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In this paper, the high-performance MnO,/H-TiO,/carbon-microfiber
nanowire composite electrodes were successfully synthesized. Their
crystalline properties and electrical conductivity of H-TiO, nanowires were
studied by X-ray diffraction, Raman scattering and Mott-Schotty theory. In
order to quantitatively investigate the contribution of hydrogenation to the
performance of MnO,/H-TiO, composite electrodes, their electrochemical
performance and electrochemical impedance spectroscopy were
quantitatively investigated, respectively. The physical mechanism is
proposed based on the theory of semiconductor physics. Typically, for the
hydrogenated composite electrode at 600 °C, the specific capacitance
reaches 630.1 F g at 10 mV s™' and the high energy density of 46.0 Wh kg™

is obtained at the high power density of 21.8 kW kg"'. Moreover, the
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capacitance retention is 90% after 5000 cycles. This work provides an idea
for rationally designing the high-performance supercapacitors and
assembling novel nanostructures with preferable electrochemical

performance.
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1. Introduction

The sustainable and renewable energy resources have been developed to
meet the increasing energy demands for the myriad applications from
portable consumer electronic devices to electrical vehicles, and reduce the

environmental pollution.”

Energy storage system for advanced power
applications are an important part of power generation systems. Among
them, supercapacitors (SCs) have been considered as a very promising
candidate due to their high power density, fast charging/discharging rate,
high energy density and excellent cycling stability in recent years.*® SCs are
usually grouped into two categories: electrical double-layer capacitors
(EDLCs) and pseudocapacitors (PCs) on the basis of the charge storage
mechanism.”® Compared with EDLCs, which store charges by electrostatic
charge diffusion and accumulation at the electrode/electrolyte interfaces,
PCs exhibit much higher specific capacitance and energy density through
fast and reversible surface or near-surface redox reactions for charge
storage.® Therefore, most of recent studies on PCs have been focused on the
development of redox-active materials with high specific capacitance and

good stability.”"'°

Recently, transition metal oxides, such as Ru0,,” NiO," Co0;04,'""* V,0s,"
TiO,'*"® and MnO,,'®!” are considered to be potential electrode materials for
PCs. Among them, MnO, could be one of the most attractive materials for
PCs due to its outstanding characteristics, such as high theoretical specific
capacitance (~1370 F g'), wide operating potential window in mild
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electrolyte, low cost, natural abundance, and environmental friendliness.'
However, it is the poor electric conductivity (10°—10° S cm™) that gives rise
to the deviation of its specific capacitance from high theoretical value in

%20 In order to overcome the drawback, great effort has been

experiments.
taken. For instance, the electrochemical properties of anSnO4/Mn02,6
C0304@Mn02,18 carbon nanoparticles/MnQO, nanorods,"” MnQ,-shell/ZnO-
nanowire,21 and Sn0O,/MnO,** were studied, respectively. The MnO,

compositing with other nanostructures has recently become one of the basic

approaches in designing high-performance electrodes for MnO,-based PCs.

It 1s well known that TiO, is abundant, low cost and environmental benign
with stable chemical nature, so it has been widely studied in many domains,
especially in electrochemical devices. Furthermore, it has the higher
electrical conductivity (10°-10° S cm™) than MnO,.> In particular,
hydrogenation can greatly improve electrical conductivity of Ti0,.”?
Hence, it will be an excellent strategy that the hydrogenated TiO, (H-TiO,)
is applied as the core for the MnO, shell. Recently, H-TiO,@MnO,
(hydrogenated at 800 °C) reported by Lu et al. yielded high specific
capacitance of 449.6 F g, much higher than TiO,@MnO, (359.7 F g™") and
MnO, (325.8 F g') at the scan rate of 10 mV s'.>* However, the physical
mechanism for the increase of electric conductivity in TiO, via
hydrogenation is rarely reported.”®*” It is essential to understand the
mechanism in order to design a high performance SC and assemble novel

nanostructures with preferable electrochemical performance.
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In this work, we synthesized an ultrathin layer (about 5 nm) of MnO, coated
on the H-TiO, nanowires (NWs) grown on flexible carbon microfibers
(labeled as MnO,/H-TiO,/CMF NWs), and then quantitatively studied the
effect of the hydrogenated temperature varying from 400 °C to 800 °C on the
electrochemical performance of MnO,/H-TiO,/CMF NW composite
electrodes. The hydrogenated composite electrode at 600 °C exhibits the
highest specific capacitance, energy density, power density, and excellent
cycling stability. Such results are well explained and the physical
mechanism of the improving electrical conductivity by hydrogenation is

proposed in terms of the theory of semiconductor physics.

2. Experimental Section

Materials Synthesis: All of the reagents used in the experiment were of
analytical grade without further purification. Prior to the synthesis, the CMF
substrate (WOS1002, 2.5 cm x 1.0 cm x 360 pum) was cleaned by
ultrasonication in acetone, ethanol, and deionized water for 30 min in turn,
respectively. Firstly, TiO, NWs were directly grown on the CMF substrate
by a seed-assisted hydrothermal method (for details, see the Experimental
Section of Supporting Information). Then, the as-synthesized TiO,/CMF
NWs were annealed in hydrogen atmosphere at 400 °C, 600 °C, and 800 °C
for 1 h, respectively. The process of thermal treatment was performed in a
continuous fixed bed reactor system filled with ultrahigh purity hydrogen
gas, and the flow rate of hydrogen was 17 mL/min. Secondly, the H-
Ti0,/CMF NWs were used as the scaffold for the ultrathin MnO, shell layer.

5
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0.035 M glucose aqueous solution with H-TiO,/CMF NWs was transferred
to a 40 mL Teflon-lined stainless steel autoclave, and then the autoclave was
maintained at 180 °C for 3 h. A layer of carbon formed on the surface of H-
Ti0,/CMF NWs to be used as a sacrificial layer for the reduction of KMnO,

to form MnO, via the following reaction at room temperature,”*’

4MInO;, + 3C+ H,0= 4MnO, + CO> + 2HCO, (1)

That is, 0.05 M KMnQO, and 0.05 M Na,SO, were mixed with equal volume,
and then the samples were immersed in the mixture for 4 h at room
temperature. In addition, the MnO, nanostructures were directly coated on

the surface of CMFs by the similar method above.

Materials Characterization: The morphology and the structure of the
electrodes were characterized by field emission scanning electron
microscopy (FE-SEM; SU70, Hitachi, Japan), transmission electron
microscopy (TEM; FEI, Tecnai TF20) with an energy-dispersive X-ray
spectroscopy (EDS) and X-ray diffraction (XRD; D/max2600, Rigaku,
Japan) using the Cu Ko radiation (A= 1.5418 A), respectively. Raman
spectra were measured by Micro-Raman spectrometer (J-Y, HR800, France)

at a wavelength of 488 nm as the excitation source.

Electrochemical Measurements: Electrochemical measurements were
conducted in an electrochemical workstation (VMP3, France) with a
standard three-electrode electrochemical cell. The MnO,/TiO,/CMF NW
composite electrode, MnO,/H-TiO,/CMF NW composite electrode,
TiO,/CMF NW electrode, and MnO,/CMF electrode were directly used as

6
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the freestanding working electrode, respectively. The Pt foil and the standard
calomel electrode (SCE) were used as the counter electrode and the
reference electrode, respectively. The electrochemical performance of the
as-synthesized electrodes was studied by means of the cyclic voltammetry
(CV) and galvanostatic charging/discharging (GCD) techniques with the
potential window from 0 V to 1.0 V. Moreover, the electrochemical
impedance spectroscopy (EIS) measurements were performed by applying
an alternating-current voltage with 5 mV amplitude in a frequency range
from 0.01 Hz to 100 kHz. And Mott-Schottky (M-S) plots were measured at
the frequency of 10 Hz. All measurements were carried out in 0.5 M Na,SO,

electrolyte at room temperature.

3. Results and Discussions

The morphology of H-TiO,/CMF NWs at 600 °C was studied by SEM, as
shown in Figure 1(a). The quasi-aligned H-TiO, NWs are radially and
uniformly grown on the surface of CMFs. Figure 1(b) demonstrates a
corresponding high-magnified SEM image of H-TiO,/CMF NWs from
Figure 1(a). The diameters of H-TiO, NWs are 25-65 nm and their lengths
are about 1.2 um. Moreover, the obtained H-TiO, NWs have perfect
tetragonal cross-sections and relatively smooth surfaces. The H-TiO, NWs
are used as the scaffold for the ultrathin coating of amorphous MnQO,. Figure
I(c) shows a low-magnified SEM image of the MnO,/H-TiO,/CMF
composite NWs at 600 °C. The morphology of the NWs still remains
unchanged after deposition of the MnO, layer onto the H-TiO, NWs. Figure
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1(d) shows a magnified SEM image of the local area in the Figure 1(c). It is
worth noting that the surfaces of the NWs turn to rough, indicating the
formation of MnQO, shell on the surface of H-TiO, NWs. In addition, the
morphologies of TiO,/CMF NWs and H-TiO,/CMF NWs at 400 °C and 800
°C are similar to these (Figure S1). In other words, the effect of

hydrogenation on the morphology of TiO,/CMF NWs is negligible.

The morphology and microstructure of the MnO,/H-Ti0,/CMF composite
NWs at 600 °C were further studied by TEM. Figure 2(a) shows a TEM
image of a bare H-TiO, NW with a smooth surface. Figure 2(b) clearly
reveals the core/shell structure of a MnO,/H-TiO, NW. The rough and bright
thin layer on the surface of the NW originates from the MnQO, layer. The
corresponding selected area electron diffraction pattern is shown in Figure
2(c). From the figure 2(c), the regular diffraction pattern belonging to the
tetragonal TiO, indicates that the H-TiO, NW is a single crystalline and
grows along the [001] direction, while diffuse halo rings in the figure 2(c)
indicate that MnQO, is amorphous. These results can be further confirmed by
high-resolution TEM observation, as shown in Figure 2(d). The regular and
random atom arrangements demonstrate the crystalline state of H-TiO, and
amorphous state of MnO, once again, respectively. The lattice spacing of
0.32 nm (the inset of Figure 2(d)) is in good agreement with the d-spacing of
(110) plane of rutile TiO,. What’s more, it can be seen that an ultrathin layer
of MnO, with an average thickness of 5 nm is uniformly coated on the

surface of the H-TiO, NWs, revealing the formation of the core/shell
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architecture clearly. The elemental spatial distributions of the compositional
elements within the MnO,/H-TiO, NW were characterized by the EDS line-
scanning (indicated by the red line in the inset) along the radial direction of
the NW. There are three signal peaks in Ti, Mn, and O, as shown in Figure
2(e). The Ti signal is mainly confined within the TiO, core area, while the
Mn signal is found in the shell. The O signal appears within the core and the
shell. This confirms the core/shell structure of the MnO,/TiO, NW again.
Analysis of the data shows that the diameters of the TiO, NW and the
composite NW are about 55 nm and 65 nm, respectively, consistent with the
high-resolution TEM image (Figure 2(d)). The core/shell architecture has the
capability to improve the electrochemical performance of the composite

electrodes, as proved below.

The crystallographic structures and the possible phase changes of the TiO,
NWs during hydrogenation from 400 °C to 800 °C were investigated by
XRD. Figure 3(a) shows XRD patterns of the untreated TiO,/CMF NWs and
H-TiO,/CMF NWs at different temperatures. From the XRD patterns, all
peaks for each sample can be readily indexed to rutile TiO, (JCPDF No. 77-
0442) except the peaks centered at 25.6° and 42.9° from CMF substrate.
Thus, there is no phase change during hydrogenation. In order to
quantitatively study the effect of the hydrogenated temperature on the
electrochemical performance of the composite electrodes, the full width at
half maximums (FWHMs) of the diffraction peaks for the untreated

TiO,/CMF NWs and the H-TiO,/CMF NWs at different temperatures are
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listed in Table I. From Table I, the FWHM gradually becomes narrow with
the hydrogenated temperature rising. Especially, the FWHM obviously
becomes narrow when the temperature reaches as high as 800 °C. The
obvious improvement of the crystalline quality indicates the rapid reduction
of the intrinsic defects (or oxygen vacancies) of the H-TiO, NWs at 800 °C,
suggesting that electrical conductivity should be affected due to the change

of the electron concentration.

The possible changes of TiO, NWs on the structure and phase during
hydrogenation were further studied by Raman spectra. From Figure 3(b), the
typical Raman peaks of untreated TiO, NWs appear at 145 cm™, 240 cm™,
446 c¢cm’, and 609 ¢cm™, which can be ascribed to the B, two-phonon
scattering (TPS), E,, and A;;, modes of rutile TiO,, respectively.’*!
Compared with untreated TiO, NWs, Raman peak positions of H-TiO, NWs
show an obvious red-shift, and their red-shift becomes large for the H-TiO,
NWs at 400 °C, 800 °C, and 600 °C in sequence, especially to the E, mode
which is more sensitive. It is reported that the phonon confinement ** and the
oxygen stoichiometry” can contribute to the change of the peak position for
rutile TiO,. The red-shift results mainly come from the phonon confinement
when the size of crystalline grain is smaller than 10 nm. Otherwise, it could
be from the oxygen stoichiometry. From our TEM data, the diameters of
TiO, NWs are larger than 20 nm and the possibility of size confinement

effects is ruled out. From XRD analysis, the intrinsic defects reduce slightly

with the hydrogenation temperature rising, and to 800 °C, the intrinsic
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defects greatly reduce, i.e., the crystalline quality of the TiO, NWs is
significantly improved. Thus, the red-shift of the Raman peak contradicts the
reduction of the intrinsic defects. We propose that the incorporation of the
hydrogen atoms into the TiO, NWs could play an important role in the red-
shift except the intrinsic defects. During hydrogenation, hydrogen atoms

doped into TiO, could occupy the substitutional sites or the interstitial sites
to form hydrogen defects (Ho or H;) or hydroxide defects (HO, ) (see below).

They could behave as shallow donor centers in TiO,. These defects would
change their local lattice fields, which would result in the change of the
lattice vibration frequency. Thus the incorporation of the hydrogen atoms

plays an important role in the red-shift.

To study the electrochemical performance of the as-synthesized
MnO,/TiO,/CMF NW composite electrode, the electrochemical
measurements were conducted in a three-electrode electrochemical cell with
the potential window from 0 V to 1.0 V versus (vs.) SCE in 0.5 M Na,SO,
aqueous solution. Figure 4(a) shows the CV curve of the MnO,/TiO,/CMF
NW composite electrode at the scan rate of 10 mV s'. No peaks are
observed, indicating that the electrode is charged and discharged at a
pseudo-constant rate over the complete voltammetric cycle. The CV curve
shows a symmetric quasi-rectangular shape. In order to demonstrate that the
electrochemical performance benefits from the MnO,/TiO,/CMF NW
composite electrode, CV tests of the TiO,/CMF NW electrode and

MnO,/CMF electrode were carried out at the same scan rate of 10 mV s™, as

11
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shown in Figure 4(a). The measured CV curves also show quasi-rectangular
shapes. However, the separation between the charged and discharged curve
for the TiO,/CMF NW electrode is much smaller than that of the
MnO,/TiO,/CMF NW composite electrode, revealing that the contribution
of the TiO,/CMF is negligible. The specific capacitance of the electrodes is

calculated according to the following equation (Eq.) (2),

1dV 2

- n;f—AU N
where C (F g), m (g), v (mV s™), AU (V), and i (A) are specific capacitance,
the mass of active materials, the potential scan rate, the potential window,
and the voltammetric current, respectively. Here the loading mass of the
MnO, is 0.27+0.01 mg/cm>. The specific capacitance of the
MnO,/TiO,/CMF NW composite electrode is 299.1 F g, while those of
MnO,/CMF electrode and TiO,/CMF NW electrode only achieve 100.3 F g
and 5.2 F g, respectively. The capacitance of the composite electrode is
much larger than the MnO,/CMF electrode, proving the superiority of the
core/shell architecture. This should be attributed to increasing the active sites
and improving the charge transport in the composite NWs. The analogous
results are also obtained from GCD curves (Figure 4(b)). The longest
discharge time of the composite electrode indicates its best electrochemical
performance. To further clarify the role of CMF, we studied the
electrochemical performance of CMF substrate for freestanding electrode, as

shown in Figure S2. From it, the CMF can hardly contribute the capacitance

12
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for the composite electrode (for details, see the Supporting Information).
Thus the CMF substrate with excellent electrical conductivity only acts as
the current collector in the composite electrode. The CV measurements of
the MnO,/TiO,/CMF NW composite electrode were conducted at different
scan rates, as shown in Figure 4(c). All CV curves exhibit symmetric quasi-
rectangular shapes, indicating the ideal pseudo-capacitive behavior with
highly reversibility at each scan rate. Figure 4(d) shows the GCD curves
with very symmetric triangular shapes, revealing the good pseudo-capacitive
behavior and a highly reversible Faradic reaction at different current

densities as well.

In order to quantitatively investigate the effect of the hydrogenated
temperature on the electrochemical performance of the MnO,/TiO,/CMF
NW composite electrode, the CV and GCD measurements of the MnO,/H-
TiO,/CMF NW composite electrodes at different temperatures from 400 °C
to 800 °C were carried out, respectively. Figure 5(a) shows the CV curves of
the hydrogenated composite electrodes at the scan rate of 10 mV s”'. The
capacitive current density of the MnO,/H-TiO,/CMF NW composite
electrodes significantly increases with the hydrogenated temperature rising,
and it reaches the highest at 600 °C. The value of the specific capacitance
reaches as high as 536.6 F g at 10 mV s, while those of the hydrogenated
composite electrodes at 800 °C and 400 °C are 447.9 F g’ and 381.6 F g,
respectively, and that of the untreated composite electrode is only 299.1 F g
'. All the CV curves (Figure S3) of the MnO,/H-TiO»/CMF NW composite

13
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electrodes at different temperatures at various scan rates exhibit symmetric
quasi-rectangular shapes, indicating the good -capacitive performance,
similar to those of the MnO,/Ti0,/CMF NW composite electrode. Note that
it can be observed that the current responses at high and low potentials are
deviated from the equilibrium state due to the electrochemical polarization
occurring, especially at high scan rate. This irreversible polarization may
accelerate the reduction of MnO, to soluble Mn®" and thus result in rapid
capacitance degradation. And the ions in the electrolyte can’t diffuse
sufficiently into the interior surfaces to participate in the reactions for more
charge storage at high scan rate. So the specific capacitance fades with the
increase of the scan rate, as shown in Figure 5(b). The specific capacitance
of each composite electrode as a function of the scan rate is plotted in Figure
5(b). Remarkably, the error bars in Figure 5 mainly originate from the mass
accuracy of the ultrathin MnQO, layer. It can be seen that the specific
capacitance of the MnO,/H-TiO,/CMF NW composite electrode at 600 °C is
higher than others at each scan rate within the error and it is the best among
the capacitance retentions of the different hydrogenated composite

electrodes.

Rate capability is an important factor for evaluating the power application of
SCs. The GCD curves of the MnO,/H-TiO,/CMF NW composite electrodes
at various current densities are shown in Figure S3. Both the linear profile of
charge/discharge curves and their symmetry reveal the good capacitive

feature and superior reversible redox reactions once again. Notably, the low

14
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voltage loss (also called IR drop) exhibits the low internal resistance even at
high current density, indicating the good performance. The different
charging/discharging time and IR drop result in the different specific

capacitance, and the difference can be qualitatively observed from the GCD
curves of the different composite electrodes at the current density of 10 A g’

as shown in Figure 5(c). Among them, the discharging time (50.5 s) of the
MnO,/H-TiO,/CMF NW composite electrode at 600 °C is the longest, and
its IR drop (0.025 V) is also the smallest. Its specific capacitance is 518.2 F

g at 10 A g, according to the following Eq. (3),
C— [>At 3)
m>AU

where C (F g™), m (g), AU (V), I (A), and t (s) are specific capacitance, the

mass of active materials, the actual potential window in the discharging
process, the applied current, and the discharging time, respectively. It agrees
well with the results of the CV tests. From Figure 5(d), the specific
capacitance of the MnO,/H-TiO,/CMF NW composite electrodes at 600 °C,
800 °C, 400 °C, and MnO,/TiO,/CMF NW composite electrode is reduced in
sequence at each current density within the error. The value of IR drop for
the hydrogenated composite electrodes at 600 °C (0.025 V), 800 °C (0.034
V), 400 °C (0.036 V) and the untreated composite electrode (0.046 V) at 10
A g can be served as a proof for the non-linearly improving performance
with the hydrogenated temperature rising. Furthermore, the capacitance
decreases for each composite electrode with the increase of the current

density, as shown in Figure 5(d). When the current density changes from 1 A
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g! to 100 A g, the capacitance retention of the MnO,/H-TiO,/CMF NW
composite electrode at 600 °C is about 59%, which is higher than that of
others (56%, 53%, and 33% for the hydrogenated composite electrodes at
800 °C, 400 °C, and the untreated composite electrode, respectively). The
best rate capability of the MnO,/H-TiO,/CMF NW composite electrode at
600 °C can be attributed to the relatively better conductivity, indicating the

promising application.

Energy density and power density are two key parameters for evaluating the
performance of SCs. The excellent performance is expected to exhibit high
energy density with high power density. Figure 5(e) shows the Ragon plots
of the different composite electrodes. As can be seen, the MnO,/H-
TiO,/CMF NW composite electrode at 600 °C also exhibits the highest
energy density and the highest power density among different electrodes.
The energy density and power density of the electrodes can be calculated

from the following Eqgs. (4) and (5) in GCD, respectively,

E- Ley? 4)
2

P= E/t (%)

where E (Wh kg™), P (kW kg™), C (F g™), U (V), and t (s) are energy density,
power density, specific capacitance, the actual potential window in
discharging process, and the discharge time, respectively. The high energy
density of the hydrogenated composite electrode at 600 °C is calculated to be
46.0 Wh kg™ at the high power density of 21.8 kW kg™ (at 50 A g). Even at
the low power density of 0.5 kW kg™, the energy density can reach as high

16
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as 81.5 Wh kg™'. However, as a comparison, the energy densities of the
hydrogenated composite electrodes at 800 °C, 400 °C, and the untreated
composite electrode are presented to be 33.1 Wh kg™ at 20.6 kW kg™, 25.8
Wh kg at 20.5 kW kg, and 15.5 Wh kg at 19.2 kW kg™, respectively, at
the same current density of 50 A g'. Hence, the hydrogenated temperature
plays an important role in the electrochemical performance of the MnO,/H-

Ti0,/CMF NW composite electrodes.

The EIS measurements of the MnO,/Ti0,/CMF NW composite electrode
and the MnO,/H-TiO,/CMF NW composite electrodes at 400 °C, 600 °C and
800 °C were conducted with 5 mV amplitude in a frequency range from 0.01
Hz to 100 kHz. Figure 5(f) shows the Nyquist plots of the different
composite electrodes, and the inset is the magnified section in the high
frequency. The plots consist of a compressed arc in the high-frequency range
and a sloped line in the low-frequency region. The large slop of the vertical
line in the low-frequency region is an indication of an ideal capacitive
behavior mainly from the pseudocapacitance of MnO, active materials.*
And the approximately same slope suggests the same action of MnQO, in
different composite electrodes. In the high-frequency region, both of the
intercepts and smaller diameters of the arcs on the real axis of the
hydrogenated composite electrodes are smaller than those of the untreated
composite electrode, which indicates the smaller equivalent series resistance
(ESR) and the smaller interfacial Faradic charge transfer resistance of the

hydrogenated composite electrodes. Clearly, the MnO,/H-Ti0,/CMF NW

17
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composite electrode at 600 °C shows the smallest ESR value (2.78 Q)
compared with others (2.94 Q, 3.01 Q and 3.41 Q for the hydrogenated
composite electrodes at 800 °C, 400 °C, and the untreated composite
electrode, respectively), confirming that the non-linearly improving
electrical conductivity is obtained with the hydrogenated temperature rising,
and hence the MnO,/H-TiO,/CMF NW composite electrode at 600 °C

exhibits the best electrochemical performance.

To quantitatively investigate the physical mechanism for improving the
electrical conductivity of TiO, NWs after hydrogenation, the M-S plots of
the TiO,/CMF NWs and the H-TiO,/CMF NWs at 400 °C, 600 °C and 800
°C were measured at the frequency of 10 Hz, as shown in Figure 6. As
expected, all line sections of the plots exhibit a positive slope, indicating the

n-type semiconductor feature. The space charge capacitance (C;) of a

semiconductor is expressed using the following Eq. (6),”>”" according to the
M-S theory,
Lz= 2 (U- U,- kBT) (6)
C, ege, N, €,

where C, (F cm™) is the space charge capacitance per unit area, Ny (cm™) is
the electron concentration, ¢ is the dielectric constant (170 for rutile TiO,),**
g0 (F m™) is the permittivity of vacuum, e, (C) is the electron charge, U (V)
is the applied potential, Uy (V) is the flat band potential, T (K) is the
temperature, and kg (J K'') is the Boltzmann constant. From the Figure 6, the

electron concentration of the H-TiO, NWs at 600 °C, 800 °C, 400 °C, and

18
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TiO, NWs is obtained to be 1.2x10* S? ¢cm™, 7.7x10** S ecm™, 5.4x10*

S?cem™, 2.2x10%* S cm™, respectively. It is noteworthy that the M-S Eq. (6)

is derived from a planar electrode model. Thus, either the projected area for
thin films or the specific surface area for the nanomaterials should be used in
the calculation. Here, S represents the specific surface area of the TiO, NWs.
All the samples are supposed to have the same S within the error. It is
evident that the electron concentration of the H-TiO, NWs at 400 °C, 800 °C
and 600 °C increases substantially in sequence, respectively, which is
consistent with the results obtained from the EIS measurements. Their
electron concentration is enhanced by about 2.5 times, 3.5 times, and 5.5
times compared with the untreated TiO, NWs, respectively. The M-S plots
are also used to extrapolate Uy, of the different samples. It is about -0.57 V, -
0.67 V, -0.69 V, and -0.76 V for TiO, NWs, H-TiO, NWs at 400 °C, 800 °C,
and 600 °C, respectively. Hydrogenation causes negative shift of Uy, i.c., the
Fermi level of TiO, NWs should shift a corresponding absolute value of Ug,
towards conduction band edge after the hydrogenation and the degree of up-
shift for the H-TiO, NWs at 400 °C, 800 °C and 600 °C increases in
sequence (the schematic diagram as shown in Figure S4). The up-shift of the
Fermi level demonstrates the increase of the electron concentration and the
improvement of the electrical conductivity in TiO, NWs. Based on these
results, the MnO,/H-TiO,/CMF NW composite electrode at 600 °C with the
best electrochemical properties can be related to the increase of the electrical

conductivity, which is determined by the following Eq. (7),
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6= Nyt (7)
Where o (S cm™), Ny (cm™), ¢, (C), and p (cm®V''s™) are the electrical
conductivity, electron concentration, electron charge, and mobility of the
electrode materials, respectively. The electrical conductivity of H-TiO, NWs
at 400 °C, 800 °C, and 600 °C can be enhanced by about 2.5 times, 3.5 times,
and 5.5 times compared with the untreated TiO, NWs, respectively. All the
measurements were carried out at the same conditions except the
hydrogenated temperature in order to rule out the effect of other factors. It is
interesting to quantitatively investigate on how the electrical conductivity of

the TiO, NWs is changed after the hydrogenation treatment. The formed Ho,

H;, or HO, defects during the hydrogenation could behave as shallow

donors in TiO,. The HO, defects have the lowest formation energy over the

whole Fermi level range under both oxidizing and reducing conditions by
the density functional theory calculations.” As it is well understood that the

higher the hydrogenated temperature is, the more the free electrons

generated from the HO; defects become. In fact, the free electrons in TiO,

NWs originate from the intrinsic defects (or oxygen vacancies) and the HO|

defects. However, from the XRD analysis, the oxygen vacancies are
significantly reduced via hydrogenation. From the data of the EIS spectra
and M-S plots, the electron concentration of the hydrogenated composite
electrodes becomes larger and the electrical conductivity is increased with

the hydrogenated temperature rising until 600 °C, while the electron
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concentration of the hydrogenated composite electrode at 800 °C becomes
small and the electrical conductivity becomes low. We summarize that (i)

the free electrons in TiO, NWs mainly originate from both of the oxygen
vacancies and the HO, defects after hydrogenation. The electron
concentration in TiO, NWs increases firstly until 600 °C and decreases later;
(11) the free electrons provided from the HO, defects are gradually increased
with the hydrogenated temperature rising. The higher the hydrogenated
temperature 1is, the more the amount of the HO, defects is, and the more the

free electrons contributed are; (iii) it is proposed that the effect of the
hydrogenation conditions on the crystalline perfection is very weak
according to the little change of the FWHMs for the XRD peaks when the
electrodes are hydrogenated at temperature between 400 °C and 600 °C, i.e.,

few oxygen vacancies are reduced. The enhancement of the free electrons in
TiO, NWs could mainly result from the HO, defects. However, the

crystalline quality is significantly improved at 800 °C. Much oxygen
vacancies are reduced, which results in the decrease of the free electrons
from the oxygen vacancies. While, at the hydrogenated temperature of 800
°C, the more hydrogen atoms doped into TiO, as shadow donors are, the
more free electrons provided by them are. However, the electrical
conductivity of the hydrogenated composite electrode at 800 °C is smaller
than that of the hydrogenated composite electrode at 600 °C in terms of the

M-S plots, indicating that the free electrons from the oxygen vacancies could
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dominate the electrical conductivity, while these free electrons contributed
from the HO, defects could only have an assistant effect on the electrical

conductivity.

Another important requirement for SC applications is the long-term cycling
stability. The cycling life of the MnO,/H-TiO,/CMF NW composite
electrode at 600 °C was evaluated by GCD test at the current density of 10 A
g in the potential range of 0 V to 1.0 V for more than 5000 cycles, as
shown in Figure 7. The electrode exhibits excellent stability with 90%
retention of the initial capacitance after 5000 cycles and the last 10 cycles
remain almost the same shape with the first 10 cycles (insets of Figure 7),
illustrating the excellent long-term cycling stability of the composite
electrode, especially compared with others, such as the MnQO,/graphitic
petal/carbon nanotube composite electrode (nearly 90% after 1000 cycles at
100 mV s™),%* NiC0,04@MnO, core—shell NW array electrode (88% after
2000 cycles at 10 mA cm’z),41 MnO,/C/TiO, shell/shell/core array electrode
(78.7% after 1000 cycles at 2 A g™),* and H-TiO, nanotube array electrode
hydrogenated at 600 °C (74% after 10000 cycles at 100 mV s™).* From the
results above, the hydrogenation at 600 °C can greatly enhance the

electrochemical performance with the excellent cycling stability.

4. Conclusions

In summary, we have quantitatively investigated the contribution of

hydrogenation to the performance of MnO,/H-Ti0O, composite electrodes for
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supercapacitor. The H-TiO, NWs hydrogenated at 600 °C provide high
conductivity and facile ion transport. The electrical conductivity is
determined by the carrier concentration in the materials. The electrical
conductivity of electrode materials for supercapacitor plays an important
role in the electrochemical performance. High capacitance and high cycling
stability for MnO,/H-TiO, composite electrode hydrogenated at 600 °C are
obtained. This work provides an idea for rationally designing the high-
performance SCs and assembling novel nanostructures with preferable

electrochemical performance.
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Figure Captions

Figure 1. (a and b) Typical low- and high-magnified SEM images of H-
TiO,/CMF NWs at 600 °C. (¢ and d) Typical low- and high-magnified SEM
images of the MnO,/H-TiO,/CMF NWs at 600 °C.

Figure 2. TEM images of (a) a bare H-TiO, NW at 600 °C and (b) a single
MnO,/H-TiO, NW at 600 °C. (c¢) SAED pattern of the corresponding
MnO,/H-TiO, NW. (d) High-resolution TEM image of the corresponding
MnO,/H-TiO, NW. And the inset shows a magnified TEM image of the
local area in the Figure 2(d). (¢) The EDS line-scan spectra (indicated by the
red line in the inset) of the MnO,/H-TiO, NW.

Figure 3. (a) The XRD patterns of TiO,/CMF NWs and H-TiO,/CMF NWs
hydrogenated at different temperatures. (b) The Raman spectra of TiO,/CMF
NWs and H-TiO,/CMF NWs hydrogenated at different temperatures.

Figure 4. (a) The CV curves of MnO,/Ti0,/CMF NW composite electrode,
Ti0,/CMF NW electrode, and MnO,/CMF electrode at the scan rate of 10
mV s™. (b) The GCD curves of MnO,/TiO,/CMF NW composite electrode,
TiO,/CMF NW electrode, and MnO,/CMF electrode at the current density of
10 A g. (¢) The CV curves of MnO,/TiO,/CMF NW composite electrode at
various scan rates. (d) The GCD curves of MnO,/Ti0,/CMF NW composite

electrode at various current densities.

Figure 5. (a) The CV curves of MnO,/Ti0,/CMF NW composite electrode
and MnO,/H-TiO,/CMF NW composite electrodes at 400 °C, 600 °C and
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800 °C at 10 mV s™. (b) The specific capacitance of the different composite
electrodes as a function of the scan rate. (c) The GCD curves of
MnO,/TiO,/CMF NW composite electrode and MnO,/H-TiO,/CMF NW
composite electrodes at 400 °C, 600 °C and 800 °C at 10 A g"'. (d) The
specific capacitance of the different composite electrodes as a function of the
current density. (¢) The Ragon plots of MnO,/TiO,/CMF NW composite
electrode and MnO,/H-TiO,/CMF NW composite electrodes at 400 °C, 600
°C and 800 °C. (f) The Nyquist plots of MnO,/TiO,/CMF NW composite
electrode and MnO,/H-TiO,/CMF NW composite electrodes at 400 °C, 600
°C and 800 °C. The inset is the corresponding magnified section within the

high frequency.

Figure 6. The M-S plots of TiO,/CMF NW electrode and H-Ti0O,/CMF NW
electrodes at 400 °C, 600 °C and 800 °C.

Figure 7. The specific capacitance retention of MnO,/H-TiO,/CMF NW
composite electrode at 600 °C as a function of cycle numbers, and the insets

are the GCD curves of first 10 cycles and last 10 cycles, respectively.
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Table caption

Table I. FWHMs of diffraction peaks for untreated TiO, NWs and H-TiO,
NWs at 400 °C, 600 °C and 800 °C.
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Figure 1 by X. Y. Cao, et al.
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. FWHMs of XRD peaks
TiO, NWs
(110) (101) (211)
untreated 0.38 0.27 0.35
400 °C 0.37 0.25 0.34
600 °C 0.35 0.26 0.33
800 °C 0.22 0.19 0.23
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