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1 Introduction

Electrochemical energy storage devices with high
energy density are urgently needed for the electronics,
electric vehicles, and power industries [1]. Significant
efforts have been focused on optimizing the properties

ABSTRACT

Hybrid or composite heterostructured electrode materials have been widely
studied for their potential application in electrochemical energy storage. Whereas
their physical or chemical properties could be affected significantly by modulating
the heterogeneous interface, the underlying mechanisms are not yet fully
understood. In this work, we fabricated an electrochemical energy storage device
with a MoS, nanosheet/MnO, nanowire heterostructure and designed two
charge/discharge channels to study the effect of the heterogeneous interface on
the energy storage performances. Electrochemical measurements show that a
capacity improvement of over 50% is achieved when the metal current collector
was in contact with the MnQO, instead of the MoS, side. We propose that this
enhancement is due to the unidirectional conductivity of the MoS,/MnO,
heterogeneous interface, resulting from the unimpeded electrical transport in
the MnO,-MoS, channel along with the blocking effect on the electron transport
in the MoS,-MnO, channel, which leads to reaction kinetics optimization.
The present study thus provides important insights that will improve our
understanding of heterostructured electrode materials for electrochemical energy
storage.

of electrode materials in order to achieve higher
energy densities. An effective strategy involves the
development of core-shell [2-6], branched [7-10],
and axial heterostructures [11-14]. The physical or
chemical properties of these systems could be affected
significantly by modulating the heterogeneous interface.
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However, the underlying mechanisms are not yet fully
understood, due to the multicomponent nature and
complex structure of batteries and electrode materials.
Nanoscale devices have been widely applied as
nanoprobes for real-time, highly sensitive, and label-
free detection in sensors and medical applications
[15, 16]. For energy storage applications, nanoscale
electrochemical devices with compact circuit size could
help revealing the underlying mechanisms of electrode
materials, by ex/in situ probing electrical transport in the
electrode material during charge/discharge processes
[17-20]. For example, Feng and coworkers designed
an electrochemical device to study the physical and
chemical properties of nanoscale MoS, by electro-
chemically inserting Li* ions in the interlayer spacing
of MoS,. Our group designed a single nanowire-based
battery to investigate the capacity fading mechanisms;
using in situ electrical transport measurements, we
found that the capacity fading is related to the intrinsic
conductance decay of the electrode material [21-24].
Therefore, the fabrication of heterostructured nanoscale
energy storage devices represents an effective approach
to study the electrochemical behaviors and intrinsic
mechanisms of heterostructured systems.
Two-dimensional (2D) transition metal dichalcogenide
(TMDC) materials such as layered MoS, have been
widely studied for energy storage applications, owing
to their unique structure and excellent electrical
conductivity; however, the applications of these materials
are limited by their low energy density [25-29]. To
address this issue, the fabrication of heterostructured
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materials combining MoS, with other components
with higher capacity density has been extensively
investigated [11, 30, 31]. Typical one-dimensional
metal oxides such as MnO, nanowires have received
considerable interest for energy storage applications
due to their higher capacity density, despite their poor
electrical conductivity. Many studies have demons-
trated that the electrochemical performances of MnO,
nanowires can be improved by fabricating heteros-
tructures with 2D materials, in order to modify the
electrical conductivity [32-36]. However, as these reports
mainly focused on the design of heterostructured
materials, the fundamental physical and chemical
relationships between electrochemical performances
and heterostructure are still unclear. In this work, we
deposited layered MoS, nanosheet on single MnO,
nanowire to fabricate a MoS,/MnQ, heterostructured
electrochemical energy storage device, and investigated
its electrical transport and electrochemical properties
to understand how the heterogeneous interface could
affect the energy storage performances by modulating
the testing modes (Figs. 1(a) and 1(b)).

2 Experimental
2.1 Synthesis of MnO, nanowires

Pure MnO, nanowires were synthesized by a hydro-
thermal method. In a typical synthesis, 2 mmol of
KMnO, and 2 mmol of NH,F were added to 80 mL
of distilled water and magnetically stirred at room
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Figure 1 MoS,/MnO, heterostructured energy storage device. (a) Schematic illustration of the MoS,/MnO, heterostructured energy
storage device. Two working electrodes (1) and (2) are separately connected to the layered MoS, nanosheet and single MnO, nanowire.

Ag/AgCl and a Pt wire serve as reference electrode (4) and counter

electrode (3), respectively. A 6 M KOH solution is used as the

electrolyte. (b) Illustration of the testing modes for the MoS,/MnO, heterostructured energy storage device.
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temperature for 1h. The solution was then placed
into a 100-mL autoclave and heated at 180 °C for 48 h.
The sample was then washed and dried, and a black
powder was obtained.

2.2 Fabrication of heterostructured MoS, nanosheet/
MnO, nanowire-based energy storage devices

For the fabrication of silicon wafers with outer
electrodes, LOR 3A and S1805 photoresists were first
coated on silicon wafers (with a 300 nm SiO; layer) by
spin coating. The silicon wafers were then exposed to
ultraviolet light for 1.5s, and the patterned silicon
wafers were obtained after developing and rinsing.
Next, 5 nm Cr and 50 nm Au were deposited on the
silicon wafers by thermal evaporation. The silicon
wafers patterned with the 5 nm Cr/50 nm Au outer
electrodes were then obtained after removing the
photoresists with acetone.

MnO, nanowires were transferred onto the prepared
silicon wafers by spin coating, followed by stacking
the layered MoS, nanosheets (obtained through
micromechanical exfoliation) on the MnO, nanowires
using scotch tape. Then, Cr/Au (5 nm/150 nm) contacts
acting as source and drain were designed and
deposited by electron beam lithography and thermal
evaporation. After lift-off, the Cr/Au contacts were
passivated by a SU-8 layer to avoid leakage currents
between the Pt counter electrode and the Cr/Au
contacts. Finally, a 6 M KOH electrolyte was dropped
onto the energy storage device to cover the MoS,/MnO,
heterostructure. An Ag/AgCl electrode was used
as the reference electrode (Fig.S1 in the Electronic
Supplementary Material (ESM)).

2.3 Characterization

Scanning electron microscopy (SEM) images of the
devices were obtained with a FESEM JSM-7001F
microscope at an acceleration voltage of 20 kV. Raman
spectra were recorded using a Renishaw RM-1000 laser
Raman microscope with 632.8 nm excitation light
source. Atomic force microscopy (AFM) measure-
ments were performed with a Bruker MultiMode VIII
instrument. An Autolab 302N probe station (Lake
Shore, TTPX) and a semiconductor device analyzer
(B1500A) were used to test the electrical conductivity

characteristics and electrochemical performances of
the devices.

3 Results and discussion

Figure S2 (in the ESM) shows the optical and SEM
images, along with an illustration of the energy storage
device. Figure 2(a) and Fig. S2(d) in the ESM display
SEM images of the MoS,/MnO, heterostructure, which
show that the MoS, nanosheet overlaps with the MnO,
nanowire. The cross-sectional image highlights the
overall integration of the MnO,-Mo0S,-Cr/Au contacts
vertical stack in the MoS,/MnQO, heterostructure
(Fig. S2(e) in the ESM). The total channel area is defined
by the exposed area of the MoS,/MnO, electrode
material. The testing instruments include an electro-
chemical workstation and a semiconductor device
analyzer. The electrochemical workstation is mainly
used to measure the electrochemical performances
of the MoS,/MnQO, heterostructured electrode. The
electrical transport characteristics of the MoS,/MnQO,
heterostructure can be measured accurately by the
semiconductor device analyzer.

Raman spectroscopy measurements were carried
out to determine the structure of the layered MoS,,
MnQO, nanowire, and MoS,/MnQO, heterostructure. The
Raman spectra of these materials were recorded with
a 632.8 nm excitation light source. Different regions of
the MoS,/MnQO, heterostructure were irradiated with
the Raman light (Fig. 2(a)), in order to determine the
Raman characteristics of the layered MoS, nanosheet
(Fig. 2(b)), MnO, nanowire (Fig. 2(c)), and MoS,/MnO,
heterostructure (Fig. 2(d)). The layered MoS, obtained
by physical exfoliation shows Raman peaks at 143,
178, 377, 408, 418, 459, 526, 569, 595, 640, 761, 779, and
819 cm™, which include the typical E';, (143 cm™), E'5,
(377 cm™), and A, (408 cm™) peaks, consistent with
previous studies [37—40]. The MnO, nanowire exhibits
Raman peaks at 181, 298, and 617 cm™, corresponding
to the O-Mn-O and Mn-O modes [41-43]. Importantly,
no extra peaks are found in the Raman spectrum of
the MoS,/MnO, heterostructure, compared with the
spectra of the MnO, nanowire and layered MoS,. This
indicates that no new chemical bonds are generated
at the contact interface of the MoS,/MnQO, heteros-
tructure upon vertically stacking the layered MoS,
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Figure 2  Structural characterization of the MoS,/MnO, heterostructured energy storage device. (a) SEM image of the MoS, nanosheet
(marked with a blue spot), MnO, nanowire (red spot), and MoS,/MnQ, heterostructure (pink spot); (b)—(d) Raman spectra of layered
MoS, nanosheet (b), MnO, nanowire (c), and MoS,/MnO, heterostructure (d).

nanosheet on the MnO, nanowire by physical means.

The vertically stacked architecture of the MoS,/MnQO,
heterostructure was further confirmed by AFM.
The AFM image in Fig. S3(a) in the ESM shows that
the layered MoS, is covered on one end of the MnO,
nanowire. The height profile of the MoS,/MnQO,
heterostructure (Fig. S3(b) in the ESM) indicates that
the thicknesses of the exfoliated layered MoS, (red line)
and MnO, nanowire (green line) are about 37 and
25 nm, respectively. On the other hand, the thickness
of the layered MoS, and MnO, nanowire in the
overlapping region is ~70 nm. Moreover, the diameter
of the MnO, nanowire is ~200 nm. The exposed area
of the MoS,/MnO, electrode material is ~8.3 pum?
which is used to define the effective area in further
calculations.

To study how the heterogeneous interface affects
the energy storage performance, the charge/discharge
processes of the MoS,/MnO, heterostructured nano-
device were carried out in the MnO,-MoS, (denoted
as C-MnO, mode, current collector in contact with
the MnQ, side) and MoS,-MnQO, (denoted as C-MoS,
mode, current collector in contact with the MoS, side)
channels (Fig. 3(a)). To avoid the hydrogen evolution
and oxygen reduction reactions, we selected a potential

range between -0.2 and 0.4V vs. Ag/AgCl for the
electrochemical measurements in a three-electrode
system (Figs. 54-56 in the ESM). First, we measured
the cyclic voltammetry (CV) curves of the MoS,/MnO,
heterostructure under different modes (Fig. 3(b)). The
capacity of the electrode material was calculated
using the following equation [44]

j v

— M
2xSx AxAV

where I, S, A, and AV represent the working current,
scanning rate, exposed area of the electrode material,
and voltage window, respectively. The calculated
capacities are shown in Fig. 3(c). Notably, under the
C-MnO, mode, the Mo0S,/MnO, heterostructure can
deliver a capacity of 0.31 mAh-cm™ at a scan rate of
20 mV-s™, which is almost 55% higher than that
recorder under the C-MoS, mode (0.20 mAh-cm™).
Similar results were obtained at different scan rates
(Fig. 3(c)). We also evaluated the cycling performances
of the MoS,/MnQO, heterostructure under the C-MnO,
and C-MoS, modes. The MoS,/MnQ, heterostructure
delivered a higher reversible capacity under the C-MnO,
than C-MoS, mode after 50 cycles at 100 mV-s™ (Fig. S7
in the ESM).
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Figure 3 Electrochemical performance and kinetic analysis of
the MoS,/MnO, heterostructure. (a) Schematic illustration of the
different measuring modes of the MoS,/MnO, heterostructure;
(b) CV curves of the MoS,/MnO, heterostructure scanned at
20 mV-s ! under different modes in 6 M KOH; (c) specific capacity
of the MoS,/MnQO, heterostructure under different modes with
scan rate varying from 20 to 200 mV-s™'; (d) b-value analysis of
the MoS,/MnO, heterostructure under different modes; (e) surface
and insertion capacity contributions of the MoS,/MnO, heteros-
tructure at different scan rates; (f) ion diffusion coefficients of the
MoS,/MnQ,; heterostructure calculated by the Randles—Sevick
equation.

To investigate the kinetic processes under different
modes, we calculated the b value of the MoS,/MnO,
heterostructure according to Eq. (2) [45]

i=av’ ()

where i is the current, a is a constant, v is the scan
rate, and b represents the capacitive and diffusion
contribution to the current obtained from a power fit
of the current vs. scan rate plot. A b value of 0.5
indicates that the current is limited by the semi-
infinite diffusion, whereas a value of 1 means that
the current is surface-controlled. The b values of the
MoS,/MnQO, heterostructure under the C-MoS, and
C-MnO, modes, calculated from the plots in Fig. 3(d),
were 0.62 and 0.69, respectively, for scan rates ranging

from 20 to 200 mV-s™.. The b values of the Mo0S,/MnQO,
heterostructure under different modes are close to 0.5,
which indicates that the kinetic behaviors of the
MoS,/MnO, heterostructure under different modes are
similar and mainly controlled by diffusion processes.

To investigate the capacity contribution, we calculated
the surface and insertion capacities of the MoS,/MnQO,
heterostructure at different scan rates. The current
response i at a fixed potential V can be described as the
sum of two contributions corresponding to the surface
and intercalation capacities, as discussed below [46, 47]

i(V)=ko+ko" 3)
or

i(V)/v"? =ko" +k, 4)

where v represents the scan rate, while kv and k,v'?

denote the current contributions from the surface
capacity (surface pseudocapacity and double-layer
capacity) and insertion processes (insertion pseudo-
capacity), respectively. By determining k; and k,, it is
possible to distinguish the fractions of current arising
from the surface capacity and insertion processes at a
specific potential. As shown in Fig. 3(e), with increasing
scan rate, the capacities of the MoS,/MnO, heteros-
tructure under C-MoS, and C-MnO, modes decrease
congruously. This reflects the fact that higher scan
rates limit the ion diffusion process, which prevents
the ions from accessing the MoS,/MnQO, heterostructure.
Therefore, at high scan rates the surface capacity
of the electrode materials becomes the main source
of total capacity [48]. The surface capacity of the
MoS,/MnQO, heterostructure under the C-MoS, mode
is 0.084 mAh-cm™, which represents 42% of the total
capacity (0.200 mAh-cm™) at 20 mV-s™'. Moreover, the
surface capacity of the MoS,/MnO, heterostructure
under the C-MnO, mode is 0.114 mAh-cm™, which
accounts for 37% of the total capacity (0.310 mAh-cm™)
at 20 mV-s™. The surface capacity fractions of the
MoS,/MnQO, heterostructure under the C-MoS, mode
are 44%, 50%, and 57% (to be compared with 40%,
47%, and 54% for the C-MnQO, mode) at scan rates of
40, 100, and 200 mV-s™, respectively. Figure S8 in the
ESM compares the surface capacity (shaded region)
and total current obtained at a scan rate of 100 mV-s™
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for the MoS,/MnQO, heterostructure under the C-MoS,
and C-MnO, modes. At scan rates of 20200 mV-s™,
the fraction of insertion capacity is higher under the
C-MnO, mode than under the C-MoS, mode. These
results can be explained by the b-value analysis of the
MoS,/MnQO, heterostructure, which indicates that the
kinetic behavior of the MoS,/MnQO, heterostructure
is mainly controlled by diffusion processes. Most
importantly, the surface and insertion capacities of
the MoS,/MnO, heterostructure under the C-MnO,
mode are both higher than those measured under the
C-MoS, mode.

For a better understanding of these effects, we
calculated the ionic diffusion coefficients of the MoS,/
MnO, heterostructure under C-MnQO, and C-MoS,
modes. In order to study the ionic transport in the
MoS,/MnO, heterostructured energy storage device,
the apparent diffusion coefficients were calculated via
the Randles-Sevick equation [49]

1/2
I =0.4463nx FAC| NED
P RT

=[269000 x n** AD"*Clv"? 5)

where I, is the peak current, 7 is the number of electrons
transferred per molecule during the electrochemical
reaction (1 in this case), A is the exposed area of the
electrode material, C is the concentration of potassium
ions in the electrolyte (6 M in the present system), D
is the ionic diffusion coefficient of the whole electrode,
reflecting the diffusion of both potassium and hydroxyl
ions, and v is the scanning rate. The detailed information
is shown in Fig. 3(f). The calculated ionic diffusion
coefficient of the MoS,/MnQO, heterostructure under
the C-MnQO, mode is 1.28 x 10° cm?s™!, which is almost
1.3 times as high as that measured under the C-MoS,
mode (9.68 x 10° cm*s™). These results indicate that
the M0S,/MnQO, heterostructure exhibits a higher ionic
diffusion rate, resulting in enhanced storage capacity
under the C-MnO, mode.

The MoS,/MnQO, heterostructure exhibits different
capacity and ionic diffusion properties under C-MnO,
and C-MoS, modes. In order to explain this finding,
we further examined the electrical transport charac-
teristics of the MoS,/MnQO, heterostructure. The [-V
curves of the layered MoS, and MoS,/MnO, heteros-

tructure are shown in Figs. 4(a) and 4(b), respectively.
The MoS,/MnO, heterostructure displays unidirectional
conductivity and achieves an on/off ratio of 10* with
a low leakage current, down to 1 x 10™ A (Fig. 4(c)).
The unidirectional conductivity can be explained by
the semiconductor device theory: Layered MoS, is an
n-type material and its main charge carriers are free
electrons [50, 51]. On the other hand, MnQO, is a p-type
material and its main charge carriers are holes (as can
be proved from the results in Fig. 4(b)) [52-55]. When
these two different types of materials are connected,
the free carriers (electrons and holes) interpenetrate
each other and combine at the interface for the
concentration difference, which results in negative
MnO, and positive MoS, regions at the heterogeneous
interface (Fig.4(d)). According to the p-n junction
theory [56], the electrons in the MnO,/MoS, heteros-
tructure can transfer freely from MnO, to MoS,
(corresponding to the C-MnO, mode). However, the
electron transfer process is hampered along the MoS,
to MnQO, direction (corresponding to the C-MoS,
mode). The blocking effect on the electrons transfer
process might be the main reason for the 55% higher
capacity of the MnO,/MoS, heterostructure under
C-MnQO, than C-MoS, mode.

In situ measurements of electrical transport in
the MnO,/MoS, heterostructure were performed to
understand how the unidirectional conductivity
influences the electrochemical properties of the MoS,/
MnO, heterostructure during the charge/discharge
processes. I-V plots were obtained under dry conditions
in order to avoid any influence from the electrolyte.
The I-V plot of the MoS,/MnQO, heterostructure after
discharge is shown in Fig. 5(a). The MoS,/MnO,
heterostructure shows a bidirectional conductivity
after the discharge process, which can be understood
by assuming that the insertion of ions results in the
breakup of the blocking effect at the heterogeneous
interface. As a result, electron transfer can take place
across the interface of the MoS,/MnQ, heterostructure
during the discharge processes under both C-MnO,
and C-MoS, modes. After the first charge/discharge
cycle, the MoS,/MnO, heterostructure exhibits unidi-
rectional conductivity again (Fig. 5(b)). After several
cycles, a few number of ions are captured by the
MoS,/MnQO, heterostructure and the on/off ratio
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Figure 4 Electrical transport characteristics of layered MoS, and MoS,/MnO, heterostructure without electrolyte. (a) I~V curve of
layered MoS;; (b) I-V curve of MoS,/MnQO, heterostructure; (c) on/off ratio of MnO,/MoS, heterostructure; (d) distribution of electrons

and holes in the MoS,/MnO, heterostructure.
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Figure 5 In situ electrical transport measurements during charge/discharge processes in MoS,/MnO, heterostructure. (a) /-V curve of
MoS,/MnQO, heterostructure after the discharge process. The MoS,/MnO, heterostructure shows a bidirectional conductivity. (b) I-V
curve of MoS,/MnO, heterostructure after the charge process. The heterostructure regains unidirectional conductivity, and the on/off
ratio shows a slight decrease. (c) -V curve of MoS,/MnO, heterostructure after several cycles.

declines visibly and permanently (Fig. 5(c)). Under
the C-MnO, mode, electron transport can take place
in the electrode material during both charge and
discharge processes. However, under the C-MoS, mode,
the electrical transport in the electrode material is
hampered during the charge process, which results
in loss of capacity of the MnO,/MoS, heterostructure.

4 Conclusions

In the present work, we investigated an energy storage
device based on a MoS, nanosheet/MnO, nanowire
heterostructure and revealed that the unidirectional

conductivity of the heterogeneous interface could
significantly affect its energy storage performances.
Electrical transport in the MnO,-MoS, channel can
proceed unimpeded during both charge and discharge
processes. However, electrical transport in the MoS,-
MnO, channels is hampered during the charge process,
which results in loss of capacity of the MnO,/MoS,
heterostructure. The results presented here can guide
the design of new heterostructured electrode materials
and provide an important platform for understanding
the fundamental relationships between the electrical
transport characteristics and the electrochemical
performances of heterostructured materials.
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