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A high-performance rocking-chair lithium-ion
battery-supercapacitor hybrid device boosted by
doubly matched capacity and kinetics of the
faradaic electrodes†

Feng Su,‡ab Jieqiong Qin,‡ac Pratteek Das,ab Feng Zhouad and
Zhong-Shuai Wu *ad

Battery-supercapacitor hybrid devices (BSHDs) are promising for

certain applications requiring both high energy and power densi-

ties, but restricted by the electrolyte-consuming mechanism and

imbalance of charge-storage capacity and electrode kinetics

between battery-type and capacitor-type electrodes. Herein, a

new prototype of rocking-chair lithium-ion BSHD with high energy

and power densities is developed by employing pseudocapacitive

T-Nb2O5 with a porous nanoflower structure as the anode and

battery-type LiNi0.815Co0.15Al0.035O2 complexed in a three-

dimensional interconnected conductive network as the cathode.

Benefiting from the rational selection and optimization of the active

material and electrode architecture, the anode and cathode exhibit

exceptionally matched faradaic capacity and kinetics. Consequently,

the BSHD delivers superior performance (165 W h kg�1 at 105 W kg�1

and 9.1 kW kg�1 at 83 W h kg�1) to previously reported rocking-chair

BSHDs and could surpass the state-of-the-art electrolyte-consuming

BSHDs at the device level. Therefore, this work will open a new

avenue towards high-performance BSHDs.

Introduction

The rapid development of consumer electronics, electric vehicles
and the Internet of Things requires versatile power sources with
high energy density, high power density and multiple

functionalities.1–3 To this end, extensive research has been con-
ducted on integrating energy storage devices with energy-harvesting
(e.g., solar cell, nanogenerator) and energy-consuming components
(e.g., sensor, actuator) to form highly integrated self-powered
systems4–6 or constructing hybrid energy storage devices to gain a
synergetic combination of properties of different energy storage
mechanisms.7,8 As a typical example, battery-supercapacitor hybrid
devices (BSHDs) combining battery-type and capacitor-type electro-
des in one cell are proposed to bridge the performance gap between
batteries with high energy density but sluggish electrochemical
kinetics and supercapacitors with rapid charge storage process yet
limited energy density9 and to obtain both high energy density and
power density from a single device.10

Although various BSHDs have shown the tradeoff between
batteries and supercapacitors in several electrolytes containing
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Broader context
The huge performance gap between batteries undergoing slow bulk redox
reaction and supercapacitors involving rapid surface-controlled ion
adsorption or redox reaction has stimulated the development of
battery-supercapacitor hybrid devices (BSHDs). Combining battery-type
and capacitor-type electrodes in one cell, these devices simultaneously
inherit the merits of different charge storage mechanisms, fulfilling the
dual demands for high energy and power densities. However, the
performance of current BSHDs is highly restricted by the imbalance of
charge-storage capacity and electrode kinetics between the two
electrodes. Besides, most of the present BSHDs work with electrolyte-
consuming mechanisms, where a large amount of electrolyte is needed to
serve as an ion reservoir, enabling dramatically lowered energy density at
the device level. Herein, we develop a new prototype of BSHDs based on
two matched faradaic electrodes with a rocking-chair mechanism
analogous to lithium-ion batteries. By virtue of doubly matched
capacity and kinetics, the BSHD achieves superior performance to
counterparts with unmatched electrodes. Moreover, the less demand
for electrolyte endows the BSHD with a higher theoretical energy
density compared with other electrolyte-consuming BSHDs. This work
can inspire cell configuration design and electrode structure optimization
for high-energy and high-power electrochemical energy storage.
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lithium ions, sodium ions and so on,11,12 the electrochemical
performance is extremely restricted by the imbalance of charge-
storage capacity and electrode kinetics between the two types of
electrodes.8,10 As a result, the capacity or energy density is
highly limited by the low-capacity capacitor-type electrode, and
the rate capability or power density is primarily dependent on
the low-rate battery-type electrode.8,10 The disparity of rate
capability also imposes difficulties in determining the mass
ratio of the two electrodes because the value corresponding to
full utilization of the charge-storage capacities of the two
electrodes is not the same at different charge/discharge
rates.13 Until now, great efforts have been dedicated to designing
nanostructured battery materials with high rate capability14–16

and modified porous carbon materials with high capacity,17–19

but this issue still hinders further performance improvement.
Another key point that should be taken into consideration is

the working mechanism of BSHDs. So far, most nonaqueous
BSHDs consist of a battery-type anode (e.g., graphite, Li4Ti5O12)
and a capacitor-type cathode (e.g., activated carbon (AC),
graphene).20–22 This configuration works with the electrolyte-
consuming mechanism, where the cations and anions supplied
by the electrolyte move to the anode and cathode upon
charging and go back to the electrolyte upon discharging.23

Consequently, a large amount of electrolyte is required to
ensure the proper functioning of these devices and prevent
the increase of internal resistance due to the depletion of salts
in the electrolyte, thus weighing down the energy density at the
device level.23,24 In contrast, the rocking-chair mechanism that
commonly exists in metal-ion batteries requires much less
quantity of electrolyte because the active ions are released from
the electrode during charge/discharge, and the electrolyte
maintains a constant overall concentration.25,26 For BSHDs,
the configuration composed of a capacitor-type anode (e.g., AC,
MXene) and a battery-type cathode (e.g., LiFePO4, Na3V2O2

(PO4)2F) can realize an analogous operating principle.27–29

Nevertheless, rocking-chair-type BSHDs with double matching
of capacity and rate capability between the anode and cathode
is still challenging.

In this work, we demonstrate a new prototype of rocking-chair
BSHD with exceptional matching of charge-storage capacity and
balancing of electrode kinetics between the pseudocapacitive
T-Nb2O5 anode and battery-type nickel-rich layered oxide
(LiNi0.815Co0.15Al0.035O2, NCA) cathode, working in nonaqueous
lithium-ion-containing electrolyte. The two faradaic electrodes of
T-Nb2O5 and NCA possess comparable capacities, e.g. 175 and
169 mA h g�1 at 0.1 A g�1, both of which are much higher than
that of commonly used AC with electric double-layer (EDL) charge
storage behavior (B35 mA h g�1 within the potential range of
3–4.5 V or 1.5–3 V vs. Li+/Li).30 For electrode kinetics matching,
battery-type NCA microspheres are fully integrated into a three-
dimensional (3D) interconnected conductive network (NCA-3D)
formed by two-dimensional (2D) electrochemically exfoliated gra-
phene (EG) sheets, one-dimensional (1D) carbon nanotubes
(CNTs) and conductive polymer binder (poly(3-hexylthiophene-
2,5-diyl), P3HT), which greatly reduces the resistance and
polarization during charge/discharge and thus improves the

high-rate charge-storage capability of NCA. Besides, the porous
nanoflower structure of T-Nb2O5 (T-Nb2O5-NF) can further
facilitate fast lithium-ion transport in the electrode. As a
consequence, the anode and cathode exhibit similar rate capability,
e.g. 130 and 116 mA h g�1 retained at 5 A g�1. Based on the above
two matched faradaic electrodes, the assembled T-Nb2O5-NF//NCA-
3D BSHD achieves both high energy density of 165 W h kg�1 at
105 W kg�1 and high power density of 9.1 kW kg�1 at 83 W h kg�1,
outperforming previously reported rocking-chair BSHDs.

Results and discussion

The configuration of the rocking-chair BSHD is schematically
illustrated in Fig. 1a. T-Nb2O5 is selected as the anode material
due to its intercalation pseudocapacitive charge storage behavior,
which exhibits higher capacity originating from faradaic insertion
of lithium ions yet similarly rapid kinetics compared to EDL
capacitors.31 Additionally, operated in a safe potential window
of 1–3 V vs. Li+/Li (Fig. 1b), T-Nb2O5 can be prepared into various
nanostructures without suffering from severe side reactions32 and
does not require a prelithiation process for full cell assembly.33

Meanwhile, nickel-rich NCA is employed as the battery-type
cathode material owing to its high voltage and capacity
(Fig. 1b), which can compensate for the relatively high working
potential of T-Nb2O5 and endow the full cell with high energy
density. Also, the layer structured NCA has shown potential for
high-rate charge/discharge after structure modification.34,35

Furthermore, the substitution of faradaic electrodes for AC, which
is commonly employed as a cathode for electrolyte-consuming
BSHDs (e.g., Nb2O5//AC) and an anode for rocking-chair BSHDs
(e.g., AC//LiNi0.5Mn1.5O5), promises higher capacity and energy
density for the full cell. During charging, lithium ions are released
from the NCA cathode and insert into the T-Nb2O5 anode.
A reverse process occurs upon discharging. It is noted that
different from the electrolyte-consuming BSHDs where the
electrolyte serves as an ion reservoir and should be regarded as
an active material (Fig. 1c), the required lithium ions in the
rocking-chair cell can be provided by the electrode, and the
electrolyte only serves as a transport medium.23 Considering the
moderate capacity of electrolyte salts (e.g., 176 mA h g�1 for LiPF6)
and the weight of required solvents, the reduced demand for
electrolyte of this rocking-chair cell would enable a substantially
higher conversion ratio of energy/power density from the electrode
material to the whole device.26,36 Fig. 1d presents typical galvano-
static charge/discharge (GCD) profiles of T-Nb2O5 and NCA. Given
the comparable capacities, the remaining challenge is how to
balance the electrode kinetics. To achieve this goal, a well-
designed regulation of active material and electrode architecture
has been conducted to facilitate the charge transfer processes.

T-Nb2O5-NF for the anode was prepared by a solvothermal
method, followed by calcination for the transformation of the
crystalline phase (see details in the Experimental, ESI†). The
X-ray powder diffraction (XRD) pattern of the calcinated sample
well matches that of the orthorhombic phase of Nb2O5 (JPCDS
No. 30-0873, Fig. 2a). The crystalline structure is also confirmed
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by the Raman spectrum (Fig. S1, ESI†), which exhibits the
characteristic bands at 120, 227, 309 and 689 cm�1, and the
high-resolution transition electron microscopy (HRTEM) image
(Fig. S2a, ESI†), which displays a lattice spacing of 0.30 nm,
corresponding to the crystalline plane (180) of the orthorhombic
phase.15,37 A good crystallization ensures the favored crystal-
lographic pathways for fast diffusion of lithium ions.37 From
scanning electron microscopy (SEM) images, it is observed that
the as-synthesized niobium oxide exhibits a well-defined nano-
flower structure assembled by interconnected smooth thin
nanosheets (Fig. 2b and Fig. S2b, ESI†). Elemental mapping
images (Fig. S2c, ESI†) clearly reveal the homogeneous distribu-
tion of Nb and O in the nanosheets. After calcination treatment,
the nanoflower assembly is maintained, while the nanosheets
possess a more porous structure (Fig. 2c, d and Fig. S2d, e, ESI†).
Such porous nanoflower structure can provide open channels
that facilitate electrolyte infiltration and ion transport
(Fig. 2e).15,38

Although nanostructuring has been extensively demonstrated
to boost ion diffusion and electrode kinetics, it may be unsui-
table for high-voltage NCA because the increased surface area
can cause several new issues, such as the inactive surface layer
of improperly mixed cations and unstable electrode/electrolyte
interface, which would lower the charge storage capacity and
aggravate the structure degradation of the high-surface-area

systems.38,39 To address this issue, we designed a 3D inter-
connected conductive network composed of 2D EG sheets
(Fig. S3 and S4, ESI†), 1D CNTs and conductive P3HT binder
(mass ratio of NCA : EG : CNT : P3HT is 90 : 4 : 3 : 3; see details in
the Experimental, ESI†), all of which work together to synergis-
tically reduce the resistance and polarization (Fig. 2f) and
thereby accelerate the charge transfer process of the NCA
cathode. Fig. 2g displays the XRD pattern of pristine NCA. It
is validated that all diffraction peaks are well indexed to the
hexagonal a-NaFeO2 structure without obvious impurity phase,
and the splitting of (006)/(102) and (108)/(110) peaks indicates a
highly ordered layered structure.35 SEM images show that the
pristine sample consists of micron-sized spherical secondary
agglomerates formed by small primary particles (Fig. S5, ESI†).
As shown in Fig. 2h and i, the CNTs distribute evenly on the
surface of the NCA microspheres, affording short-range electro-
nic conductivity; meanwhile, the 2D EG sheets can provide a
fast planar conductive path between the NCA particles.40,41 The
CNTs also offer meso-porosity to promote electrolyte penetra-
tion and ion transport throughout the electrode.42 Besides, the
electronic conductivity of the entire electrode is further
improved by the use of the P3HT binder, which is highly
conductive after electrochemical doping.43 Notably, the cyclic
voltammetry (CV) curve of P3HT with two anodic peaks located
at 3.33 and 3.73 V vs. Li+/Li indicates that the electrochemical

Fig. 1 (a) Schematic illustration of the charge storage mechanism for rocking-chair T-Nb2O5-NF//NCA-3D BSHD. (b) Typical CV curves of T-Nb2O5 and
NCA at 0.8 mV s�1. (c) Schematic illustration of the charge storage mechanism for electrolyte-consuming BSHDs. (d) Typical GCD profiles of T-Nb2O5

and NCA at 0.1 A g�1.
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doping processes can occur within the operating potential
window of the NCA cathode (Fig. S6, ESI†). Moreover, the
uniformly coated P3HT on NCA microspheres, as confirmed by
elemental mapping images (Fig. S7, ESI†), can greatly reduce the
electrode/electrolyte interface resistance by virtue of its good
electronic and ionic conductivity and work as a protective layer
that efficiently suppresses electrolyte breakdown on the surface
of the NCA microspheres and stabilizes their structural integrity
during long-term cycling.44 In sharp contrast, the electronic
conducting pathway in the conventional electrode (donated as
NCA-C) with acetylene black additive and poly(vinylidene
fluoride) binder is mainly formed by the point contact between
the NCA microspheres and acetylene black particles (Fig. S8,
ESI†), leading to an inefficient conducting network.

The electrochemical performance was measured using coin-type
half cells with lithium foil as the counter and reference electrode
and full cells with T-Nb2O5-NF as the anode and NCA as the
cathode. It is noted that to avoid the experimental error from
the inhomogeneity of electrodes and the misalignment between

the anode and cathode slices in full cells, at least three half or full
cells with almost identical electrochemical performance were used
to confirm the reproducibility (Fig. S9, ESI†). Fig. 3a shows the
typical GCD profiles of T-Nb2O5-NF within a potential window of
1–3 V vs. Li+/Li, in which the linear region suggests the pseudo-
capacitive behavior of T-Nb2O5.45 Impressively, T-Nb2O5-NF delivers
highly reversible capacities of 175 and 130 mA h g�1 at current
densities of 0.1 and 5 A g�1 with a capacity retention of 74%
(Fig. 3b). This remarkable rate capability is among the best results
reported for Nb-based oxides (Table S1, ESI†). Moreover, T-Nb2O5-
NF also exhibits excellent structural stability with a high capacity of
129 mA h g�1 maintained after 400 cycles at 1 A g�1 (Fig. S10, ESI†).

To further understand the lithium-ion storage behavior of
T-Nb2O5-NF, a kinetics study based on CV curves (Fig. 3c) was
performed using the following equation:46

Q(n) = Qcapacitive + kn�1/2

where the total charge storage capacity (Q) of a material is
considered to be composed of two contributions from

Fig. 2 Characterization of materials and electrodes. (a) XRD pattern, (b and c) SEM images and (d) TEM image of T-Nb2O5-NF. (e and f) Schematic
illustration of the structures of (e) T-Nb2O5-NF and (f) NCA-3D. (g) XRD pattern of pristine NCA. (h and i) SEM images of the NCA-3D electrode.
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Fig. 3 Electrochemical performance and electrode kinetics of the T-Nb2O5-NF anode. (a) GCD profiles at different current densities. (b) Rate
performance. (c) CV curves at various scan rates. (d) Voltammetric capacity as a function of scan rate�1/2. (e) Capacitive current response (grey) at
5 mV s�1. (f) Normalized contribution of capacitive and diffusion-controlled charge storage at different scan rates.

Fig. 4 Electrochemical performance and electrode kinetics of the NCA-3D and NCA-C cathodes. (a) GCD profiles of NCA-3D. (b) Rate performance of
NCA-3D and NCA-C. (c) CV curves of different electrodes at 0.6 mV s�1. (d) Potential shift between anodic and cathodic peaks in the CV curves as a
function of scan rate. (e) Anodic peak current as a function of scan rate1/2. (f) Nyquist plots of different electrodes at 3.6 V vs. Li+/Li.
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capacitive behaviors (Qcapacitive) and diffusion-controlled bulk
processes (kn�1/2); n is the sweep rate. According to this
equation, when n = N, the intercept of the extrapolated Q
versus n�1/2 linear trend line (Fig. 3d) represents the capacitive
charge storage capacity (Qcapacitive), which is calculated to be
165 mA h g�1. The capacitive current response as a function of
potential was also extracted by separating the total current into
capacitive (k1n) and diffusion-controlled (k2n1/2) components
(Fig. 3e).31 Fig. 3f presents the corresponding capacitive
contribution at different sweep rates. It is revealed that more
than 90% of the total capacity originates from capacitive charge
storage, giving rise to high rate capability.

To confirm the advantages of the 3D interconnected
conductive network, GCD measurements were conducted to
compare the rate capability between NCA-3D and NCA-C
electrodes (Fig. 4a and Fig. S11, ESI†). It can be seen that
NCA-3D delivers a higher capacity of 176 mA h g�1 compared
with NCA-C (160 mA h g�1) at 0.05 A g�1. With stepwise
increased current densities, the difference dramatically increases
(Fig. 4b). Notably, NCA-3D still provides 116 mA h g�1 at a high
current density of 5 A g�1, which is more than five times as large
as that of NCA-C (21 mA h g�1) and exceeds most reported values
for nickel-rich layered oxide materials (Table S2, ESI†). Moreover,
NCA-3D exhibits quite a stable cyclability with a retention of 90%
after 200 cycles, while NCA-C displays continuous capacity
fading and retains only 65% of the initial capacity (Fig. S12,
ESI†). Such an enhancement of cyclability is ascribed to the
surface coating by P3HT and EG, which can effectively protect
NCA from electrolyte breakdown and mitigate structure
degradation.44

Furthermore, CV curves were measured to figure out the
influence of the 3D interconnected conductive network on
electrode kinetics (Fig. S13, ESI†). The potential shifts (DE)
between the oxidation and reduction peaks of the CV curves are
in close association with the electrochemical polarization
accompanied by the extraction and insertion of lithium ions.
As presented in Fig. 4c, the anodic and cathodic peaks at
0.6 mV s�1 are located at 3.80 V and 3.67 V (DE = 0.13 V) for
NCA-3D, compared to 3.86 V and 3.63 V (DE = 0.23 V) for NCA-C.
The smaller potential shifts of NCA-3D (Fig. 4d) reveal
significantly reduced polarization during charge/discharge.
Fig. 4e and Fig. S14 (ESI†) show the linear relationship between
the peak current (Ip) and the square root of sweep rate (v1/2). It is
well recognized that the apparent diffusion coefficient of
lithium ions is proportional to the slope of the Ip versus v1/2

trend line.47 As expected, the trend line for NCA-3D shows a
larger slope, suggestive of the enhanced lithium-ion migration
behavior. Besides, electrochemical impedance spectroscopy
(EIS) was adopted to compare the resistance of different
electrodes (Fig. 4f), in which the first semicircle at high
frequency is related to the interface film resistance (Rf) and
the second semicircle represents the charge transfer resistance
(Rct).

48 Owing to the synergy of the 3D conductive network
comprising EG sheets, CNTs and P3HT, NCA-3D displays both
lower Rf (11 O) and Rct (261 O) than NCA-C (92 O and 303 O).
Therefore, it is demonstrated that the 3D interconnected

conductive network plays a critical role in reducing the
resistance and polarization during charge/discharge.

Thanks to the above rational selection of active materials
and elaborated design of electrode architecture, the exceptional
matching of capacity and balancing of rate capability between
the capacitor-type and battery-type electrodes were substantially
obtained through employing the T-Nb2O5-NF anode and NCA-3D
cathode (Fig. 5a). To fabricate full BSHDs, the mass ratio of
active materials between the cathode and anode was first
determined to be B1 : 1 according to the comparable capacities
of the cathode and anode to maximize the energy density of the
full cell, as shown in Fig. S15 (ESI†). Furthermore, GCD mea-
surements with different voltage ranges were carried out to
optimize the voltage window of the full cell (Fig. S16a, ESI†).
Higher capacity and energy density can be obtained within a
wider voltage range of 0.5–3.2 V (Fig. S16b and c, ESI†), but such
an excessive depth of charge/discharge results in low cycling
stability (Fig. S16d, ESI†). Therefore, an appropriate operating
voltage of 0.8–3.0 V was adopted to reach a trade-off between
energy density and cycle life. In addition, a three-electrode GCD
measurement using Ag wire as a quasi-reference electrode was
conducted to provide a full image of the BSHD (Fig. S17, ESI†).
As shown in Fig. 5b, the potential swing ranges of the cathode
and anode at 0.1 A g�1 are 0.38–1.11 V and �0.42 to �1.89 V vs.
Ag quasi-reference, respectively, which are included in the redox-
active potential ranges of these two electrodes. Benefiting from
the balanced electrode kinetics, the potential swing range of the
cathode shifts slightly to 0.14–1.19 V and 0.01–1.23 V vs. Ag
quasi-reference at high current densities of 1 A g�1 and 2 A g�1,
respectively (Fig. S18, ESI†).

Fig. 5c shows the first three GCD cycles of the as-assembled
T-Nb2O5-NF//NCA-3D BSHD at 0.05 A g�1, which displays an
initial coulombic efficiency of 80%, and quickly becomes stable
upon the second cycle with an average discharge voltage of
2.1 V. The CV curves show a couple of broad peaks (Fig. 5d),
which is a typical feature for BSHDs. To examine the electro-
chemical kinetics, the b-value was calculated according to the
power-law relationship (I = avb), where it corresponds to the
slope of the log I versus log v trend line (Fig. 5e). Notably, the
b-values are 0.96 for the anodic peak and 0.89 for the cathodic
peak. The high b-value (Fig. S19, ESI†) indicates a mixed charge
storage behavior with a dominant surface-controlled pseudo-
capacitive contribution, which suggests highly rapid electro-
chemical kinetics.48 As expected, the BSHD delivers a capacity
of 78 mA h g�1 at 0.05 A g�1 and retains 58% of the capacity
even at a high current density of 5 A g�1 (Fig. 5f and Fig. S20,
ESI†), showing outstanding rate capability. Moreover, the
cyclability of BSHD was evaluated at a current density of
1 A g�1, and 91% of the initial capacity is maintained after
400 cycles, accompanied by an excellent coulombic efficiency of
B100% (Fig. 5g).

To validate the applicability of T-Nb2O5-NF//NCA-3D BSHD
as a power source, the energy and power densities based on the
total mass of active materials in the two electrodes were
calculated from the GCD profiles. Impressively, T-Nb2O5-NF//
NCA-3D BSHD achieves an energy density of 165 W h kg�1 at

Communication Energy & Environmental Science

Pu
bl

is
he

d 
on

 1
7 

M
ar

ch
 2

02
1.

 D
ow

nl
oa

de
d 

by
 D

al
ia

n 
In

st
itu

te
 o

f 
C

he
m

ic
al

 P
hy

si
cs

, C
A

S 
on

 4
/1

3/
20

21
 5

:5
9:

25
 A

M
. 

View Article Online

https://doi.org/10.1039/d1ee00317h


This journal is © The Royal Society of Chemistry 2021 Energy Environ. Sci.

105 W kg�1 and a power density of 9.1 kW kg�1 at 83 W h kg�1

(Fig. 5h). It is noteworthy that the charge/discharge time of the
latter is only B33 s (Fig. S21, ESI†). Such remarkable energy
and power densities are superior to those of previously reported
rocking-chair BSHDs, such as AC//LiNi0.5Mn1.5O4 (50 W h kg�1

at 1.1 kW kg�1),49 AC//LiMn1/3Ni1/3Fe1/3O2 (49 W h kg�1 at
1 kW kg�1 and 3 kW kg�1 at 18 W h kg�1),50 AC//LiFePO4

(126 W h kg�1 at 109 W kg�1 and 3.4 kW kg�1 at 77 W h kg�1),28

MXene//LiFePO4 (43 W h kg�1)51 and MXene//LiNi1/3Co1/3Mn1/3O2

(160 W h kg�1 at 220 W kg�1)27 (Fig. 5h and Table S3, ESI†).
For comparison, T-Nb2O5-NF//NCA-C full cells were also measured
(Fig. S22a, ESI†). By virtue of the balanced electrode kinetics,
T-Nb2O5-NF//NCA-3D BSHD exhibits greatly enhanced rate
capability and power density (Fig. 5i and Fig. S22b, ESI†).
Besides, the present BSHD also provides improved energy density

compared with reported T-Nb2O5//AC cells (usually below
100 W h kg�1)15,52 and other typical BSHDs with an EDL-type
carbon cathode, such as CTAB-Sn@Ti3C2//AC (105.56 W h kg�1),53

TiC//Porous nitrogen-doped carbon (101.5 W h kg�1)54 and
rGO@VO2//AC (126.7 W h kg�1)14 (Fig. 5h and Table S3, ESI†),
which is benefited from the matched capacity through the
substitution of high-capacity faradaic electrodes for EDL-type
electrodes. Overall, the above results demonstrate the significance
of double matching of charge-storage capacity and electrode
kinetics between the anode and cathode. Furthermore, the
theoretical energy density based on the electrode material and
electrolyte was evaluated to highlight the superiority of the rocking-
chair configuration, where the required minimum amount of
electrolyte is determined by the pore volume of the electrodes for
rocking-chair BSHDs and by the charge balance between the

Fig. 5 Electrochemical performance of the T-Nb2O5-NF//NCA-3D BSHD. (a) Capacity as a function of current density for the T-Nb2O5-NF anode and
NCA-3D cathode. (b) Potential profiles of the anode, cathode and full cell obtained from the three-electrode GCD measurement at 0.1 A g�1. (c) Initial
three GCD cycles of T-Nb2O5-NF//NCA-3D BSHD at 0.05 A g�1. (d) CV curves of T-Nb2O5-NF//NCA-3D BSHD at various scan rates. (e) Linear
relationship between log of peak current (log Ip) and log of scan rate (log v). (f) GCD profiles of T-Nb2O5-NF//NCA-3D BSHD at different current densities.
(g) Cycling stability of T-Nb2O5-NF//NCA-3D BSHD at 1 A g�1. (h) Ragone plot of T-Nb2O5-NF//NCA-3D BSHD in comparison with those of the reported
BSHDs. (i) Rate performance of T-Nb2O5-NF//NCA-3D and T-Nb2O5-NF//NCA-C BSHDs.
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electrodes and electrolyte for electrolyte-consuming BSHDs. The
estimated energy density of the as-fabricated T-Nb2O5-NF//NCA-3D
BSHD, normalized by the mass of active materials and the
minimum amount of electrolyte, is as high as B80 W h kg�1,
which is comparable and even superior to those of the state-of-the-
art electrolyte-consuming BSHDs (calculation details presented in
ESI,† Note and Fig. S23).

Conclusions

In summary, a rocking-chair lithium-ion BSHD delivering high
energy and power densities via two faradaic electrodes with
highly matched capacity and balanced kinetics has been
constructed by combining a high-capacity pseudocapacitive
T-Nb2O5-NF anode with a fast lithium-ion intercalation path
and high-rate battery-type NCA-3D cathode with an efficient
conductive network. As a consequence, the as-assembled BSHD
achieves a remarkable energy density of 165 W h kg�1, while
providing 83 W h kg�1 within an extremely short charge/
discharge time of 33 s, outperforming previously reported
rocking-chair BSHDs. Moreover, the less demand for electro-
lytes could endow the BSHD with superior energy density at the
device level compared with the state-of-the-art electrolyte-
consuming BSHDs. Therefore, this work demonstrates the
importance of the rocking-chair configuration and double
matching of charge-storage capacity and electrode kinetics.
The proposed strategy will pave the way to next-generation
high-energy and high-power BSHDs.
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