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ABSTRACT: Graphene has been widely used to enhance the
performance of energy storage devices due to its high conductivity,
large surface area, and excellent mechanical flexibility. However, it is
still unclear how graphene influences the electrochemical perform-
ance and reaction mechanisms of electrode materials. The single-
nanowire electrochemical probe is an effective tool to explore the
intrinsic mechanisms of the electrochemical reactions in situ. Here,
pure MnO2 nanowires, reduced graphene oxide/MnO2 wire-in-scroll
nanowires, and porous graphene oxide/MnO2 wire-in-scroll nano-
wires are employed to investigate the capacitance, ion diffusion
coefficient, and charge storage mechanisms in single-nanowire
electrochemical devices. The porous graphene oxide/MnO2 wire-in-
scroll nanowire delivers an areal capacitance of 104 nF/μm2, which
is 4.0 and 2.8 times as high as those of reduced graphene oxide/
MnO2 wire-in-scroll nanowire and MnO2 nanowire, respectively, at a scan rate of 20 mV/s. It is demonstrated that the reduced
graphene oxide wrapping around the MnO2 nanowire greatly increases the electronic conductivity of the active materials, but
decreases the ion diffusion coefficient because of the shielding effect of graphene. By creating pores in the graphene, the ion
diffusion coefficient is recovered without degradation of the electron transport rate, which significantly improves the capacitance.
Such single-nanowire electrochemical probes, which can detect electrochemical processes and behavior in situ, can also be
fabricated with other active materials for energy storage and other applications in related fields.
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It is a crucial scientific and engineering challenge for
researchers to achieve high-efficiency and rechargeable

energy storage devices.1 Among main energy storage devices,
batteries and supercapacitors, which show great potential for
applications in electric vehicles, portable electronic devices, and
uninterrupted power supplies,2−5 both rely on electrochemical
processes, although separate electrochemical mechanisms
determine their relative energy and power density.6−11 The
electrochemical mechanisms of energy storage devices can be
classified as either ion adsorption or redox reactions.12−16 Ion
adsorption stores energy through electrostatic charge accumu-
lation on the electrode/electrolyte interface of the materials,
which is a non-Faradaic process.17−21 Redox reactions can be
further classified into two types, namely, surface redox reactions
and intercalation redox reactions.22 Surface redox reactions
store energy through a Faradaic process where chemical redox
reactions occur on the surface of an active material.23,24

Intercalation redox reaction charge storage occurs in the bulk
through the rapid reversible intercalation of ions.12−14,25 For
electrochemical storage materials, especially supercapacitor

materials, the overall electrochemical capacity can be greatly
increased by enhancing the intercalation capacity.
Graphene is usually used as an additive in active materials to

improve the electrochemical performance due to its high
intrinsic electrical conductivity,26−30 large theoretical surface
area,31 excellent mechanical flexibility,32 and favorable chemical
stability.33 Cui et al. used graphene to increase the electronic
and ionic conductivities of MnO2,

34 resulting in a substantial
increase (20%) in the specific capacitance. However, Duan et al.
and Han et al. reported that graphene decreased the accessible
surface area and diffusion rate of ions.35,36 Hence, how
graphene influences the electrochemical performance and
reaction mechanisms of electrode materials is under dispute.
Single-nanowire electrochemical probes are effective tools to

explore intrinsic electrochemical processes and behavior at a
nanoscale level in situ. With the development of nanosized
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probes, single-nanowire electrochemical devices have been
investigated and applied in field effect transistors,37,38

biosensors,39−41 batteries,42−44 and capacitors.22 Our group
reported that a single-nanowire electrode device in situ
detected an intrinsic factor for electrode capacity fading in Li
ion-based energy storage devices.42 Ajayan et al. reported a
single-nanowire capacitor fabricated with a Cu−Cu2O−C
nanowire, which showed a high capacitance of 140 μF/cm2,
exceeding previously reported values of metal−insulator−metal
micro/nanocapacitors with capacitance densities ranging from
2.5 to 100 μF/cm2. The noise of this single nanowire capacitor
was suppressed down to 2 fF in a wide frequency range (103−
106 Hz).22 However, the capacitance of single-nanowire
capacitors based on Cu−Cu2O−C nanowires is still far from
satisfactory.
Herein, three configurations, pure MnO2 nanowires (MnO2

NWs), reduced graphene oxide/MnO2 wire-in-scroll nanowires
(MnO2/rGO NWs), and porous graphene oxide/MnO2 wire-

in-scroll nanowires (MnO2/pGO NWs), are designed and
employed to fabricate single-nanowire electrochemical devices.
These single-nanowire electrochemical devices are measured to
detect the electrochemical behavior of different structures and
explore how graphene affects the active materials. Compared
with that of MnO2 NWs, the ion transport rate of the MnO2/
rGO NWs is largely limited by graphene because ions can only
be transported through the gap between the graphene and the
MnO2 NWs. Though the electronic conductivity of MnO2 is
greatly improved for MnO2/rGO, the MnO2 is not completely
immersed in the electrolyte to ensure full reaction (Figure 1a).
The MnO2/pGO NWs are produced by creating pores in the
graphene of MnO2/rGO (Figure 1b). In this way, ions are able
to transport through not only the gap between the graphene
and the MnO2 NWs but also the pores in the graphene.
Moreover, the pores in the graphene are sufficiently large to
constitute a highly continuous network with open channels for
ion transport. Meanwhile, the electronic conductivity of MnO2

Figure 1. Schematic illustrations of single-nanowire electrochemical devices. (a) Schematic illustration of a MnO2/rGO NW device and reduced
graphene oxide. Ions transport only through the gap between the graphene and the MnO2 NW. (b) Schematic illustration of a MnO2/pGO NW
device and porous graphene oxide. Ions transport through not only the gap between the graphene and the MnO2 NW but also the pores in the
graphene.

Figure 2. Structures of as-prepared samples, MnO2, MnO2/rGO, and MnO2/pGO NWs. (a) SEM image of MnO2/pGO NWs. (b) TEM image of
the edge of a MnO2/rGO NW, showing that it includes two parts, MnO2 NW (inside) and multilayer graphene (outer). (c) TEM image of a MnO2/
pGO NW. (d) HRTEM image of the edge of a MnO2/pGO NW, showing pores in the material. (e) X-ray diffraction patterns of MnO2, MnO2/
rGO, and MnO2/pGO NWs.
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is significantly improved. The single-nanowire electrochemical
device based on MnO2/pGO delivers an areal capacitance of
104 nF/μm2, which is 4.0 and 2.8 times as high as those of
MnO2/rGO and MnO2 NWs, respectively, at a scan rate of 20
mV/s.
The construction processes of a nanowire template graphene

scroll include the rapid growth and the self-scrolling of
graphene ribbons (Figure S1 in the Supporting Information).45

The morphologies of the samples with different hydrothermal
times, including 3, 6, 12, and 18 h, are investigated (Figure S2).
Scanning electron microscopy (SEM) shows a mixture of
MnO2 NWs and graphene when the reaction time is 3 h. With
increased hydrothermal time, the graphene wraps around the
MnO2 nanowire to form the wire-in-scroll structure. These
morphologies are in agreement with the construction process
concepts (Figure S1). Furthermore, the crystal structures are
characterized by X-ray diffraction (XRD) measurement. The
diffraction peaks of the obtained MnO2 and MnO2/rGO are
assigned to orthorhombic MnO2, which is in good agreement
with JCPDS 72-1982 (Figure 2e). To examine further the
morphologies and detailed structures of the samples, SEM and
transmission electron microscopy (TEM) are employed. Low-
magnification SEM shows that MnO2/rGO NWs (Figure S3c)
consist of two parts, graphene (outer) and MnO2 NW (inside).
The MnO2/rGO NWs are 10−40 μm in length and 40−150
nm in diameter, much longer and wider than the pure MnO2

NWs (Figure S3a,b). The above phenomena can be attributed
to the confinement effect of graphene during the formation
processes of wire-in-scroll structures.46 TEM of a MnO2/rGO
NW (Figure 2b) shows that the MnO2 NW is scrolled inside
the graphene. The lattice spacings of 0.272 and 0.313 nm match
well with the separation distances between (101) and (310)
planes, respectively. The MnO2 NWs shows a preferred {310}
growth orientation. At the edge of a MnO2 NW, 20 layers of
graphene are observed with a lattice spacing of 0.734 nm.

The MnO2/pGO NWs are prepared by reducing MnO2/
rGO NWs with 10 mmol/L hydrazine hydrates for 3 h. The
main XRD peaks of MnO2/pGO exhibit no substantial changes
from those of MnO2 and MnO2/rGO, demonstrating that the
phases remain the same during the hydrazine hydrate
treatment. With increasing hydrating time from 6 to 12 and
24 h, the XRD patterns change substantially; the peak
intensities of Mn3O4 increase, and the peak intensities of
MnO2 decrease. With the reduction time of 24 h, the crystal
structure of the material transfers to orthorhombic Mn3O4

(JCPDS 16-0154) (Figure S5). The morphology of the samples
after hydrazine hydrate treatment for 6, 12, and 24 h also
change greatly. Increasing amounts of graphene separates from
the wire-in-scroll structure with increasing hydrazine hydrate
treatment time (Figures S3d−f and S4). Thus, a hydrazine
hydrate treatment time of 3 h is chosen as the most suitable
time for producing MnO2/pGO. An SEM image of MnO2/
pGO NWs is shown in Figure 2a. The MnO2/pGO NWs are
also composed of two parts, graphene (outer) and MnO2

nanowire (inside), similar to the MnO2/rGO NWs. TEM of
MnO2/pGO NWs (Figure 2c,d) demonstrates that MnO2/
pGO NWs exhibit hexagonal pores of different sizes; the
maximum pore diameter reaches 5 nm. This finding is
attributed to oxygen-containing functional groups in the
graphene of MnO2/rGO NWs, which are removed by
hydrazine hydrate.
The Raman spectra of MnO2, MnO2/rGO, MnO2/pGO

show no obvious differences; this is due to the low graphene
contents (3.38 wt %) (Figure S6). D and G bands are not
discernible in the MnO2/rGO and MnO2/pGO spectra (Figure
S7). The X-ray photoelectron spectra of these materials shown
in Figure S8 are used to investigate whether oxygen vacancies
exists in MnO2. The O 1s core level spectra are used to confirm
the presence of oxygen vacancies in MnO2. The spectra are fit
well with two components, the Mn−O−Mn bond (529.7 eV)

Figure 3. Schematic illustrations and electrochemical performances of single-nanowire electrochemical devices. (a) Schematic diagram of a single-
nanowire electrochemical device. (b) Optical image of a single-nanowire electrochemical device. (c) The CV curves tested at scan rates of 20, 30, 40,
50, and 100 mV/s for the as-prepared MnO2/pGO single-nanowire electrochemical device in 6 mol/L KOH. (d) The specific capacitance versus
scan rates of as-prepared MnO2, MnO2/rGO, and MnO2/pGO single-nanowire electrochemical devices in 6 mol/L KOH. (e) Bar chart showing
total capacitance in nF/μm2 together with the percentage contribution from capacitance and intercalation as a function of different materials. The
values are calculated results using CV curves recorded at scan rates of 20, 50, 100, 300, and 500 mV/s.
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of tetravalent oxide and the Mn−OH bond (531.43 eV) of
hydrated trivalent oxide.47,48 Quantitative analysis shows that
the oxygen vacancies exists in MnO2, which results from the
existence of Mn3+ in MnO2 (13.84%).
The fabrication processes of single-nanowire electrochemical

devices are shown in Figure S9. Single-nanowire devices, where
a single nanowire serves as the working electrode, one flake of
Au serves as the counter electrode, and 6 mol/L KOH serves as
the electrolyte, are assembled to detect the electrochemical
performances of these three different nanowire structures
(Figure 3a). The structure of single-nanowire electrochemical
device test system under SEM is shown in Figure 3b. The
electrochemical performances of these single-nanowire electro-
chemical devices are tested to investigate how graphene affects
the performance of active materials. The cyclic voltammetry
(CV) curves of MnO2 NWs (Figure S10), MnO2/rGO NWs
(Figure S10), and MnO2/pGO NWs (Figure 3c) at scan rates
from 20 to 100 mV/s are given. The specific capacitances of
electrochemical devices can be calculated based on the
following equation49

∫
=

Δ
C

I V

SA V

d

2 (1)

where I represents the working current, S represents the
scanning rates, A represents the electrode area of the
nanowires, and ΔV represents the voltage range.
The specific capacitances calculated from the CV curves are

illustrated in Figure 3d. The MnO2/pGO NWs exhibits an
ultrahigh surface capacitance of 104 nF/μm2 at a scan rate of 20
mV/s. In contrast, the specific capacitances of the MnO2 NWs
and MnO2/rGO NWs are merely 37 and 26 nF/μm2,
respectively, at a scan rate of 20 mV/s. With the scan rate
increasing up to 500 mV/s, the MnO2/pGO NWs still displays
a high specific capacitance of 15 nF/μm2, while those of the
MnO2 and MnO2/rGO NWs are only 8 and 4 nF/μm2,
respectively.
I−V curves and EIS plots are further collected to investigate

the reason of the MnO2/pGO NWs shows excellent areal
specific capacitance. The transport properties of different single
nanowires are determined by testing the I−V curves (Figure
S11). The conductivity of the MnO2/pGO NWs reaches a high
value of 328 S/m, which is 1.4 and 3.8 times higher than those
of the MnO2/rGO and MnO2 NWs, respectively. The diffusion
coefficient value (D) of ions can be calculated using eq 2

σ
=D

R T
A n F C2

2 2

2 4 4 2 2 (2)

where R represents the gas constant, T represents the absolute
temperature, A represents the area of the electrode surface, n
represents the number of electrons transferred in the half-
reaction for the redox couple, F represents Faraday’s constant,
C represents the molar concentration of ions, and σ is
associated with Zre, which can be determined by eq 350

σω= + + −Z R Rre D L
1/2

(3)

According to the linear fit, the slope of the real part of the
complex impedance versus ω−1/2 at the potential of 0.3 V (vs
HgCl/Hg) for MnO2, MnO2/rGO, and MnO2/pGO NWs is
4.08 × 106, 4.39 × 107 and 7.06 × 106, respectively. (The
response of AC impedance changes noisily when the frequency
is below 103 Hz. Only impedance data in the frequency range of
103∼106 Hz is stable in the single-nanowire system.22) The ion

diffusion coefficients at room temperature of the MnO2,
MnO2/rGO, and MnO2/pGO NWs are calculated to be 5.55 ×
10−8, 5.21 × 10−9, and 2.31 × 10−8 cm2 s−1, respectively (Figure
S12). Reduced graphene oxide wrapping around a MnO2
nanowire leads to a decrease of the ion diffusion coefficient
resulting from the shielding effect of graphene. By creating
pores in the graphene, the ion diffusion coefficient can be
recovered.
The above results indicate that when reduced graphene oxide

wraps around a MnO2 (MnO2/rGO) nanowire, the electronic
conductivity of MnO2 is greatly improved. However, the ion
diffusion coefficient is limited by the graphene. Then, when
pores are created in the rGO of MnO2/pGO, the ion transport
properties of the active materials are enhanced without
degradation of the electron transfer rate. More active materials
can be utilized to contribute to the capacitance, leading to
significant improvements.
Optimization of these mechanisms between graphene and

active materials are further investigated. The total stored charge
shown in Figure 3d is separated into two components: the
contributions from surface capacitance and diffusion-controlled
ion insertion capacitance. Therefore, the current response (i) at
a fixed potential (V) can be described as the sum of two
contributions arising from the capacitive and intercalation
capacity, as discussed below13,51−53

μ μ= +i V k k( ) 1 2
0.5

(4)

or

μ μ= +i V k k( )/ 0.5
1

0.5
2 (5)

where μ represents the sweep rate, and k1μ and k2μ
0.5

correspond to the current contributions from the capacitive
(surface pseudocapacitance and double-layer capacitance) and
insertion processes (insertion pseudocapacitance), respectively.
By determining k1 and k2, it is possible to distinguish the
fractions of current arising from capacitive and insertion
processes at specific potentials (Figure S13).
This mode is a general method to separate the contribution

proportions of surface and intercalation capacitance, which can
also be used in the single-nanowire device system. This analysis
is used to determine the fraction of the total stored charge from
capacitive processes as a function of scan rate. The overall
charge proportions of capacitive and insertion processes are
shown in Figure 3e. As the scan rate increases, the capacitance
of the NW device decreases. This behavior is attributed to the
fact that the higher scan rate prevents ion access into the MnO2
nanowire. At a higher scan rate, the movement of ions is
limited, which is due to their slow diffusion. Thus, only the
outer surface of the electrode material can be utilized for charge
storage.54 For all three of these single-nanowire electrochemical
devices, capacitance is negatively correlated with scan rate. The
degradation of capacitance is mainly due to the decrease of
intercalation capacitance at a relatively high scan rate with little
influence from the surface capacitance. The MnO2/pGO NWs
exhibits a specific capacitance of 104 nF/μm2 out of which 95
nF/μm2 (20 mV/s) corresponds to ion intercalation into the
MnO2 NWs and 9 nF/μm2 corresponds to the surface reaction.
The intercalation capacitance proportions of the MnO2/pGO
NWs are 92%, 83%, 69% (MnO2/rGO NW, 86%, 74%, 56%;
MnO2 NW, 72%, 54%, 34%) at the scan rates of 20, 100, and
500 mV/s, respectively. In this single-nanowire electrochemical
device system, MnO2 can sufficiently react with ions in KOH
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electrolyte without any environmental interference. Thus, ions
can access the materials more easily, which results in higher
contributions from intercalation in the NW devices. At the
same scan rate, the surface capacitance of the MnO2/rGO NWs
is the lowest among these three devices due to the limited ion
transfer speed. Ions only transport through the gap between the
graphene and the MnO2 NW. The ion diffusion coefficient of
MnO2/rGO is approximately an order of magnitude lower than
that of MnO2 (Figure S12). Though the electronic conductivity
is greatly improved, the surface of MnO2 cannot be completely
immersed in electrolyte, which leads to a decrease of surface
capacitance. Meanwhile, the intercalation capacitances of
MnO2, MnO2/rGO, and MnO2/pGO remain unchanged.
The total capacitance and the percentage of intercalation
capacitance of the MnO2/pGO NWs are higher than those of
MnO2 and MnO2/rGO NWs at each scan rate, which can be
attributed to pores in the graphene allowing the transportation
of ions. The pores in the graphene provide more accessible
surface areas for ions, efficient electron/ion transport pathways,
and ion transport that is unlimited by graphene. Meanwhile, the
electronic conductivity of MnO2 shows no degradation. The
above reasons support the increase in the intercalation capacity
of MnO2/pGO compared with those of MnO2 and MnO2/rGO
Symmetric single-nanowire electrochemical devices are

fabricated with two nanowires as working and counter
electrodes, respectively (Figure 4a,b). The electrochemical
performances of the symmetric single-nanowire electrochemical
devices are also evaluated by cyclic voltammetry tests at
different scan rates. For comparison, CV tests of MnO2/pGO
(Figure 4c), MnO2 (Figure S14), and MnO2/rGO (Figure S14)
symmetric single-nanowire electrochemical device at the scan
rates of 20−100 mV/s are conducted. To demonstrate the
faradaic current contributions from background processes on
the surface of the contact electrodes, the CV curves for MnO2/
pGO symmetric single-nanowire electrochemical devices and

background processes are provided (Figure S15). The quantity
of electric charge of background processes on the surface of the
contact electrodes with an SU-8 passivation layer is 1.09 ×
10−11 C, which is much lower than that of the MnO2/pGO
(2.57 × 10−10 C) at a scan rate of 100 mV/s. Thus, the faradaic
current of the background processes on the surface of the
contact electrodes with an SU-8 passivation layer can be
considered negligible (Figure S15). The specific capacitance of
the MnO2/rGO NWs is calculated to be smaller than that of
the MnO2 NWs at each scan rate. The specific capacitance of
the MnO2/pGO NWs is much higher than that of the MnO2
NWs at various scan rates (Figure 4d). MnO2/pGO, MnO2/
rGO, and MnO2 NWs display high capacitances of 52, 13, and
15 nF/μm2, respectively, at a scan rate of 20 mV/s. At a high
scan rate of 500 mV/s, the MnO2/pGO NWs maintain a
capacitance of 8 nF/μm2, which is 2.9 and 2.1 times higher than
those of the MnO2/rGO and MnO2 NWs. The performance
tendencies of these three devices are consistent with those of
the single-nanowire devices. Moreover, we also investigate the
different contributions in those three configurations; similar
tendencies are also observed, except for a slight decrease in
capacity. The performance tendency (Figure 4e) of the fraction
of the total stored charge from capacitive processes as a
function of scan rate is similar in the symmetric single-nanowire
electrochemical devices and the asymmetric single-nanowire
electrochemical devices (Figure 3e).
In summary, a single-nanowire electrochemical probe is

employed to detect how graphene influences the performance
and electrochemical reaction mechanisms of electrode materials
at the nanoscale level in which MnO2, MnO2/rGO, and MnO2/
pGO NWs are used. The single-nanowire electrochemical
device based on MnO2/pGO NWs exhibits a reversible, high
capacitance of 104 nF/μm2, which is 4.0 and 2.8 times as high
as those of the MnO2/rGO and MnO2 NWs, respectively, at a
scan rate of 20 mV/s. It demonstrates that porous graphene

Figure 4. Schematic illustrations and electrochemical performances of symmetric single-nanowire electrochemical devices. (a) Schematic diagram of
a symmetric single-nanowire electrochemical device. (b) Optical image of a symmetric single-nanowire electrochemical device. (c) The CV curves at
scan rates of 20, 30, 40, 50, and 100 mV/s for the as-prepared MnO2/pGO symmetric single-nanowire electrochemical devices in 6 mol/L KOH. (d)
The specific capacitance versus scan rates of as-prepared symmetric single-nanowire electrochemical devices in 6 mol/L KOH. (e) Bar chart showing
total capacitance in nF/μm2 together with percent contribution from capacitance and intercalation as a function of different materials. The values are
calculated using CV curves recorded at scan rates of 20, 50, 100, 300, and 500 mV/s.
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increases the capacitance of single MnO2 nanowires, mainly by
increasing MnO2 NWs intercalation capacitance. The pores in
the graphene provide channels for ion diffusion without
degrading the rate of electron transport. The above results
are further verified by symmetric single-nanowire electro-
chemical devices. The single-nanowire electrochemical probe
for in situ detection of intrinsic electrochemical processes and
behavior shows potential for applications in energy storage and
related fields.
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(53) Lindström, H.; Södergren, S.; Solbrand, A.; Rensmo, H.; Hjelm,
J.; Hagfeldt, A.; Lindquist, S. E. J. Phys. Chem. B 1997, 101, 7717−
7722.
(54) Rakhi, R. B.; Chen, W.; Cha, D. K.; Alshareef, H. N. Nano Lett.
2012, 12, 2559−2567.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.5b03576
Nano Lett. 2016, 16, 1523−1529

1529

http://dx.doi.org/10.1021/acs.nanolett.5b03576

