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Titanium oxynitride mesoporous nanowires (Ti(O,N)-MP-NWs)
composed of iso-oriented interconnected nanocrystals with [100]
preferred orientation and tunable O/N ratios are synthesized, based on
an anion exchange process. By investigating the electrochemical
performance, it is found to exhibit high pseudocapacitive sodium
storage performance, demonstrated by kinetic analysis and experi-
mental characterizations. Subsequently, the assembled asymmetric
hybrid sodium ion capacitor (AC//Ti(O,N)) exhibits high energy and
power densities. Our work proposes the high pseudocapacitance in
non-aqueous sodium ion system is very promising for high-power and
low-cost energy storage applications.

Introduction

The demand for green electrochemical energy storage (EES)
devices is increasing for portable electronics, electric vehicles
(EVs) and smart grids." In particular, rechargeable lithium ion
batteries (LIBs) and supercapacitors (SCs) have become the
leading EES devices. Batteries usually show high energy density,
while SCs deliver high power density.”* However, future EES
devices will require both high energy and power densities for
applications in EVs and large-scale energy storage systems (the
smart grids).” Therefore, the hybrid electrochemical capacitor
(HEC), a new type of EES device that integrates the advantages
of both batteries and SCs, is pointed out.® The HEC utilizes both
faradaic and non-faradaic processes to store charge, for
achieving improvements in both energy and power densities,
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respectively. It usually combines a high specific surface area
active carbon (AC) cathode (rapid charging rate) and a battery-
like anode (large specific capacity). Lithium ion HECs (Li-
HECs) have attracted intensive research interest.® However,
owing to the rapidly increased prices and limited sources of
lithium, the development of alternative sodium ion energy
storage systems (such as sodium ion HECs, Na-HECs) with
lower cost and comparable performance to lithium ion systems
is urgently desired.”

To develop Na-HECs, the main challenge is the kinetics
mismatch issue, which is usually much worse than that for Li-
HECs. It is known that the radius of Na' is larger than that of
Li* (0.97 vs. 0.68 A),"® meaning that various anode materials may
not be suitable or exhibit lower specific capacity for sodium ion
storage. More importantly, the Na* ion diffusion is much slower,
which will enlarge the kinetics mismatch gap between the fara-
daic reaction controlled by ion diffusion and the fast non-faradaic
double-layer adsorption/desorption of solvated ions in HEC
devices.® Thus, to realize a high-rate anode, an alternative solution
is to utilize a pseudocapacitive mechanism, whose kinetics are
not diffusion-limited but are fast.'>" Transition metal oxides have
shown high pseudocapacitance.>” However, most transition
metal oxides usually present poor electronic conductivity, which
goes against the high rate capability.

Transition metal nitrides usually show superior electrical
conductivity and sustainability, and are regarded as a potential
candidate for energy storage applications.”> Among them, TiN
has received particular attention owing to its high conductivity
(4000-55500 S cm™ '), as well as chemical and thermal
stability."*** TiN has shown good electrochemical performance in
aqueous electrolytes,”>?* but its energy density (E = 1/2CV?) is
limited by the low output potential in aqueous electrolytes.'»*"*
Replacing the aqueous electrolyte with a commercial non-
aqueous electrolyte has the benefit of increasing the output
voltage for the whole device. However, titanium nitrides are
seldom investigated on this point, especially in sodium ion
systems. Interestingly, a universal synthesis method for TiN is
based on an anion exchange process that replaces the oxygen
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atom in hydrogen titanate (or titanium oxide) precursors with
a nitrogen atom under heat treatment in an ammonia atmo-
sphere. The final products are usually oxygen-containing to some
degree, so they are called titanium oxynitride (Ti(O,N)) as well.?~>°
Moreover, oxides will usually form on the Ti(O,N) surface in air or
oxygen atmosphere, which are regarded as electrochemically
active compounds. However, their detailed influence on electro-
chemical performance is rarely studied.

Herein, we present Ti(O,N) mesoporous nanowires (Ti(O,N)-
MP-NWs) composed of iso-oriented nanocrystals as an anode
for Na-HECs in non-aqueous electrolyte for the first time. The
novel mesoporous nanowires offer a large surface area, short
diffusion pathway and continual electron transport, which are
beneficial for the charge storage process.**** The Ti(O,N)-MP-
NWs are synthesized based on an anion exchange process,
while the oxygen content is tunable. We find that the oxygen in
Ti(O,N) has a large influence on the electrochemical perfor-
mance. Moreover, through kinetic analysis and ex situ charac-
terization, the pseudocapacitive charge storage mechanism of
Ti(O,N)-MP-NWs is demonstrated. Based on the designed
materials, the asymmetric AC//Ti(O,N)-MP-NWs Na-HEC shows
remarkably enhanced high power and energy densities, indi-
cating the promise for fast sodium ion storage applications.

Results and discussion
Phase transformation and mesoporous formation

Fig. 1 schematically illustrates the phase transformation and
mesoporous formation processes of the as-synthesized Ti(O,N)-
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MP-NWs. Hydrogen titanate (H,Ti;0;) NWs of ~100 nm in
diameter and several micrometers in length were used as the
precursor (Fig. 1b and S1, ESIf). The white precursor was
annealed in ammonia flow (rate 80 sccm) with a heating rate of
5°C min~". By tuning the annealing time under ammonia flow at
700 °C, the representative products were characterized by X-ray
diffraction (XRD) (Fig. S2, ESIt), which demonstrates that the
reactions consist of dehydration, phase transformation, and
anion exchange processes.*”>* In the first stage, the H,Ti;O; NWs
suffer a dehydration process accompanied by a phase trans-
formation from white H,Ti;O; (Fig. 1c) to olive TiO,(B) (Fig. 1e),
with structural condensation. Meanwhile, mesoporous are
formed in the NWs along with the dehydration and phase
transformation process (Fig. 1d). In the second stage, the anion
exchange process takes place, by substituting oxygen with
nitrogen atoms, resulting in the formation of cubic Ti(O,N)
phase, whose crystal form is similar to that of the TiN or TiO
phase (Fig. 1g and S3, ESI). Rich pores are formed in this process
owing to the huge phase transformation and loss of oxygen
atoms (Fig. 1f).

By tuning the annealing temperature, it is found that the
anion exchange process is thermodynamically controlled
(Fig. 2a). The sample annealed at 600 °C for 2 hours results in
TiO,(B) phase (JCPDS 74-1940), noted as TiO,(B)-600. However,
the samples annealed at 700 °C or 800 °C for 2 hours are
successfully converted to Ti(O,N), denoted as Ti(O,N)-700 and
Ti(O,N)-800, respectively. The lattice parameters of cubic
Ti(O,N)-700 and Ti(O,N)-800 are a, = 4.1780 A and a, = 4.2012
A, respectively. These parameters are both smaller than the
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(a) Schematic of proposed formation process for the titanium oxynitride mesoporous nanowires (Ti(O,N)-MP-NWs). SEM image (b) and

crystal structure (c) of H,TizO7 nanowires. SEM image (d) and crystal structure (e) of TiO,(B)-MP-NWs. SEM image (f) of Ti(O,N)-MP-NWs and

crystal structure (g) of TiN.
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Fig.2 XRD patterns (a) and XPS spectra of Ti 2p (b), N 1s (c) and O 1s (d).
curves (f) of TiO5(B)-600, Ti(O,N)-700 and Ti(O,N)-800.

corresponding value of the standard cubic TiN (a = 4.2417 A,
JCPDS 38-1420) while larger than that of cubic TiO (a = 4.1770
JCPDS 08-0117), thus consistent with the structural features of
Ti(O,N).** Interestingly, with increasing calcination tempera-
ture, the diffraction peaks shift towards lower angles (Fig. 2a),
which is connected with the anion exchange degree. At lower
annealing temperature (700 °C), the anion exchange kinetics are
slower, which may create more oxygen residues, ion vacancies
and structural defects.*®** The changes in the surface chemical
composition were monitored by X-ray photoelectron spectros-
copy (XPS) analysis (Fig. 2b-d). The Ti 2p spectra (Fig. 2b)
included multiple peaks assigned to Ti-N (2ps, = 455.6-
455.7 €V and 2p,,, = 461.4-461.6 €V), Ti-N-O (2p;,, = 457.1-
457.5 eV and 2p4/, = 463.2-463.4 eV), and Ti-O (2ps/, = 458.3—
458.5 eV and 2py,, = 464.3-464.5 €V).***” The relative intensity
of the Ti-O peak of Ti(O,N)-700 is significantly stronger than
that of Ti(O,N)-800, indicating the higher valance state of Ti in
Ti(O,N)-700. The N 1s spectra (Fig. 2¢) of Ti(N,O) are deconvo-
luted into three synthetic peaks. The relative intensity of the N-
Ti (396.1 eV) peak to the N-Ti-O peak (396.8 eV) is enlarged with
increasing annealing temperature,®** indicating increased
nitridation degree at higher temperatures, consistent with the
peak shift results in the XRD pattern. The O 1s spectra (Fig. 2d)
are able to be fitted by three components as well. The peak of Ti-
O (530 + 0.2 eV) is associated with oxidized titanium valence
(Ti**).* The relative ratio of Ti-O to Ti-N-O (531.5 & 0.2 €V)
decreases with the increase of annealing temperature, which is
consistent with the results of the Ti 2p spectra. As discussed
above, the anion exchange kinetics depend on the annealing
temperature. The slower ion exchange process at lower
temperature leads to less exchange of O atoms being completed,
leading to higher oxygen content and higher valence of Ti in
Ti(0,N)-700.

Nitrogen adsorption-desorption isotherms and pore-size
distributions were obtained to investigate the Brunauer—

This journal is © The Royal Society of Chemistry 2017

Nitrogen adsorption—desorption isotherms (e) and pore size distribution

Emmett-Teller (BET) specific surface areas (SSA) and porous
structures of the samples. Fig. 2e exhibits typical type-IV curves,
which are characteristic of mesoporous materials. The Barrett-
Joyner-Halenda (BJH) pore size distribution curves (Fig. 2f)
show that the pore sizes are mainly below 20 nm. A summary of
the SSA, porous volume and BJH average porous size is listed in
Table S1 (ESIT). Ti(O,N)-700 possesses larger SSA (70.75 m> g~ ')
than TiO,(B)-600 (29.02 m> g~') because more vacancies are
created during the anion exchange and phase transformation
processes. The decrease of SSA for Ti(O,N)-800 (49.25 m* g ),
corresponding to the increase of the pore size, is possible owing
to the increased mass transfer and accelerated crystal growth at
high temperature.>* The results are consistent with the
morphology in Fig. 3a, S4 and S5 (ESIT).

Transmission electron microscopy (TEM) was carried out to
identify the inner architecture and crystallographic structure of
the samples. The TEM image of Ti(O,N)-700 (Fig. 3a) clearly
shows typical mesoporous nanowires morphology, which is
constituted of interconnected nanocrystalline grains. The high-
resolution TEM (HRTEM) image of Ti(O,N)-700 (Fig. 3b)
displays a d,00) spacing of around 2.17 A, which is slightly
smaller than that of Ti(O,N)-800 (d(z00) = 2.19 A, Fig. S5, ESIY),
consistent with the XRD results (Fig. 2a). Interestingly, we find
that the MP-NW consists of iso-oriented nanocrystalline grains
with a continuous lattice fringe around the pores (Fig. 3b). The
selected area electron diffraction (SAED) pattern (Fig. 3c) further
confirms the single-crystal nature of the mesoporous NW. The
SAED patterns (Fig. 3c and S5dT) reveals that the Ti(O,N)-MP-NW
has a [100] preferred orientation along the axial direction of NW.
As suggested by Bi et al*® the [100] direction has higher elec-
tronic transport than other directions. The as-synthesized
Ti(O,N)-MP-NWs have optimized electrical conductivity that is
beneficial for fast charge/discharge rates. Meanwhile, unlike
other mesoporous materials with polycrystalline pore walls, the
mesoporous NWs  with  iso-oriented interconnected
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Fig. 3 Morphology characterization of Ti(O,N)-700. TEM image (a), HRTEM image (b), SAED pattern (c) and elemental mapping images (d).

nanocrystalline grains are able to reduce interfacial resistance
and accelerate the rate of electron and ion transport.*** The
excellent conductivity is directly presented by measuring a single
nanowire's conductivity. The inset of Fig. S61 shows the example
of a Ti(O,N)-700 nanowire together with two deposited Au
measuring contacts. Based on the I-V curve (Fig. S6, ESIT), the
calculated average value is 3 x 10° S m™', demonstrating the
high conductivity of the Ti(O,N) nanowires. Elemental mappings
(Fig. 3d) show a uniform distribution of Ti, N and O. Further,
energy dispersive X-ray spectroscopy (EDS) data shows that the
O/N ratio decreases from 1.27 to 0.51 when the temperature
increases from 700 to 800 °C (Table S2, ESIT), confirming the
higher oxygen content in Ti(O,N)-700.

Electrochemical sodium ion storage performance

To explore the electrochemical performances, three samples were
assembled into half-cells (2016-type coin cell) by using metallic
sodium as the counter electrode. Noteworthily, the highly
conductive Ti(O,N) were prepared without any other conductive
additives, which is suitable for increasing the total energy density
and investigation of the reaction mechanism. The electro-
chemical performances of the Ti(O,N)-MP-NWs were firstly
characterized by cyclic voltammetry (CV) in the range 0.02-3.0 V
versus Na'/Na at 0.2 mV s~ * (Fig. 4a, S7 and S8, ESIt). The CV
curves display a typical pseudocapacitor-like rectangle shape after
the initial cycle. The high current response at low voltage and the
irreversible capacity loss in the first cycle are possibly ascribed to
the formation of a solid electrolyte interphase (SEI) layer.**** The
subsequent two cycles of Ti(O,N)-700 are well overlapped, indi-
cating excellent reversibility. The galvanostatic charge-discharge
curves of Ti(O,N)-700 at 0.05 A g~ ' (Fig. 4b) display a pseudo-
linear voltage response in the work potential region.

10830 | J. Mater. Chem. A, 2017, 5, 10827-10835

For the practical application of EES devices, high rate capa-
bility and excellent cycling ability are both indispensable.
Comparing the three samples (Fig. 4c), Ti(O,N)-700 shows the
best rate performance. At 0.05 A g ', Ti(O,N)-700 exhibits
a specific capacity of 387 C g~ ". Even at 8.0 A g~ ', the specific
capacity of Ti(O,N)-700 still remains at 127 C g ', which is
higher than that of Ti(O,N)-800 (92 C g~ ') and TiO,(B)-600 (58 C
¢~ "). Long-life cycling performance and high coulombic effi-
ciency at 1.0 A g~ ' are subsequently shown in Fig. 4d and S9
(ESIT). All three samples exhibit excellent cycling performance,
while Ti(O,N)-700 exhibits a higher capacity of 158 C ¢~ * than
those of Ti(O,N)-800 (120 C g~ ') and TiO,(B)-600 (65 C g~ ') after
5000 cycles. Note that the capacity retention of Ti(O,N)-700 with
respect to the third discharge capacity is 73% after 5000 cycles.

Sodium ion storage mechanism

The sodium ion storage mechanism was studied in depth to
analyze the reason for the enhanced electrochemical perfor-
mance of Ti(O,N)-700. Subsequently, electrochemical imped-
ance (EIS) spectra were measured (Fig. 4e). The Nyquist plots are
composed of a depressed semicircle (characteristic of charge
transfer resistance) in the medium-frequency region followed
by a slanted line (characteristic of ion diffusion resistance) in
the low-frequency region. The much decreased charge transfer
resistance (R) of Ti(O,N) compared to TiO,(B) confirms the fact
that transition metal nitrides have high conductivity. However,
the R. value decreases with increasing O/N ratio, which may be
due to the increased electron conductivity of Ti(O,N)-800
compared to that of Ti(O,N)-700. Moreover, in the low
frequency region, the slopes of typical linear shape are much
higher than 45°, revealing that the electrochemical reaction is
not mainly controlled by the diffusion process."***¢

This journal is © The Royal Society of Chemistry 2017
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Fig.4 (a) The CV curves of Ti(O,N)-700 at a scan rate of 0.2 mV s~ . (b) Galvanostatic charge—discharge curves of Ti(O,N)-700 at 0.05 A g~ L. Rate
performance (c), cycling performance at 1 A g~ (d) and Nyquist plots (e) of TiO»(B)-600, Ti(O,N)-700 and Ti(O,N)-800. (f) CV curves of the
Ti(O,N)-700 electrode at 20-100 mV s™*. (g) CV curves and related capacitive contribution curves of the Ti(O,N)-700 electrode at 1 mV s~2. (h)
Contributions of capacitive and diffusion-control capacities at different scan rates.

The CV curves of the Ti(O,N)-700 electrode at fast scan rates
are shown in Fig. 4f. With increasing scan rate, even to 100 mV
s', the minor change of the curves reveals excellent rate
performance. To quantify the capacitive contribution to the
current response, the total current response (I) at a fixed
potential (V) can be separated into two parts, according to eqn

(:

IV) = ky + ko' (1)
where k,» and k,»*'* correspond to the capacitive and diffusion-
controlled faradaic current responses, respectively. Fig. 4g
shows the contribution of diffusion-limited and capacitive
processes. The shaded area corresponds to the capacitive
current response in comparison with the total current response
at 1 mV s~ . It is observed that the capacitive contributions
occupy a large part of whole capacity. The redox peaks shown in
the shaded area are related to the capacitive behaviors. At fast
scan rates, the redox peaks are more obvious (Fig. S10, ESIT),
owing to faster kinetics of the capacitive response compared to
the diffusion one. The intuitionistic comparisons about the
total stored charge and capacitive contributions at different
scan rate are shown in Fig. 4h and S11 (ESIT). Ti(O,N)-700 shows
a higher capacitive capacity (=131 C g~ ") than those of TiO,(B)-
600 (=60 C g ') and Ti(O,N)-800 (=104 C g '). Again, both
capacitive contributions of Ti(O,N)-700 and Ti(O,N)-800 are
similar and very high, about 78.9% and 82.3% of the total stored

This journal is © The Royal Society of Chemistry 2017

charge at 2 mV s, respectively. Typically, capacitive capacity

includes electric double-layer capacity and pseudocapacitive
capacity. It is worth noting that electric double-layer capaci-
tance highly depends on a high SSA (typically >1500 m*> g™ ),
which is usually assumed to be a value of 10 uF cm™> (ref.
47-49). The SSA of Ti(O,N)-700 and Ti(O,N)-800 are 70.75 and
49.25 m? g~ !, respectively, referring to the electric double-layer
capacities of ~21 and 15 C g, respectively, which are less than
5% of their measured capacity at 0.05 A g~ '. Moreover, since the
rate capacity of an electric double-layer capacitor is usually
excellent and we assume that the rate values will remain high up
t0 8.0 Ag ', but this value (~21 C g ") is still much less than the
obtained capacity of 127 C g~* for Ti(O,N)-700. Therefore, the
majority of the capacity for Ti(O,N) is able to be attributed to
reversible faradaic pseudocapacitive processes. Furthermore,
the difference in capacity between Ti(O,N)-700 and Ti(O,N)-800
is compared in detail. The increased capacity of Ti(O,N)-700
compared to Ti(O,N)-800 is much larger than the difference in
the values of their electric double-layer capacity (only 6 C g~*
based on above calculation). Therefore, the large increased
capacitance for Ti(O,N)-700 is not likely to be from the enlarged
SSA but from the pseudocapacitive charge storage.*

In a complementary analysis, the sodium storage mecha-
nism of Ti(O,N) was further confirmed by ex situ XRD and TEM.
Fig. 5a shows the ex situ XRD patterns of Ti(O,N)-700 at various
states in the first two cycles (the voltage profile is displayed on
the right side). The diffraction peaks of Ti(O,N) obtained at
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different charge-discharge states are almost the same as that of
the fresh Ti(O,N)-700 electrode without apparent peak change
or shift, which means no obvious phase transformation takes
place in the inner structure during charge and discharge
process. Fig. 5b shows the Nyquist plots at different cycles for
Ti(O,N)-700. The diameter of the depressed semicircle after
activation obviously decreases, which means that lower R is
maintained during the following electrochemical reaction. It
also suggests a stable electrode-electrolyte interface during
cycles without increased SEI film generation.® At the same time,
the reduction of the R is conducive to the stability during
subsequent cycles and capacity retention at high rate.>**

The morphology and structure of Ti(O,N)-700 in the fully
discharged state were further characterized by TEM (Fig. 5c).
The nanowire morphology remained pretty well after discharge.
The clear lattice fringe with d,00) value of 2.18 A (Fig. 5d) is
clearly observed, indicating that there are no obvious phase
transformations in the inner structure, consistent with the ex
situ XRD results. The slightly enlarged d(¢0) value compared to
the fresh one (Fig. 3b) is probably owing to the fact that reduced
state of the titanium cation (caused by the faradaic redox
reaction) has a larger ionic radius than that of the oxidized
state. Element mappings (Fig. 5e) display the uniform distri-
bution of Ti, N and O after sodiation. These results match well
with kinetic analysis as discussed before and demonstrate that
the charge storage of Ti(N,O) is via a pseudocapacitive mecha-
nism without phase changes.

Based on the above analysis, the Ti(O,N)-700 with high O/N
ratio and high Ti valence state provides more charge transfer
numbers during the faradaic reaction, and therefore exhibits
enhanced electrochemical performance.
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Sodium ion hybrid electrochemical capacitor

This rapid pseudocapacitance leads to the remarkable rate
performance of Ti(O,N), making it very promising as an anode
for Na-HEC. A schematic of the asymmetrical Na-HEC is shown
in Fig. 6a. The hybrid supercapacitor uses a non-faradaic
capacitive cathode (AC) whose charge storage is based on elec-
trical double layer adsorption/desorption of ClO, anion, and
a faradaic redox reaction anode (Ti(O,N)) that is based on
a reversible pseudocapacitive process with Na* cation. Accord-
ing to the capacity balance between the Ti(O,N) anode and the
AC cathode (Fig. S12, ESIt), the mass ratio of 1:1.5 (ano-
de : cathode) is fixed. The CV curve of the Na-HEC in the range
from 0.5 to 4 V at 0.2 mV s~ " (Fig. S13, ESI{) exhibits a rectan-
gular shape, indicating that the majority of the capacity is
ascribed to capacitive behavior.""” The Nyquist plots and Bode
diagram with frequencies ranging from 0.01 Hz to 100 kHz are
shown in Fig. S14 (ESIf). An almost vertical line at low
frequencies and |¢¢ 01u,| = 70.3° are observed, which demon-
strates typical capacitive behavior.** Moreover, the frequency at
¢ = —45°, corresponding to the capacitor response frequency, is
0.47 Hz. The corresponding time constant is 2.1 s, which is
much shorter than 10 s for the traditional active carbon
supercapacitors.®> Fig. 6b shows the charge and discharge
curves for Na-HEC over the range 0.5-4 Vat 1 A g * (based on
the mass of Ti(O,N)). After activation at 0.05 A g~ " for two cycles,
the Na-HEC device delivers a reversible capacity of 140 C
grion) | based on the mass of Ti(O,N) (corresponding to 56 C
grc ! based on the total mass of both active materials). The Na-
HEC exhibits an average operating voltage of ~2.6 V, much
higher than that of other aqueous HECs (~1.23 V).**

The cycling stability and rate performance of the device were
characterized (Fig. 6¢c and d). The capacity retention was 82.9%
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Fig. 5 (a) Ex situ XRD of Ti(O,N)-700 in different charge—discharge states. (b) Nyquist plots of Ti(O,N)-700 in different cycles. (c—e) Morphology
characterization of Ti(O,N)-700 electrode at a fully discharged state: TEM image (c), HRTEM image (d), and elemental mapping images (e).
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Fig. 6 Electrochemical performance of Ti(O,N)//AC hybrid full capacitor. (a) Schematic of the AC//Ti(O,N)-MP-NWs Na-HEC. Charge/discharge
curves (b), cycling performance (c), and rate performance (d) of Na-HEC. (e) Ragone plots of various supercapacitors. The Na-HEC based on AC//
Ti(O,N)-MP-NWs is compared with other supercapacitors using TiN//TiN,*® TIN@QGNS//Fe,N@GNS,” AC//TiO,-RGO,° AC//TiO, (anatase)® and

CNT//TiO,(B).>”

after 500 cycles, and a capacity of 98 C grion) ' Was retained
after 1000 cycles with high coulombic efficiency (Fig. S15, ESIT),
indicating very good reversibility during the charge-discharge
process. The rate capacity of the device is subsequently shown
in Fig. 6d. The discharge-specific capacities of the Na-HEC are
about 205 C grion) ' (82 C gec ') at 0.05 A g~ ' and 100 C
grion) | (40 C gec ') at 8 A g™ . Eventually, the capacity is still
56 C grijon) (22 C gre™ ') at extremely high current density (up
to 20 A g'), indicating that the device is promising for
achieving high rate capacity. The static leakage current of the
Na-HEC is about 4 pA (3.8 pA mg ™), indicating a relatively small
leakage current (Fig. S16, ESIt).”**

Energy density and power density based on the values from
the charge-discharge curves at different current densities were
calculated (according to the total mass of both active mate-
rials), as shown by the Ragone plots (Fig. 6e). For comparison,
the energy and power densities of state-of-the-art TiN//TiN,>*
TiN@GNS//Fe,N@GNS,"” AC//Ti0,-RGO,® AC//TiO, (anatase),’
and CNT//TiO,(B)*” are plotted together in Fig. 6e. Ragone
plots demonstrate AC//Ti(O,N)-MP-NWs Na-HEC delivers the
highest energy density at high power density among similar
systems. Detailed data for the various EES devices are shown
in Table S3, ESI.T A maximum energy density of 46 W h kg™ " is
achieved at a power density of 46 W kg~ '. When the power
density increases to 11.5 kW kg™, the energy density is 10.9
W h kg™, with a drain time of only ~3.4 s. The obtained data
demonstrate that the as-assembled AC//Ti(O,N)-MP-NWs Na-
HEC is a very promising energy storage device with high
power and energy density.

Conclusion

Ti(O,N)-MP-NWs are synthesized via dehydration, phase trans-
formation, and anion exchange processes in ammonia flow. The
Ti(O,N)-MP-NWs are composed of iso-oriented interconnected
nanocrystalline grains with [100] preferred orientation along the
axial direction and tunable O/N ratios. Benefiting from the highly
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conductive nature of Ti(O,N) and the largely increased surface
redox sites and short ion diffusion pathways, the Ti(O,N)-MP-
NWs display remarkable electrochemical performance. Accord-
ing to kinetic analysis and a series of ex situ characterizations, the
pseudocapacitive behavior of Ti(O,N)-MP-NWs in sodium-based
non-aqueous electrolyte is demonstrated. The large capacitive
contribution is highly beneficial to the high-rate sodium storage
performance. The high O/N ratio with the high valence state of Ti
provides more charge transfer numbers during the faradaic
reaction process, resulting in higher capacity. Based on the rapid
pseudocapacitive charge storage, the as-assembled AC//Ti(O,N)-
MP-NWs Na-HEC shows a maximum energy density of 46 W h
kg™" (with a power density of 46 W kg™ ') and power density of
11.5 kW kg™ " (with an energy density of 10.9 W h kg™ ') indicating
great promise for applications in high-rate energy storage fields.
We believe the present work will open a new window for devel-
oping pseudocapacitive electrode materials for high-rate energy
storage applications.
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