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However, low operation voltage due to 
water splitting severely limits their energy 
density.[3–6] Hence, developing organic elec-
trolyte systems could efficiently extend the 
electrochemical window for high energy 
density.[7] Accordingly, lithium-ion batteries 
(LIBs) with wider electrochemical window 
in organic electrolytes guarantee higher 
energy density. However, lithium sources 
are limited, and the increasing price has 
confined large-scale utilizations.[8] Conse-
quently, owing to the electrochemical equiv-
alent characteristics and rich resources of 
sodium, sodium-ion batteries (SIBs) attract 
great interest and would become low-
cost energy storage devices alternative to 
LIBs.[9–11] Unfortunately, lithium/sodium 
ion batteries exhibit poor power density 
and relatively inferior service life.

Na+ ions, with larger radius 
(rNa +: 1.02 Å; rLi+: 0.76 Å), tend to sur-
face pseudocapacitive processes, which is 
preferable for Na-ion capacitors.[12] As the 
bridge that links batteries and capacitors 

in organic electrolytes, Na-ion capacitors emerge with different 
storage mechanisms at both ends.[13–17] Unlike SIBs, which 
mainly depend on the migration of Na+ between the anode 
and cathode, Na-ion capacitors are composed of battery-type 
anodes and capacitor-type cathodes. In the charging process, 
Na+ migrates to the anode (faradaic reactions), and meanwhile 
anions in the electrolyte (such as ClO4

−) migrate and adsorb to 
the cathode surface (nonfaradaic reactions). In the discharging 
process, Na+ and ClO4

− come back into electrolytes again. Com-
mercial activated carbon (AC) was commonly selected as the 
cathode material for Na-ion capacitors. Insertion-type battery 
materials with pseudocapacitance were adopted as the anode of 
Na-ion capacitors, owning to the moderate reversible capacity, 
rapid faradic reaction, low volume variation, and stable struc-
ture upon sodium ion insertion/extraction.[18] Recently, Wang 
group[19] has reported Na-TNTs (sodium titanate nanotubes) 
as anode materials for Na-ion capacitors. Thangavel et al.[20] 
assembled C-NVP//CDC, with NASICON-type Na3V2(PO4)3/C 
as the anode material and high-surface-area AC as the cathode 
material, which showed excellent cyclic stability, but lower elec-
trochemical window (0–3 V) severely limits the energy density 
of the devices. Lim et al.[13] reported that Nb2O5@C/rGO//MSP 
Na-ion capacitors with Nb2O5@C/rGO anodes and commercial 
AC cathodes exhibited higher energy density at lower current 
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derived carbon with high surface area as an ion adsorption cathode in an 
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Na-Ion Capacitors

1. Introduction

As the escalating fossil energy crisis, the contradiction between 
the growing energy demand and the absence of fossil fuels 
becomes increasingly prominent. Therefore, developing next-
generation large-scale energy storage devices with both high 
energy and power density is urgent for the application to elec-
tric vehicles and smart grids.[1,2] Supercapacitors with the merits 
of large power output and long cycle life have been extensively 
explored and achieved rapid development in recent years. 
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density in the voltage range of 1–4.3 V. However, the cyclability 
and rate performance were moderate. Despite great progress 
has been made these years, low capacity and rapid fading of 
anode materials are still the major impediment to optimize 
Na-ion capacitors.[13,18,21,22] Designing and preparing new suit-
able insertion-type anode materials to match suitable cathode 
materials for Na-ion capacitors is extremely urgent.

TiO2 can serve as an insertion-type anode material with 
obvious superiority in SIBs.[23–26] As we know, TiO2 has a lower 
average potential for Na storage (0.7 V vs Na/Na+), which is 
more beneficial to improve energy density in Na-ion capaci-
tors. Furthermore, the inherent pseudocapacitive behavior 
of TiO2 is a major advantage to promote the electrochemical 
performances of Na-ion capacitors. Nevertheless, TiO2 is a 
semiconductor, which leads to poor electronic conductivity 
(≈10−12 S cm−2) and sluggish ionic diffusivity. Hence, mas-
sive efforts have been made to enhance ion/electron conduc-
tion. Heteroatom doping (N, S, or Nb),[25,27,28] surface coating 
(graphitized carbon or graphene),[29,30] morphology control 
(petal-like, quantum dot, or nanofiber morphology),[30–33] and 
so on, have proved effectively in boosting the conductivity of 
the composites. Huang and co-workers[29] reported that TiO2/
rGO composites exhibited fast Na+ insertion/extraction, which 
occurred not only on the surface but also in the bulk of the 
material. Ji and co-workers[30] synthesized graphene-wrapped 
petal-like rutile TiO2 tuned with carbon dots, delivering excel-
lent cyclability and rate capability. Therefore, TiO2 is an ideal 
anode material for Na-ion capacitors.

On the other hand, highly porous activated carbon has been 
widely explored as a nonfaradaic cathode material for Na-ion 

capacitors because of their large specific surface area and fast 
electron/ion transport.[5] Especially, researchers have paid more 
attention to biomass-derived activated carbon because of its low 
cost and eco-friendliness. However, to date, the reports on the 
cyclability and capacitance at high-power conditions of activated 
carbon materials are still very scarce. Consequently, a suitable 
activated carbon material with high surface areas and stable 
architectures is also highly desired as the cathode material for 
Na-ion capacitors.

Herein, by means of a facile electrospinning technique, we 
successfully designed and prepared a novel architecture of 
TiO2@CNT@C, which can serve as the high-energy/power 
anode material for Na-ion capacitors. Benefiting from the 
introduction of multiwalled carbon nanotubes (MWCNTs), the 
TiO2@CNT@C electrode exhibited superior rate capability and 
cyclic stability in half cells. Furthermore, with this composite 
as the anode and biomass-derived carbon as the cathode, the 
newly configured Na-ion capacitors presented an exceptionally 
high energy and power density as well as long cycling stability.

2. Results and Discussion

TiO2@CNT@C nanorods were successfully prepared through 
a facile electrospinning technique, with one-step incorpo-
rating MWCNTs into TiO2 nanorods. TiO2@C was the control 
sample without the addition of MWCNTs. The X-ray diffrac-
tion (XRD) patterns of TiO2@CNT@C and TiO2@C are shown 
in Figure 1a. The diffraction peaks of both samples are well 
indexed to anatase TiO2 with the I41/amd space group. The 
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Figure 1. Structural characterizations of TiO2@CNT@C and TiO2@C. a) XRD patterns, b) TGA, c) N2 adsorption–desorption isothermal curves,  
d) Raman spectra of TiO2@CNT@C and TiO2@C, and e) high-resolution XPS of Ti2p in the TiO2@CNT@C sample.
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weak intensity of the TiO2 peaks in XRD 
patterns is ascribed to highly distributed 
TiO2 nanoparticles embedded in the carbon 
matrix. Thermogravimetric analysis (TGA) 
was measured to determine the TiO2 con-
tent in the as-prepared samples, as shown in 
Figure 1b. TiO2@C and TiO2@CNT@C have 
25 and 27 wt% weight loss, respectively, sug-
gesting 75 wt% TiO2 in TiO2@C and ≈73% 
TiO2 in TiO2@CNT@C. Interestingly, com-
pared with TiO2@C, TiO2@CNT@C shows 
a sloping region between 480 and 600 °C in 
the TGA curve, which might be related to the 
oxidation of MWCNTs. It is an obvious proof 
that MWCNTs exist in the final composite 
and the content of it in TiO2@CNT@C is 
≈1.5–2 wt%. N2 adsorption–desorption meas-
urements were performed and the results are 
shown in Figure 1c. The Brunauer–Emmett–
Teller (BET) surface areas of TiO2@CNT@C 
and TiO2@C are 135 and 85 m2 g−1, respec-
tively. Figure S1 (Supporting Information) 
shows the pore distribution of two samples; 
TiO2@CNT@C has more abundant meso- 
and micropores than TiO2@C, mainly due to 
the addition of MWCNTs. Figure 1d presents 
the Raman spectra of TiO2@CNT@C and 
TiO2@C. The two prominent peaks at ≈1349 
and ≈1580 cm−1 are attributed to a disorder-
induced feature (D band) and the E2g mode of 
graphite (G band),[34] respectively. The inten-
sity ratio of D versus G band (ID/IG) is 0.836 
and 0.794 for TiO2@C and TiO2@CNT@C, 
respectively, which represents the struc-
tural imperfection of graphitic sp2 domains 
of carbon materials. A certain degree of 
graphitization (ID/IG < 1) guarantees high-
quality electrical conductivity.[35] The surface 
element composition and valence of TiO2@
CNT@C were determined by X-ray photo-
electron spectroscopy (XPS), as shown in 
Figure 1e. The two peaks at about 464.6 and 
458.9 eV are contributed from Ti2p1/2 and 
Ti2p3/2, respectively,[36] which confirms that 
the valence of Ti is +4.

Figure 2a,b shows the schematic diagram of TiO2@CNT@C 
and TiO2@C. Figure 2c displays the scanning electron micro-
scope (SEM) images of TiO2@CNT@C nanorods. The diam-
eter of TiO2@CNT@C nanorods is about 200–300 nm and the 
length is not unified. The surfaces of TiO2@CNT@C nanorods 
are very rough with many microscopic voids, which might 
bring more active sites for electrode surface reactions. With 
randomly distributed nanorods, this architecture would be ben-
eficial to link the electrode materials and electrolytes and boost 
the rapid transfer of Na+/e−.[37] In addition, there is no apparent 
difference in the surface morphology between TiO2@CNT@C 
and TiO2@C (Figure 2c,d), elucidating that the introduction 
of MWCNTs would not change the morphology of TiO2@C. 
Note that MWCNTs were not detected from the SEM image of 

TiO2@CNT@C, suggesting that MWCNTs might be embedded 
into the TiO2 and C matrix. The detailed structures of TiO2@
CNT@C nanorods were further characterized by transmis-
sion electron microscope (TEM) (inset in Figure 2c,d). TiO2 
nanoparticles are felicitously embedded in carbon nanorods. 
The nanoscale structure will be greatly conducive to release 
more pseudocapacitance of active materials.[38] The high-res-
olution TEM (HRTEM) images (Figure 2e,f) reveal the clear 
lattice fringes with a d-spacing of 0.35 nm, corresponding to 
the (101) planes of anatase-phase TiO2. The HRTEM images 
show that the average size of TiO2 nanocrystals is ≈6.9 nm 
in TiO2@CNT@C (Figure S2, Supporting Information). By 
using Scherrer equation, we estimated the crystalline size of 
TiO2 nanocrystals to be ≈14.4 nm on basis of the XRD data 
(Table S1, Supporting Information), which is larger than that of 
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Figure 2. Schematic diagrams of a) TiO2@CNT@C and b) TiO2@C. SEM images of c) TiO2@
CNT@C and d) TiO2@C; HRTEM images of e) TiO2@CNT@C and f) TiO2@C; g) TEM ele-
mental mapping images of TiO2@CNT@C. The insets in (c) and (d) are TEM images of TiO2@
CNT@C and TiO2@C, respectively.
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the HRTEM observation. The result is coincident with the pre-
vious report.[39] Moreover, MWCNTs are clearly visualized in the 
HRTEM image (Figure 2e, and Figure S2, Supporting Informa-
tion), which further confirms that MWCNTs were incorporated 
into TiO2 and carbon nanorods. The TEM mapping images of 
TiO2@CNT@C nanorods in Figure 2g show that TiO2 nano-
particles are homogeneously distributed in the specimen. The 
stable external carbon frame and internal MWCNT network 
would be beneficial for electrochemical performances.

The electrochemical performances of TiO2@CNT@C elec-
trodes were tested in sodium half cells with metallic sodium 
as the counter electrodes. Figure 3a shows cyclic voltammetric 
(CV) curves for TiO2@CNT@C at the scan rate of 0.1–8 mV s−1 
in the range of 0.01–2.5 V (vs Na/Na+), and the initial several 
CV curves at 0.1 mV s−1 are shown in Figure S3a (Supporting 
Information). A couple of broad cathode/anode peaks are 
located at 0.70/0.85 V, corresponding to the reversible reaction 
of Ti3+/Ti4+ for the sodiation/desodiation processes. Moreover, 
the CV curves exhibit similar shapes at various scan rates. 
According to the relationship between the peak current density 
(i) and the scan rate (v)[40]

i avb=  
(1)

In Equation (1), the b-value represents the slope of the 
log(v)–log(i) plots. Especially, the slope of 0.5 (b = 0.5) signi-
fies a diffusion-controlled process, and the slope of 1 (b = 1) 
suggests the capacitive-controlled behavior (also named surface 
Faradic redox reaction). The log(v)–log(i) plots for the TiO2@
CNT@C nanorods are displayed in Figure 3b. The b-values 
of cathodic and anodic peaks are 0.81 and 0.83, respectively, 
which can be quantified at sweep rates ranging from 0.01 to 
8 mV s−1. It can be confirmed that the performance of sodium 
storage in TiO2@CNT@C nanorods presents capacitive char-
acteristics, conducing to improve the rate capability of active 
materials. The galvanostatic charge/discharge measure-
ments in the range of 0.01–2.5 V are shown in Figure 3c–f. In 
Figure 3c, the TiO2@CNT@C electrode delivers a moderate 
discharge capacity of 277 mA h g−1 in the second cycle at the 
current density of 0.05 A g−1, which is very close to the theo-
retical value of TiO2. In the first cycle, the large capacity loss is 
attributed to the formation of solid electrolyte interface (SEI) 
films and decomposition of the electrolyte on the electrode 
surface during the Na+ insertion process. This problem could 
be solved through presodiation technique for practical applica-
tions to SIBs and hybrid devices. A previous report suggested 
that the sodium storage mechanism of TiO2 was intercalation 
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Figure 3. Electrochemical measurements of TiO2@C and TiO2@CNT@C/Na half cells. a,b) CV curves and specific peak current of TiO2@CNT@C at 
various sweep rates from 0.1 to 8 mV s−1. c) Typical galvanostatic charge/discharge profiles of TiO2@CNT@C between 0.01 and 2.5 V at 0.05 A g−1.  
d) The cycling capacity at 0.5 A g−1. e) The rate performance and f) capacitive (red) and diffusion currents (gray) contributed to charge storage of TiO2@
CNT@C at a scan rate of 1 mV s−1. g) The cycling capacity at 1 A g−1, as well as the coulombic efficiency of TiO2@CNT@C.
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reaction[41] as well as amorphization on the deep discharge in 
the first cycle, which are greatly coincident with the ex situ 
XRD of TiO2@CNT@C (Figure S4, Supporting Information). 
The cycling performances of TiO2@CNT@C and TiO2@C 
electrodes are compared in Figure 3d. The reversible capacity 
of TiO2@C electrodes only remained 139 mA h g−1 after  
350 cycles at 0.5 A g−1. In the same case, the TiO2@
CNT@C electrode still achieved a high reversible capacity of  
183 mA h g−1 after 350 cycles, corresponding to 98% retention 
ratio of the capacity.

The rate performance of TiO2@CNT@C and TiO2@C is 
displayed in Figure 3e. The TiO2@CNT@C electrode could 
deliver the reversible capacity of 230, 200, 159.6, 141.6, and 
115.5 mA h g−1 at 0.05, 0.2, 1, 2, and 4 A g−1, respectively, 
which are demonstrated in the charge and discharge curves in 
Figure S3b (Supporting Information). Even at 8 and 12 A g−1, 
the reversible capacity still reaches 85 and 71 mA h g−1, respec-
tively. When the current density goes back to 0.05 A g−1, the 
reversible capacity could swiftly return to 213 mA h g−1, exhib-
iting strong tolerance for fast sodiation/desodiation. Compared 
with the TiO2@CNT@C electrode, the TiO2@C anode exhibits 
relatively inferior rate performance. Moreover, the ratios of sur-
face capacitive contribution and diffusion-controlled contribu-
tion are quantitatively separated through the method by Dunn 
and co-workers[42,43]

i k v k v1 2
1/2= +  

(2)

In Equation (2), i is the current at a fixed potential, v is the 
scan rate in the CV tests, and k1 and k2 are constants. k1v and 
k2v

1/2 represent the surface capacitive and diffusion-controlled 
process, respectively. According to Equation (2), 70% of the total 
charge in the TiO2@CNT@C electrode is surface capacitive 
(red region) at a sweep rate of 1 mV s−1. Figure S5 (Supporting 
Information) shows that the ratios of capacitive contribution 
are improved gradually with increasing the sweep rate. The 
maximum values of TiO2@CNT@C and TiO2@C are 81 and 
76% at 3 mV s−1, respectively. The remarkable rate capability 
is attributed to the improved electrical conductivity and surface 
pseudocapacitance arising from the addition of MWCNTs as 
well as TiO2 nanoparticles. Moreover, long-term cycling tests 
were also operated at the current density of 1 A g−1, and the 
results are shown in Figure 3g. After the activation process in 
the initial 40 cycles, the capacity of the TiO2@CNT@C elec-
trode shows obvious increase from the initial 150 mA h g−1 
to the maximum value of 165 mA h g−1. Unexpectedly, a high 
reversible capacity of 153 mA h g−1 over 1000 cycles is achieved, 
corresponding to the capacity retention rate of 93% (based on 
the maximum capacity of 165 mA h g−1). The cyclic stability 
of TiO2@CNT@C is much better than that of most previously 
reported for Ti-based oxides.[29,30,44,45] More interestingly, this is 
also distinguished performance among insertion-type materials 
(such as Nb2O5, Na2Ti6O13, and hard carbon).[46–48] The cor-
responding coulombic efficiency of the electrode was ≈100% 
(>99.7%) except the initial several cycles.

In order to further understand the effect of MWCNTs in 
TiO2@CNT@C, electrochemical impedance spectroscopy (EIS) 
was performed, and the results are shown in Figure S6a (Sup-
porting Information). The Nyquist plots consist of two typical 

regions, a semicircle in the medium-to-high-frequency region 
and a slope curve in the low-frequency region. The diameter of 
the semicircle in the media-to-high-frequency region represents 
the charge-transfer resistance and the slope at low-frequency 
signifies Warburg impedance, which represents the solid-state 
diffusion of sodium in active materials.[34] Obviously, TiO2@
CNT@C samples exhibit a lower charge transfer resistance 
than TiO2@C due to the increased electrical conductivity in the 
presence of the MWCNTs. Figure S6b (Supporting Informa-
tion) shows that the Warburg coefficient of TiO2@CNT@C is 
smaller than that of TiO2@C, demonstrating larger Na+ diffu-
sion in TiO2@CNT@C.[49]

In addition, the performance of biomass-derived acti-
vated carbon (BAC) was measured in the potential range of 
2.5–4.2 V versus Na/Na+. In Figure S7 (Supporting Informa-
tion), the quasi-rectangular CV curves and linear charge–dis-
charge profile confirm that the BAC cathode demonstrates 
electric double-layer capacitive behaviors with the surface 
adsorption/desorption process. The BAC cathode delivers an 
average discharge capacity of 50 mA h g−1 at a current density 
of 0.5 A g−1 and can also stably work for 2000 cycles with minor 
capacity loss, suggesting the highly robust adsorption/desorp-
tion process. The rate performances of BAC and commercial 
AC are compared in Figure S7f (Supporting Information). The 
AC cathode delivers inferior rate performances. The discharge 
capacity decreases quickly with increasing the current density, 
only retained 8 mA h g−1 at 3 A g−1. Surprisingly, the BAC 
cathode displays remarkable rate performances. The discharge 
capacity at various current densities from 0.2 to 3 A g−1 shows 
no significant difference, even at the rate of 12 A g−1; the BAC 
electrode could still deliver discharge capacity of ≈41 mA h g−1, 
which indicates a quick charge propagation capability and facile 
ion transport arising from the large surface area (1438 m2 g−1) 
and abundant microchannels.

The full cells of Na-ion capacitors were assembled with 
TiO2@CNT@C nanorods as the anode and BAC as the 
cathode. Considering the mismatch of the discharge capacity 
between the anode and cathode, we optimized the mass ratio 
of the active material for the anode and cathode. As shown in 
Figure S8 (Supporting Information), the results demonstrate 
that the optimal ratio of the two ends is determined to be 1:3 
(the weight ratio of the anode and cathode, the same hereafter 
in this work) in the light of the highest energy/power density 
in the potential range of 1–4 V. The high potential window 
will facilitate the energy output of Na-ion capacitors. Figure 4a 
displays CV curves for Na-ion capacitors at the scan rate of 
0.5–10 mV s−1. The near-rectangular shapes of CV curves dem-
onstrate the charge storage mechanisms of Na-ion capacitors, 
contributed from the combination of faradaic and nonfaradaic 
reactions. Figure 4b shows the typical charge/discharge profiles 
of Na-ion capacitors at different current densities, which pre-
sent a near-linear correlation of ideal supercapacitor properties 
without diffusion-limited processes, which once again reveals 
interfacial electrochemical reactions with rapid energy storage 
kinetics. In the first charge of Na-ion capacitors, Na+ ions inter-
calate into the TiO2@CNT@C electrode and interfacial regions 
from the electrolyte. In order to balance the charge in the elec-
trolyte, ClO4

− anions adsorb on the BAC electrode to form 
double layers. During the discharge process, a reversible route 

Adv. Energy Mater. 2017, 7, 1701222
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is operated with ClO4
− anions desorbing from the BAC elec-

trode surface and Na+ deintercalation from the TiO2@CNT@C 
electrode and interface. Furthermore, the inappreciable IR drop 
further demonstrates outstanding electrical conductivity. This 
phenomenon arises from the advanced architecture in both the 
anode and cathode and perfect kinetics match in the potential 
range of 1–4 V.

As expected, the Na-ion capacitors present a maximum 
energy density of 81.2 W h kg−1 with the power den-
sity 126 W kg−1 achieved at 0.05 A g−1 (Figure 5a), which 

is calculated from the active materials in both electrodes 
through Equations (3) and (4) (see Section 4).[50] Even at 
ultrahigh power density of 12.4 kW kg−1 obtained at the cur-
rent density of 6 A g−1, the Na-ion capacitors still deliver an 
energy density of 37.9 W h kg−1 (Figure 5a, and Figure S9, 
Supporting Information). Figure S10 (Supporting Informa-
tion) shows the Ragone plots of TiO2@CNT@C//BAC full 
cells, compared with other devices. It is instructive to com-
pare the electrochemical performances of TiO2@CNT@C//
BAC full cells with many outstanding previously reported 
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Figure 5. a) Ragone plots (energy density vs power density) of TiO2@CNT@C//BAC and TiO2@C//BAC full cells, b) device-based performance for the 
currently available energy-storage systems, c) long-term cycle performance at 1 A g−1 of TiO2@CNT@C//BAC full cells. The inset in panel (a) shows 
the fan driving application.

Figure 4. a) CV curves of the full cells at different scan rates, b) the typical charge/discharge plots of TiO2@CNT@C//BAC devices at various current 
densities in the range of 1.0–4.0 V.
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Li-ion capacitors and Na-ion capacitors to elucidate the suit-
able design. TiO2@CNT@C//BAC full cells outperform all the 
other Na-ion capacitors and comparable with similar Li-ion 
capacitors in the Ragone plots, demonstrating the exceptional 
energy/power delivery. Since the mass of active electrode mate-
rials makes up 35–40% of the total package,[5,51,52] the Na-ion 
capacitors can obtain comparable energy density of commer-
cial lithium-ion batteries, while the power density can also 
retain an appropriate value, which rivals the power density of 
supercapacitors (Figure 5b). For instance, the energy density 
based on the total package can reach up to 14.4 W h kg−1 at a 
package power density of 5 kW kg−1, which indicates the syn-
ergistic effects of SIB-type anodes and capacitor-type cathodes 
in the hybrid system. The Na-ion capacitors act as a bridge 
between batteries and supercapacitors and fill the gaps in the 
field of current energy storage systems. Furthermore, the long-
term cyclic tests were also performed for the Na-ion capacitors 
at 1 A g−1 (Figure 5c). The Na-ion capacitors display a degrada-
tion rate of capacitance of 0.0029% cycle−1 during 5000 cycles. 
The high coulombic efficiency (≈100%) could further illus-
trate the excellent reversibility of the TiO2@CNT@C//BAC 
Na-ion capacitors (Figure S11, Supporting Information). Obvi-
ously, this state-of-the-art hybrid device well overcomes the 
intrinsic kinetics and capacity mismatch and provides suitable 
energy storage devices for large-scale applications. Finally, we 
evaluated the performance of the device in tentative applica-
tions by driving a mini fan. After fast charging, a single 4 V 
Na-ion capacitor could successfully drive a mini fan (inset of 
Figure 5a, Video S1, Supporting Information), which suggests 
high-voltage output and the potential of Na-ion capacitors for 
future practical applications.

3. Conclusion

In summary, we constructed a novel Na-ion capacitor with 
intercalation-type TiO2@CNT@C nanorods as the anode 
and high surface area biomass-derived active carbon as the 
cathode in an organic electrolyte. The TiO2@CNT@C anode, 
with excellent electrical conductivity and 1D nanoarchitecture, 
was prepared through a simple and flexible electrospinning 
method. Benefiting from the addition of MWCNTs and nano-
sized TiO2 particles, the TiO2@CNT@C electrode presented 
superior electrochemical performances, endowed with excel-
lent rate capability, ultralong cyclic stability, and high capacity 
in half cells, demonstrating practical application as electrode 
materials for high-power Na-ion capacitors. Biomass-derived 
activated carbon, with high surface area and abundant pores, 
also delivered remarkable capacitance. Thanks to advantages of 
structures and properties in both the anode and cathode, the 
assembled TiO2@CNT@C//BAC hybrid capacitors displayed 
an exceptionally high energy density of 81.2 W h kg−1 and high 
power densities of 12 400 W kg−1, along with outstanding cyclic 
stability in the voltage window of 1.0–4.0 V. Those results show 
significant progress compared with available Li-ion capaci-
tors and Na-ion capacitors and comparable energy density 
with commercial Li ion batteries. This work will offer a new 
approach to develop high-energy/power Na-ion capacitors as 
one of next-generation energy storage systems.

4. Experimental Section

Preparation of TiO2@CNT@C Nanorods and Control Groups: 
TiO2@CNT@C nanorods were prepared through a signal-nozzle 
electrospinning technique followed by a heat treatment. In the typical 
preparation, 0.8 g polyvinylpyrrolidone (PVP, average Mw = 150 000) 
and 1.7 g tetrabutyl titanate (Ti(OC4H9)4, 97%) were dissolved in 10 mL 
absolute ethanol with vigorous agitation for 24 h. Then 10 or 20 mg 
MWCNTs were added to the mixed solution with vigorous agitation for 
another 12 h. Subsequently, the precursor solution was loaded into a 
10 mL plastic syringe equipped with a 21-gauge blunt tip needle. The 
flow rate of solution was set to 8 µL min−1 by a syringe pump. The 
needle was connected to a high-voltage power supply in order to apply a 
voltage of 15 kV between the needle and the collecting copper foil for the 
formation of nanorods. The distance between the needle and the copper 
foil was set to be 15 cm. Finally, the as-collected film was first stabilized 
at 80 °C for 6 h in an oven and stabilized at 260 °C for 1 h with a heating 
rate of 1 °C min−1, followed by carbonization at 500 °C for 2 h in Ar 
atmosphere with a heating rate of 2 °C min−1. For comparison, TiO2@C 
was obtained by the same method except the addition of MWCNTs.

Preparation of Active Carbon: To synthesize highly porous activated 
carbon, the fallen leaves of pear trees obtained from Jinnan Campus, 
Nankai University, were used as the raw materials. In the typical 
preparation, the fallen leaves were collected and cut into smaller 
pieces, washed with distilled water, and then dried at 65 °C for 24 h. 
The as-prepared leaves were carbonized at 500 °C for 2 h with a heating 
rate of 10 °C min−1 in Ar atmosphere and then ground. The precursor 
powder, K2CO3 and KOH with a weight ratio of 1:2:1 were mixed and 
dissolved in distilled water with vigorous agitation for 2 h. After 
drying at 100 °C, the mixture was pyrolyzed at 700 °C for 1 h under Ar 
atmosphere. The product was washed with 0.1 mol L−1 HCl solution and 
distilled water several times separately, to remove the residual K+. The 
final product was obtained after vacuum drying.

Materials Characterizations: The as-prepared samples were 
characterized by XRD (Rigaku D/Max III diffractometer with Cu Kα 
radiation, λ = 1.5418 Å) and Raman spectroscopy (Renishaw inVia 
spectrometer, 514.5 nm Ar+ laser). The morphologies were analyzed 
through a field-emission scanning electron microscope (FESEM, 
JEOL-JSM7500), HRTEM (FEI Tecnai, model G2F-20 field emission TEM), 
and selected area electron diffraction (SAED). N2 adsorption–desorption 
isotherms were measured on a Quantachrome NOVA 2000e sorption 
analyzer at liquid nitrogen temperature (77 K). The specific surface 
area was obtained from BET analyses of the adsorption isotherms. The 
oxidation state and carbon contents of samples were detected by XPS 
(Axis Ultra DLD, Kratos Analytical) and thermogravimetry and differential 
thermal analysis (TG-DTA, Rigaku PTC-10A TG-DTA analyzer).

Fabrication of Half Cells: The working electrodes (both cathodes and 
anodes) consisted of 75 wt% active materials, 15 wt% acetylene black, 
and 10 wt% polyvinylidene fluoride (PVDF), which were dispersed 
in N-methyl-2-pyrrolidone (NMP) uniformly. The achieved slurry was 
pasted on current collectors (Cu foils for the TiO2@CNT@C anodes and 
Al foils for the biomass-derived activated carbon cathodes) and dried at 
110 °C in a vacuum oven for 12 h. The working electrodes were punched 
out with diameters of 12 mm and mass loading of 1 mg cm−2 (anodes) 
and 2–4 mg cm−2 (cathodes). In an Ar-filled glove box, CR2025-type coin 
cells were assembled. The electrolyte was a solution of 1 mol L−1 NaClO4 
in ethylene carbonate/propylene carbonate (EC/PC, 1:1 in volume). 
Metallic sodium was selected as the counter electrode and glass fibers 
were used as the separator. The coin cells were cycled in a potential 
range of 0.01–2.5 V for anodes and 2.5–4.2 V for cathodes on a LAND 
CT2001 tester at different rates. CV tests were performed on a CHI600A 
electrochemical workstation (Shanghai Chenhua). EIS was performed 
on a Zahner-Elektrik IM6e electrochemical workstation by sweeping the 
frequency from 100 kHz to 10 mHz with an AC amplitude of 5 mV.

Fabrication of Hybrid Devices: Before assembling the full cell, TiO2@
CNT@C was precycled five times at 0.05 A g−1 in half cells. Na-ion 
capacitors were assembled in coin cells with presodiated TiO2@CNT@C 
as the anode, BAC as the cathode, and the glass fibers as the separator. 
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The applied electrolyte was the same as that in half cells. In order to 
achieve optimized energy and power density of Na-ion capacitors, the 
mass ratio between the TiO2@CNT@C anode and BAC cathode was 
selected 1:2, 1:3, and 1:4 in the voltage range of 1.0–4.0 V. Note that 
the current densities were based on the total mass of active materials in 
both the anode and cathode. The energy and power density of full cells 
were calculated by numerically integrating the galvanostatic discharge 
curves by using the equations below 

d
1

2E IV t
t

t∫=
 

(3)

P E
t

=
 

(4)

In the above equations, I is the constant current density (A g−1), V (V)  
is the working voltage, t1 and t2 are the start and end of discharge 
time (s) of Na-ion capacitors, respectively, and t is the discharge time (s).
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