnPSe3 in Fig. 1b confirms
that the lattice spacing of 0.184 nm corresponds to the (300) plane
of MnPSe3. Furthermore, the selected area electron diffraction
(SAED) pattern confirms the single-crystal structure of MnPSe3
(Fig. 1c). After the bulk MnPSe3 and graphite were uniformly



Fig. 1. (a) TEM image, (b) HRTEM image, and (c) SAED image of bulk MnPSe3. (d) SEM image, (e) TEM image, (f) HRTEM image, and (g) SAED image of MnPSe3/graphite. (h and
i) AFM image of bulk MnPSe3 and MnPSe3/graphite. (j) STEM image and corresponding (k) Mn, (l) P, (m) Se, and (n) C elemental mapping images of MnPSe3/graphite.
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mixed, Fig. 1d and e show an obvious layered structure. The TEM
image of MnPSe3/graphite shows that graphite was uniformly dis-
persed in the MnPSe3 nanosheets after high-efficiency high-energy
mechanical milling (HEMM). The HRTEM image of MnPSe3/-
graphite in Fig. 1f confirms that the lattice spacing of 0.286 nm cor-

responds to the (1 1 3
�
) plane of MnPSe3. On the outermost side of

MnPSe3/graphite, a carbon layer is observed, demonstrating that
MnPSe3 is successfully distributed in the graphite. The SAED pat-
tern of MnPSe3/graphite in Fig. 1g demonstrates the polycrystalline
339
structure after ball milling. The four diffraction rings can be attrib-

uted to the (1 1 3
�
), (300) and (2 2 3

�
) planes of MnPSe3 and the

(100) plane of graphite, respectively. The thickness of the bulk
MnPSe3 and layered MnPSe3 is about 1 lm and 5 nm, respectively,
as measured by the height profile by AFM (Fig. 1h and i). The ele-
mental composition measured by scanning TEM energy dispersive
spectroscopy (STEM-EDS) element mapping analysis of MnPSe3/-
graphite illustrates uniform distribution of manganese (Mn), phos-
phorous (P), selenium (Se), and carbon (C), as shown in Fig. 1j�n.
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The EDS-mapping images of the bulk MnPSe3 demonstrate that
Mn, P, and Se elements are homogeneously distributed (Fig. S2).
The crystalline structure and phase purity of the as-prepared bulk
MnPSe3, few-layer MnPSe3 and MnPSe3/graphite are determined
by X-ray diffraction (XRD). As shown in Fig. 2a, all of the diffraction
peaks of the three samples are well indexed to the MnPSe3 phase
(PDF no. 00–003-0902), and no diffraction peaks from any impuri-
ties were detected, indicating the successful synthesis of the three
samples. The D-band (1350 cm�1) and G-band (1580 cm�1) in the
Raman spectra further confirmed the existence of carbonaceous
component in the MnPSe3/graphite [40,41]. The D-band and G-
band can reflect the disordered carbon and graphitic carbon [42].
As shown in Fig. 2b, the intensity ratio (ID/IG) of MnPSe3/graphite
is 1.23. Due to the disordered structure, the K-ion adsorption and
insertion capability can be enhanced to further improve the perfor-
mance. The TGA curve of the MnPSe3/graphite shows that the car-
bon content can be calculated as about 30% (Fig. S3). The electronic
state and surface chemical composition of the bulk MnPSe3 and
MnPSe3/graphite were characterized by X-ray photoelectron spec-
troscopy (XPS) (Figs. 2c�f, S4 and S5). Fig. S4 shows that the pres-
ence of the main elements (carbon, manganese, phosphorous, and
selenium) for MnPSe3/graphite is confirmed. The C 1s spectrum in
Fig. 2c can be deconvoluted into two peaks, where the positions
corresponding to 284.8 eV and 285.7 eV are CAC and CAO, respec-
tively [43]. The two peaks at 641.8 and 653.2 eV can be assigned to
the Mn(II) 2p3/2 and Mn(II) 2p1/2, while the two peaks at 643.4 and
654.8 eV can be attributed to Mn(III) 2p3/2 and Mn(III) 2p1/2

(Fig. 2d). As shown in Fig. 2e, a couple of peaks at 132.3 eV and
134 eV are assigned to P 2p3/2 and P 2p1/2, respectively. Addition-
ally, the peak at 135.7 eV is attributed to POx due to the surface
oxidation of the samples. The Se 3d spectrum in Fig. 2f can be
deconvoluted into two peaks with the binding energies of 55 and
56 eV, assigned to Se 3d5/2 and Se 3d3/2, respectively [44].

The MnPSe3/graphite electrode was carried out for lithium stor-
age to evaluate the electrochemical performance. Fig. 3a shows the
first five CV curves of MnPSe3/graphite under 0.1 mV s�1 in the
voltage range of 0.01–3.00 V. In the first cycle, the cathodic peak
Fig. 2. (a) XRD patterns of bulk MnPSe3, few layer MnPSe3, and MnPSe3/graphite. (b) Ram
2p, and Se 3d XPS spectra of MnPSe3/graphite.
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at about 1.72 V, which is ascribed to the formation of solid elec-
trolyte interface (SEI) films. Subsequently, another two peaks
appear, which can be attributed to the insertion of Li+ into MnPSe3
to form Mn, Li3P, and Li2Se. During the subsequent anodic process,
the anodic peaks can be attributed to the delithiation of Mn, Li3P,
and Li2Se to form MnSe, Se and amorphous P. All peaks almost
overlap after the initial cycle, indicating highly reversible electro-
chemical performance. Fig. 3b shows the galvanostatic charge/dis-
charge (GCD) curves of MnPSe3/graphite at 0.1 A g�1 for 5 cycles.
The initial discharge/charge capacity is 684.9/501.5 mA h g�1 with
a Coulombic efficiency of 73.2%. During the initial discharge–
charge process, the irreversible capacity could be caused by the
formation of the SEI film and the irreversible reaction [45]. The rate
performances of MnPSe3, few-layer MnPSe3 and MnPSe3/graphite
electrodes were obtained as shown in Fig. 3c. It can be observed
that the rate performances of bulk MnPSe3 and few-layer MnPSe3
electrodes were dissatisfaction. Conversely, the MnPSe3/graphite
electrode delivers a specific capacity of 621.7, 496.1, 432.5, 376,
316.6, 275, 237.8 and 194.4 mA h g�1 at a current density of 0.1,
0.5, 1, 2, 4, 6, 8, and 10 A g�1, respectively. The results show that
the rate performance of MnPSe3/graphite electrode is higher than
that of the bulk MnPSe3 and few-layer MnPSe3 electrodes.
Figs. 3d, e and S5 show the cyclic performances of bulk MnPSe3,
few-layer MnPSe3 and MnPSe3/graphite at the current density of
0.1, 2 and 3 to 5 A g�1, respectively. The discharge capacities of
the MnPSe3/graphite electrode are 912.9 mA h g�1 at 0.1 A g�1 after
100 cycles, and 488.1 mA h g�1 at 2 A g�1 after 500 cycles. Even to 4
A g�1, the of the MnPSe3/graphite electrode delivers the discharge
capacity of 405.6 mA h g�1 after 500 cycles. Obviously, the cycling
performance of the MnPSe3/graphite electrode is better than that
of the bulk MnPSe3 and few-layer MnPSe3 electrodes.

Inspired by the excellent performance of MnPSe3/graphite in
LIB, we also investigated the PIB system using the MnPSe3/graphite
anode. Fig. 3f shows the CV curves of the MnPSe3/graphite elec-
trode for PIB at a scan rate of 0.1 mV s�1. This result is different
from that in Fig. 3a. The two cathodic peaks are at about 1.15 V
and 0.95 V during the first cycle, corresponding to the formation
an spectra of bulk MnPSe3 and MnPSe3/graphite. (c–f) High-resolution C 1s, Mn 2p, P



Fig. 3. (a) CV profiles at a scan rate of 0.1 mV s�1 and (b) GCD curves at 100 mA g�1 of MnPSe3/graphite in LIB. (c) Rate performance at various current densities from 0.05 to
10 A g�1, and cycling performance at (d)100 mA g�1 and (e) 2000 mA g�1 of bulk MnPSe3, few layer MnPSe3, and MnPSe3/graphite in LIB. (f) CV profiles at a scan rate of
0.1 mV s�1 and (g) GCD curves at 50 mA g�1 of MnPSe3/graphite in PIB. (h) Rate performance at various current densities from 0.05 to 1 A g�1, and cycling performance at (i)
50 mA g�1 and (j) 250 mA g�1 of bulk MnPSe3, few layer MnPSe3, and MnPSe3/graphite in PIB.
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of the SEI film and the irreversible reaction, respectively. Another
cathodic peak at 0.5 V can be attributed to the formation of Mn,
K4P3 and K2Se. During the anodic process, the peak of 1.96 V orig-
inates from the depotassiation of Mn, K4P3 and K2Se to form
MnPSe3. As shown in Fig. 3g, the MnPSe3/graphite electrode deliv-
ers the first charge/discharge capacities of 589.9/394.1 mA h g�1

with an initial Coulombic efficiency of 66.8%. The rate performance
and cycling performance of the bulk MnPSe3, few-layer MnPSe3,
and MnPSe3/graphite are compared for PIBs. Fig. 3h shows the dis-
charge capacities of the MnPSe3/graphite electrode are 341.1,
312.5, 258.8, 190.9, 163.6 and 143.3 mA h g�1 at current densities
of 0.05, 0.1, 0.25, 0.75 and 1 A g�1, respectively.

The MnPSe3/graphite electrode delivers 334 mA h g�1 at current
densities of 0.05 A g�1 for 100 cycles and 236.7 mA h g�1 at current
341
densities of 0.25 A g�1 for 700 cycles (Fig. 3i and j), indicating that
it has an excellent performance in PIB. The cycle performance of
the MnPSe3/graphite electrode at higher current densities is shown
in Fig. S7, observing that the MnPSe3/graphite electrode delivers
268.4 mA h g�1 at 0.3 A g�1 for 100 cycles. Additionally, the cycle
performance of MnPSe3 with different carbon ratios (MnPSe3: gra-
phite = 3:1, 4:1, 5:1) are investigated (Fig. S8). In contrast, the
capacity of bulk MnPSe3 and few-layer MnPSe3 decay rapidly.
Compared with the bulk MnPSe3 and few-layer MnPSe3, the gra-
phite as a protective layer in the MnPSe3/graphite can relieve the
contact stress between MnPSe3 nanosheets and reduce the damage
to the electrode structure during the electrochemical process,
thereby significantly improving the cycling stability. The introduc-
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tion of graphite can not only improve the electron conductivity, but
also mitigate the volume expansion of the electrode.

To investigate the electrochemical kinetics of the MnPSe3/-
graphite, the capacitive contribution of the LIB and PIB system
was first performed, and CV profiles were examined at various scan
rates from 0.1 to 1 mV s�1 (Fig. 4). The CV curves of MnPSe3/-
graphite show similar shapes at different scanning rates for the
Li and K storage. The relationship between the peak current (i)
and the scan rate (v) is described by equation i = avb, which can
be used to confirm whether the reaction is a slow diffusion process
or a fast surface-controlled process [46,47]. In general, the b-value
approaches 0.5 for a typical diffusion-controlled process, and 1.0
for a surface capacitive-controlled process [48,49]. Interestingly,
as presented in Fig. 4b and f, the b values of the MnPSe3/graphite
electrode approach to 1.0 for LIB and 0.6 for PIB, indicating the
electrochemical processes for LIB and PIB are dominated by
surface-mediated capacitive behavior and the co-existence of both
capacitive behavior and diffusion behavior, respectively. Further-
more, capacitive and diffusion-controlled storage contributions
are quantified according to the following equation: i = k1v + k2v1/2

(k1: capacitive behavior, k2: ionic diffusion behavior) [50,51]. As
shown in Fig. 4b and f, the MnPSe3/graphite electrode at 0.6 mV s�1

presents 89% and 31% of the pseudocapacitance contribution for
LIB and PIB, respectively. Although both of the contribution of
capacitance gradually increases when the scan rate increases
(Fig. 4d and h), the values are low in PIB, indicating that the
MnPSe3/graphite electrode has fast reaction kinetics in LIB, result-
ing in excellent rate performance. The kinetic mechanism of LIB is
quite different from that of PIB, which is due to the slow kinetics
caused by the excessively large radius of potassium ions. Moreover,
the diffusion coefficient of Li+/K+ in the MnPSe3/graphite electrode
is evaluated by the galvanostatic intermittent titration technique
Fig. 4. CV curves at various scan rates in the range of 0.1–1.0 mV s�1, log(i) versus log(v)
and contribution ratio of the capacitive and diffusion-controlled capacities for MnPSe3/g
and the calculated ion diffusion coefficient in LIBs (i and j) and PIBs (k and l).
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(GITT) based on the equation as follows:

DKþ ¼ 4
ps ðmBVM

MBS
Þ2ðDESDEs

Þ2 ðs� L2

DÞ, where s is the relaxation time; mB,

MB and VM are the mass, molar mass and molar volume of the elec-
trode material; S is the electrode–electrolyte interfacial area; DEs
is the voltage change caused by the pulse current; DEt is voltage
change during the constant current pulse [52,53]. Furthermore,
GITT curves of the MnPSe3/graphite electrode can be obtained dur-
ing the discharge/charge process under 0.05 A g�1 for 20 mins with
rest intervals of 1 h (Fig. 4i and k). Notably, during the charge and
discharge process, the average diffusion coefficients for Li+ and K+

are 1.07 � 10�10 cm2 s�1 and 6.13 � 10�11 cm2 s�1 (Fig. 4j and l).
This result indicates that the MnPSe3/graphite electrode exhibits
rapid Li+/K+ diffusion due to the introduction of graphite. In addi-
tion, in-situ electrochemical impedance spectroscopy (EIS) was
performed (Fig. S9). The results show that the MnPSe3/graphite
exhibits excellent electrochemical kinetics.

In order to study the phase transition of MnPSe3 during the
lithiation/delithiation process, in–situ XRD and ex–situ TEM were
performed. Fig. 5a presents the in-situ XRD pattern of MnPSe3 for
the initial cycles along with the corresponding charge/discharge
curves. After the insertion of Li+, the intensity of the diffraction
peaks of MnPSe3 gradually decreased. When discharged to
0.01 V, several peaks are observed at 25.6�, 29.6�, 42.5�, and
42.9�, corresponding to the Li2Se (PDF no. 04–003-6918), Li3P
(PDF no. 04–014-7866) and Mn (PDF no. 00–033-0887). Then, the
peaks of Li2Se, Li3P and Mn gradually disappear when charging
from 0.01 V to 3 V, and there are three strong peaks at 25.7�,
29.8�, and 42.6�, which are attributed to Se (PDF no. 00–051-
1389) and MnSe (PDF no. 01–073-1742), indicating that the reac-
tion is irreversible in the first cycle. As shown in Fig. 5b, the ex-
situ HRTEM image of the MnPSe3/graphite electrode after discharge
plots at specific peak currents, capacitive contribution at the scan rate of 0.6 mV s�1,
raphite in LIBs (a–d) and PIBs (e–h). GITT analysis of MnPSe3/graphite at 0.05Ag�1



Fig. 5. (a) In-situ XRD pattern of MnPSe3 during the first lithiation/delithiation process. HRTEM and SAED images of MnPSe3 after (b and c) discharging to 0.01 V and (d and e)
charging to 3.0 V.
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to 0.01 V show three characteristic lattices spacing of 0.211, 0.324
and 0.181 nm, indexed to (411), (101) and (311) of Mn, Li3P and
Li2Se, respectively. The corresponding diffraction spots of the SAED
test also confirmed the existence of Mn, Li3P and Li2Se in Fig. 5c. At
the fully charged state (0.03 V), ex situ HRTEM and SAED images of
the MnPSe3/graphite electrode prove the irreversible reaction
(Fig. 5d and e). Because the P element cannot be observed from
both in-situ XRD, HRTEM and SAED, it is speculated that amor-
phous P is formed after delithiation. Based on the above results,
the conversion mechanism of MnPSe3/graphite for LIB can be sum-
marized as: MnPSe3 + 9Li+ + 9e� ? Li3P + 3Li2Se + Mn for the dis-
charge process, and Li3P + 3Li2Se + Mn ? MnSe + 2Se + P
(amorphous) + 9Li+ + 9e� for the charge process.

Based on the CV curve and GCD curve of the MnPSe3/Graphite
electrode for LIB and PIB, it can be found that the reaction for Li
storage is different from that for K storage. Therefore, ex-situ XRD
and ex-situ TEM were performed to understand the K+-storage
mechanism (Fig. 6). When discharging from OCV to 0.01 V, the
new peaks were observed at 28.5�, 29.7�, 33.2�, and 42.7�, assigned
to K4P3 (PDF no. 04–007-1643), K2Se (PDF no. 04–003-6925), and
Mn, respectively. When fully charged to 3.0 V, the diffraction peaks
of K2Se, K4P3, and Mn completely disappear while the peaks of
MnPSe3 reappear, indicating that it is a reversible reaction and a
different form from that in LIB. In addition, ex-situ TEM was used
to investigate the morphological and phase evolutions of MnPSe3/-
graphite at a fully discharged state (0.01 V) and fully charged state
(3.0 V). When discharged to 0.01 V, some lattice fringes with lattice
spacings with 0.207, 0.310, and 0.233 nm can be clearly observed,
corresponding to the (411), (024), and (311) planes of Mn, K4P3,
and K2Se, respectively (Fig. 6c). The corresponding SAED in
Fig. 6d shows that the d-spacing of the diffraction rings can be
assigned to the Mn (332) plane, K2Se (220) plane and K4P3
(113) plane. When charged to 3 V, the lattice fringes of MnPSe3
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were detected in Fig. 6f, and the d-spacing of the diffraction rings
can be assigned to MnPSe3 in Fig. 6g. This is in good agreement
with the results of ex situ XRD (Fig. 6a). As a result, the reversible
conversion mechanism of MnPSe3/graphite for PIB can be summa-
rized as: 3MnPSe3 + 22 K+ + 22e� M 3K4P3 + 9K2Se + 3Mn, thereby
allowing 22 electrons to transfer. The EDS-mapping images
demonstrate that K, Mn, P, and Se elements are homogeneously
distributed (Fig. 6h�l).

In order to gain insight into the reasons for the enhanced K+

storage performance, density functional theory (DFT) calculations
are performed to further investigate the effect of the carbon layer
on the performance of the MnPSe3-based anode. To reveal the elec-
tronic properties of MnPSe3/graphite, Fig. 7a and b show the elec-
tronic band structures of bulk MnPSe3 and MnPSe3/graphite. It can
be observed that the bulk MnPSe3 is a semiconductor material with
a large band gap of 1.72 eV, indicating the conductivity is relatively
poor against the electron transfer. Importantly, Fig. 7b shows that
the band gap decreases to 0.07 eV due to the energy band con-
tributed by graphite. In addition, the total density of states (DOS)
of bulk MnPSe3 and MnPSe3/graphite was explored (Fig. 7c and
d). It can be found that MnPSe3/graphite has a continuous elec-
tronic state near the Fermi level is higher than that of bulk MnPSe3,
showing that the addition of graphite enhances the conductivity.
Furthermore, the difference in charge density shows that the
charge state of MnPSe3/graphite is more stable than that of bulk
MnPSe3 and few layer MnPSe3 because part of the charge is trans-
ferred to the graphite during the potassiation process (Fig. 7e�h).
Fig. 7i�k display the side views of K+ migration paths in bulk
MnPSe3, few layer MnPSe3, and MnPSe3/graphite, corresponding
to the potassium diffusion pathways between MnPSe3 layers, on
the surface of MnPSe3 layer, and between MnPSe3 and graphite,
respectively. The corresponding migration energy barriers of bulk
MnPSe3, few layer MnPSe3, and MnPSe3/graphite were shown in



Fig. 6. (a) Ex-situ XRD patterns of MnPSe3 during the first potassiation/depotassiation process. TEM, HRTEM and SAED images of the MnPSe3 electrode after (b-d) discharging
to 0.01 V and (e-g) charging to 3.0 V. (h–l) EDS mapping images of MnPSe3 after discharging to 0.01 V.
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Fig. 7l. It can be observed that the calculated diffusion energy bar-
riers of few layer MnPSe3 and MnPSe3/graphite are lower than that
of bulk MnPSe3, indicating their K+ requires only lower energy to
diffuse through. Although the calculated diffusion energy barriers
of few layer MnPSe3 are low, the electrochemical performance is
still poor after exfoliated, which may be attributed to the
nanosheet agglomeration during the charge and discharge process.
These results suggest that this 2D/2D structure formed by the
stacked of few-layer MnPSe3 on the graphite can be improved to
obtain good performance. Therefore, the construction design of
the MnPSe3/graphite composite is favorable for the rapid transfer
of electrons to improve the reaction kinetics.

To show the practical performance of MnPSe3/graphite, a full
PIB cell with MnPSe3/graphite as anode and Prussian blue (PB) as
cathode was assembled (Fig. 8a). Related material characteriza-
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tions and electrochemical tests of the PB cathode are shown in
Figs. S10 and S11. The GCD curves of the MnPSe3/graphite//K
half-cell, PB//K half-cell and MnPSe3/graphite//PB full-cell are
shown in Fig. 8b. The working voltage of the MnPSe3/graphite//
PB full-cell ranges from 1 to 3.8 V, which is between that of
MnPSe3/graphite//K and PB//K half-cell. Fig. S12 shows the CV
curves of MnPSe3/graphite//PB at a scan rate of 1 mV s�1. The over-
lapping peaks indicate that the full cell is in the proper voltage
window of 1.0–3.8 V. Fig. 8c shows the initial charge and discharge
capacity are 46.1 and 44 mA h g�1, and the overlapping shapes
indicate good reversibility and stability. Fig. 8d shows the excellent
rate performance of the MnPSe3/graphite full cell. As the current
density increases from 0.1 A g�1 to 1.0 A g�1, the full cell shows
the capacities of 49.9, 44.3, 38.7, 34.1, and 30.5 mA h g�1(based
on the mass of the cathode), respectively. Notably, the MnPSe3/-



Fig. 7. (a and b) Band structures and (c and d) calculated TDOS of bulk MnPSe3 and MnPSe3/graphite hybrid. Charge density differences of K+ adsorbed on (e and f) bulk
MnPSe3 and (g and h) MnPSe3/graphite for top view and side view. The side of potassium diffusion pathways (i) between MnPSe3 layers, (j) on the surface of MnPSe3 layer,
and (k) between MnPSe3 and graphite. (l) Calculated energy barriers of K between MnPSe3 layers, and between MnPSe3 and graphite.

Fig. 8. (a) Schematic diagram of a MnPSe3/graphite//PB full cell. (b) GCD curves of PB//K and MnPSe3/graphite//K half cells and a MnPSe3/graphite//PB full cell. (c) GCD curves
at 100 mA g�1. (d) Rate performance at current densities ranging from 0.1 to 1 A g�1. (e) Long-term cycling performance at 250 mA g�1.
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graphite full cell delivers the capacities of 42.2 mA h g�1 after 200
cycles at 0.25 A g�1, with a high capacity retention rate of 91.5%
(Fig. 8e), indicating that MnPSe3/graphite is a promising candidate
for practical applications anode.
345
4. Conclusion

In conclusion, MnPSe3 is used as anode for LIB and PIB due to
layered structure, magnetic properties, abundant resources and
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low cost of manganese. Notably, 2D/2D MnPSe3/graphite hybrid
has been successfully fabricated by ball milling. We reveal this
unique 2D/2D structure formed by the stacked of few-layer
MnPSe3 on the graphite. Conductive graphite can serve as an effec-
tive buffer to avoid nanosheet aggregation and huge volume
change. When used as anode for LIB and PIB, the optimized MnPSe3
nanosheets exhibit excellent electrochemical performance. The
MnPSe3/graphite electrode exhibits 488.1 mA h/g after 500 cycles
at 2000 mA/g in LIB and 236.7 mA h after 700 cycles at 250 mA/
g in PIB. Moreover, the reversible conversion mechanism of
MnPSe3/graphite for PIB is explored for the first time, and is suc-
cessfully revealed based on 22 electrons transfer. Furthermore,
based on DFT calculations, the performance of MnPSe3/graphite
hybrids as anode materials for LIB and PIB are assessed. The band
gap of MnPSe3/graphite decreases to 0.07 eV, indicating that the
conductivity of MnPSe3 is enhanced by the introduction of gra-
phite. Therefore, the 2D/2D MnPSe3/graphite composite can be
expected to draw interest for the anode material in energy storage
system.
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