
This journal is©The Royal Society of Chemistry 2018 Mater. Horiz., 2018, 5, 529--535 | 529

Cite this:Mater. Horiz., 2018,

5, 529

Pseudocapacitance contribution in boron-doped
graphite sheets for anion storage enables
high-performance sodium-ion capacitors†

Feng Yu, ‡b Zaichun Liu,‡c Renwu Zhou,‡b Deming Tan,a Hongxia Wang *b

and Faxing Wang *a

Research on metal-ion hybrid capacitors is emerging as one of the

hottest topics in energy storage fields because of their combination

of high power and energy densities. To improve the sluggish

faradaic reaction in traditional electrode materials for metal-ion

hybrid capacitors, intercalation pseudocapacitive materials have

been developed as attractive candidates. However, all the previously

reported pseudocapacitances in intercalation/deintercalation reactions

are based on cations (Li+, Na+, Zn2+ etc.). In this work, we demonstrated

the high pseudocapacitance contribution in boron-doped graphite (BG)

sheets by taking advantage of anion storage. The BG electrode can

reversibly store anions (PF6
�) through both a surface-controlled

pseudocapacitive reaction and a diffusion-limited intercalation/

deintercalation reaction. The fabricated Na-ion hybrid capacitor

with a BG cathode exhibits superior electrochemical performance.

Density functional theory (DFT) calculation reveals that B-doping

can significantly reduce the PF6
� diffusion energy barrier in the

graphite layers.

Electrochemical capacitors and Li-ion batteries are the two
most important existing energy storage systems for portable
electronic devices and electric vehicles. Li-ion batteries deliver a
high energy density because of the higher redox potential
associated with the Faradaic charge storage mechanism, but
suffer from a low power density owing to the sluggish kinetics
of the Faradaic reaction in the bulk of the electrode. Due to the
surface charge storage mechanism, electrochemical capacitors
show a high power density and long cycle life, but display a low
energy density (only 5–20 W h kg�1).1 In this area, to meet
the requirements of both high energy and power densities,

the concept of Li-ion hybrid capacitors was introduced in 2001,
which use Faradaic battery-type anodes and electric-double-
layer capacitor (EDLC) type carbonaceous cathodes.2 The
charge storage mechanism of Li-ion hybrid capacitors is based
on reversible anion adsorption/desorption onto/from the surface
of the cathode and Li-ion reversible redox reactions (inter-
calating, conversion, and alloying) with the bulk of the anode
simultaneously. Now it is generally accepted that the Li-ion
hybrid capacitor is a device employing Li-ions and anions as the
positive and negative charge carriers, respectively, in non-
aqueous electrolytes.3 In the past decade, Li-ion hybrid capacitors
have been intensively investigated,3–8 which normally display
higher energy densities than electrochemical capacitors and
higher power capabilities than Li-ion batteries. Thus Li-ion hybrid
capacitors are expected to bridge the gap between Li-ion batteries
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Conceptual insights
Electrode materials with intercalation pseudocapacitances show great
promise in achieving both high energy density and high power density,
perfectly fulfilling the rigorous requirements of rechargeable batteries and
electrochemical capacitors. Intercalation pseudocapacitance is based on
the intercalation/de-intercalation of cations in the bulk of electrode
materials, but its kinetics are based on a surface-limited redox reaction
instead of a diffusion-limited one. Different from the traditional materials
for metal-ion batteries, intercalation pseudocapacitive materials enable
charging and discharging processes within the order of minutes or even
seconds, which can provide both fast rate capability and high specific
capacity. Currently, all the previously reported pseudocapacitive
contributions in intercalation/deintercalation reactions are based on
various cations (Li+, Na+, Zn2+ etc.). In this work, we demonstrate that
boron-doped graphite sheets can reversibly store anions (PF6

�) through
both a surface-controlled pseudocapacitive reaction and a diffusion-limited
intercalation/deintercalation reaction. A Na-ion hybrid capacitor is fabricated
with BG as the cathode and hollow carbon as the anode. The highly
pseudocapacitive contribution in the BG electrode for anion storage
enables the assembled Na-ion hybrid capacitor to exhibit an exceptionally
high energy density and power density as well as a stable cycle life. This work
will benefit the development of pseudocapacitive electrode materials towards
the applications of high-rate electrochemical energy storage devices.
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and electrochemical capacitors. However, when considering the
increasing demand for raw materials and the price of lithium
resources, the most appealing and sustainable alternative is to
replace lithium with sodium to build Na-ion hybrid capacitors,
which was achieved in 2012.9 Over the past five years, various
Na-ion hybrid capacitors have been explored with reasonable
energy and power densities, which are regarded as new a generation
of advanced electrochemical energy storage technologies.10–13

Similar to Li-ion hybrid capacitors, all the reported Na-ion
hybrid capacitors store charge by surface anion adsorption/
desorption onto/from the cathode and Na-ion redox reactions
(such as intercalation/deintercalation, conversion and alloying)
on the anode. However, the sluggish kinetics of Na-ion redox
reactions in the anodes due to the larger ionic radii (0.98 Å)
severely affects the electrochemical performance of Na-ion
hybrid capacitors. Thus, developing high-performance Na-ion
hybrid capacitors is particularly significant for the development
of next-generation electrochemical energy storage devices.

In the early reported metal (Li or Na)-ion hybrid capacitors,10

the used anodes usually undergo metal ion insertion/extraction
(Faradaic) reactions with diffusion-limited processes. Since the
kinetics of a diffusion-limited reaction is more sluggish than
that of physical adsorption/desorption of electrolyte ions, the
fabricated metal-ion hybrid capacitors still have insufficient
power densities, which is against the basics of electrochemical
capacitors. To overcome the diffusion-limited drawback, several
research efforts have been undertaken to realize a ‘real’ insertion
behaviour with rapid metal ion storage kinetics, which is named
as ‘intercalation pseudocapacitance’.14–19 As a new type of charge
storage mechanism, intercalation pseudocapacitance is based
on the intercalation/de-intercalation of cations in the bulk of
electrode materials, but its kinetics is based on a surface-limited
redox reaction instead of a diffusion-limited one. The surface-
controlled pseudocapacitive redox reaction enables the electrode
to exhibit ultra-fast charge/discharge capability. Thus intercalation
pseudocapacitive materials are very promising anodes in the
context of developing high-performance metal-ion capacitors.20–22

However, all previously reported intercalation pseudocapacitances
are based on cations (Li+, Na+, Zn2+ etc.).14–22 Currently, no attention
has been focused on the pseudocapacitance contribution in anion
intercalation/deintercalation reactions and the related electrode
materials.

In this work, we reported the high pseudocapacitance
contribution in the BG electrode for anion storage. Both the
surface-controlled pseudocapacitive reaction and diffusion-
limited intercalation/deintercalation reaction were demonstrated
in the BG electrode for reversible storage of anions (PF6

�). A
Na-ion hybrid capacitor was fabricated with BG as the cathode
and hollow carbon (HC) as the anode. The highly pseudo-
capacitive contribution in the BG electrode for anion storage
enabled the assembled Na-ion hybrid capacitor to exhibit
an exceptionally high energy density and power density as
well as a stable cycle life. Density functional theory (DFT)
calculation suggested that B-doping could significantly reduce
the anion diffusion energy barrier in graphite, enhancing the
anion storage.

For the charge storage process in this designed Na-ion
hybrid capacitor, the Na+ ions are absorbed on the surface of
the anode (hollow carbon) during the charge process. At the
same time, the PF6

� ions are stored on the BG electrode through
both the surface-controlled pseudocapacitive reaction and diffusion-
limited intercalation/deintercalation reaction (Fig. 1a). During
discharging, the reverse process takes places. This is different
from the conventional Na-ion hybrid capacitors, in which the
working mechanisms are based on the Faradaic or pseudo-
capacitive Na-ion redox reactions (intercalating, conversion
and alloying) on the anode and adsorption/desorption of anions
on the cathode (Fig. 1b and c). In addition, because of the faster
kinetics of pseudocapacitance in the BG electrode than those of
diffusion-limited anion intercalation redox reactions in pure
graphite electrodes, the power density of the fabricated Na-ion
hybrid capacitor would be much higher than those of hybrid
capacitors based on an anion intercalated graphite cathode
(Fig. 1d) with diffusion-controlled Faradaic reactions.23

The scanning electron microscopy (SEM) image of the used
cathode (BG) shows the lateral feature of the material (Fig. S1,
ESI†). The energy dispersive X-ray spectroscopy (EDX) mapping
indicates the homogeneous distribution of carbon and boron
atoms in the whole sample (Fig. S1c, ESI†). The nitrogen
adsorption–desorption isotherm of the BG sample presents a
BET specific surface area of 19.7 m2 g�1 (Fig. S1d, ESI†). The
thickness of BG is in the range of 120 to 150 nm (Fig. S2, ESI†).
The graphitic features of the BG are confirmed by the clear
lattice fringes with a spacing of 0.34 nm in the HRTEM image
(Fig. S3, ESI†). XPS analysis was performed to further confirm
the presence of interstitial BG bonds in the graphite (Fig. S4,
ESI†). The B1s peak is split into four peaks, suggesting that the
boron atom exists in four different chemical environments

Fig. 1 Schematic illustration of the working principles of (a) this Na-ion
hybrid capacitor and (b–d) conventional Na-ion hybrid capacitors. Dotted
lines in red and yellow mean the transfer of ions and electrons, respectively.
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(186.7 eV for B4C, 189 eV for B3C, 192 eV for BC2O and 193.8 eV
for BCO2).24a,b The small amount of oxygen observed in the BG
may be because of the doping synthesis in an open environ-
ment instead of in a glove box under inert atmosphere. In
addition, the substituted boron concentration in the graphite
sheets was determined to be about 0.75%. Fig. S5 (ESI†)
presents the typical SEM image of the used anode (hollow
carbon) with the spherical nanostructure and many cracking
parts. The hollow carbon spheres with many cracking parts are
chosen as the anode based on the consideration that the
fascinating open structure with a large interior void space can
serve as an ion reservoir, allowing electrolyte ions to rapidly
form electrical-double-layer interfaces at both the inner and
outer surfaces.24c More importantly, the hollow structures have
good mechanical stability, which can efficiently enhance the
tolerance to the structural variation during long-term cycling.24d

The charge storage kinetics of the cathode (BG) was analyzed
using sweep-rate-dependent cyclic voltammetry (CV). The shape
of the CV curve for the BG electrode is well preserved with
increasing the sweep rate (Fig. S6, ESI†). In general, the current
(i) fits a relationship with the sweep rate (v) according to the
equation of i = avb, in which a and b are constants. The b value
can be utilized to qualitatively analyze the degree of capacitive
effect with a value of 0.5 indicating diffusion-controlled charge-
storage and a value of 1 suggesting a capacitive (or pseudo-
capacitive) charge-storage mechanism.14,15 The value of b can
be determined from the slope of log (i) versus log (v) (Fig. 2a and
Fig. S7, ESI†). The b value calculated at the cathodic peak
regimes was estimated to be 0.78. When the potentials were
far away from the cathodic peak potential, the b values were
more close to 1 (Fig. 2b). This suggests that the total charge
storage in the BG electrode is a combination of a capacitance
(or pseudocapacitance)-controlled process and a diffusion-
controlled redox process. According to the power–law relation-
ship, the ratio of capacitive (or pseudocapacitive) contribution
can be quantified from another CV analysis by separating the
current (i) into capacitive (k1v) effects (electrical-double-layer
capacitance or redox pseudocapacitance) and diffusion-controlled
behavior (k2v1/2) as follows: i = k1v + k2v1/2. Then, the k1 and k2

contents at various potentials can be determined by plotting i/v1/2

versus v1/2.14,15,17 Fig. 2c presents the result of this analysis for the
BG electrode at 0.5 mV s�1 with a capacitive (or pseudocapacitive)
contribution of 65%. Furthermore, when the sweep rate increases,
the ratio of the capacitive (or pseudocapacitive) contribution
gradually increases with a maximum contribution value of 92%
at a sweep rate of 9 mV s�1 (Fig. 2d). Generally, there are two types
of capacitive charge storage (the electrical-double-layer one and
the pseudo-capacitive one). For the electrical-double-layer type
electrode, it requires a high specific surface area (like activated
carbon, over 2000 m2 g�1) since its specific capacitance is
proportional to the specific surface area to a certain extent.1b

As is well-known, graphite is never an electrical-double-layer type
electrode because of its low specific surface area (o20 m2 g�1).
Thus, the capacitive contribution in the BG electrode is basically
from the pseudocapacitive reaction. DFT simulations indicate
that the doped B (Fig. S8, ESI†) may act as a favourable anion

(PF6
�) binding site for a reversible and fast p-typed pseudocapacitive

redox reaction (Fig. S9, ESI†). For the pure graphite electrode, the b
value for the cathodic peaks is estimated to be 0.51 (Fig. S10, ESI†),
which indicates that its kinetics should be accurately described as
the diffusion-limited anion intercalation/deintercalation redox
process with negligible pseudocapacitances.

From galvanostatic charge/discharge tests of the BG electrode
in a half cell (Fig. S11a, ESI†), anion storage took place at the
potential platform between 4 and 4.5 V (vs. Na+/Na), which was
much higher than those of most intercalation metal oxide
compounds for Na+ ion storage (2.5–4 V vs. Na+/Na).24c The BG
electrode exhibited specific capacitances of 155, 142, 131, 115
and 96 F g�1 at current densities of 0.5, 1, 1.5, 2 and 3 A g�1,
respectively (Fig. S11b, ESI†). The HC electrode was tested in the
potential range of 0.5 and 2.5 V vs. Na+/Na (Fig. S12, ESI†) in a
half cell. The linear charge/discharge profile of the HC electrode
indicates a close-to-ideal EDLC contribution, which is consistent
with the CV curve with a rectangular shape (Fig. S13, ESI†). The
HC electrode shows a specific capacitance of 221 F g�1 at a small
current density of 0.5 A g�1, which slightly decreases to 170 F g�1

at a large current density of 3 A g�1 (Fig. S12b, ESI†). Based on the
above electrochemical performances in half cells, the calculated
mass ratios between BG and HC were in the range of 1 : 0.57 to
1 : 0.69 at various current densities. Then Na-ion hybrid capacitors
were fabricated with BG as the cathode and HC as the anode. The
slopes of the galvanostatic charge/discharge curves are not strictly
linear especially at small current densities (Fig. 3a) due to the
co-existence of EDLC-type (anode) and pseudocapacitive (cathode)
charge storage features in the fabricated Na-ion hybrid capacitors.
Moreover, it is capable of fast charging/discharge within one minute
at 2.75 A g�1. The specific capacitances are 49, 46 and 42 F g�1

based on the total mass of the cathode and anode at current
densities of 0.25, 0.5 and 0.75 A g g�1, respectively. Even when

Fig. 2 Kinetics analysis of the electrochemical behavior in the BG electrode.
(a) The determination of the b-value at cathodic peak regimes. (b) The
calculated b values at various potentials. (c) Separation of the pseudo-
capacitive and diffusion currents at a scan rate of 0.5 mV s�1. (d) Contribution
ratios of capacitances from the surface-controlled pseudocapacitive reaction
and diffusion-limited intercalation/deintercalation reaction at various
sweep rates.
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the current density increases to 2.75 A g�1, the specific capacitance
still remains 23 F g�1 (Fig. 3b). As discussed in Fig. 2, the
contributions of charge storage in the B–G cathode were
composed of both surface-controlled pseudocapacitance and
diffusion-controlled intercalation/deintercalation redox reactions.
The capacitance decreases when the current density increases to
2.75 A g�1, which may result from the diffusion-controlled anion
reaction with slow kinetics in the cathodes. When the current
densities gradually increase, the simultaneously increasing polar-
ization of the anion intercalation/deintercalation redox reaction
leads to the decrease of the specific capacitance. In contrast, for
the Na-ion hybrid capacitor based on un-doped graphite sheets as
the cathode (with diffusion-controlled kinetics) and hollow carbon
as the anode (with EDL typed surface-controlled kinetics), its
specific capacitance decreases more rapidly (Fig. S14, ESI†),
which further demonstrates the importance of enhancing the
pseudocapacitive contribution in the cathode for anion storage.

In addition, the Na-ion hybrid capacitor with BG as the
cathode exhibits a maximum energy density of 108 W h kg�1 at
a power density of 495 W kg�1, which is comparable to some
Li-ion hybrid capacitors4,20b,21c and most Na-ion hybrid capacitors
(Fig. S15, ESI†).11–13,20–22 An impressive power density of
6100 W kg�1 is delivered at an energy density of 20 W h kg�1

(Fig. 3c). After 5000 cycles, 97% of the initial capacitance is
retained (Fig. 3d), indicating the excellent cycling stability.
The initial discharge/charge times of the BG electrode are
316/206 seconds at 0.25 A g�1 (Fig. S16, ESI†), resulting in an
irreversible capacitance loss of 15% due to the formation of the
solid–electrolyte-interface (SEI) film on the negative electrode.24e

It should be noted that there is a slight decay of the specific
capacitance over the initial 100 cycles (Fig. 3d), which may result
from the passivation of the anode towards the electrolyte with the
formation of the SEI film. Actually, for the HC electrode, the
irreversible CV curve for the first cycle at a potential of B0.7 V vs.
Na+/Na (Fig. S17a, ESI†) is mainly associated with the formation

of the SEI film on its surface, which is mainly composed of some
inorganic Na salts (such as NaF) according to the elemental
mapping distribution of the electrode (Fig. S17b, ESI†). On the
one hand, the irreversible reactions of the electrolyte decomposition
in the initial cycles cannot be totally prevented. The initial SEI film
would lead to a relatively larger charge transfer resistance (Fig. S17c,
ESI†) and the degradation of conductivity in the anode, which could
potentially be the origin of the observed continuous loss of
capacitance in the initial 100 cycles. On the other hand, the
formation of a SEI film on the anode surface is necessary for
maintaining its stability.24a,e The stable SEI formed after a few
dozen cycles could suppress the further decomposition of the
NaPF6 based electrolyte while enabling the transportation of
Na+ ions, thus allowing stable cycling of the fabricated Na-ion
hybrid capacitor.24e After the initial 100 cycles, the hybrid device
displayed high coulombic efficiencies above 99.5% (Fig. S18,
ESI†). Table S1 (ESI†) summarizes the comparison of this Na-ion
capacitor with other advanced metal-ion hybrid capacitors,
revealing that our fabricated hybrid device reaches the state-
of-the-art performance.

The superior electrochemical performances of this Na-ion
capacitor were attributed to the following aspects. First, a wide
operating voltage (0–4 V) was achieved through coupling the
high-potential BG electrode with the low-potential HC electrode.
Since the energy stored in the electrochemical capacitor is
proportional to its capacitance and the square of its operating
voltage, the wide operating voltage (up to 4 V) of the fabricated
hybrid device could remarkably improve the energy density due
to its quadruple increase. Second, the sluggish kinetics of the
negative electrode with the Na-ion redox reaction in conventional
Na-ion hybrid capacitors was successfully overcome by replacing
an EDLC-type electrode with fast kinetics in this reported Na-ion
capacitor. Third, the high pseudocapacitance contribution in the
cathode for anion storage can further promote the fast kinetics of
this hybrid device. To prove the charge-storage mechanism in
the cathode, the BG electrode after being charged to 4 V was
characterized using SEM elemental mapping (Fig. S19, ESI†). The
P elements distributed uniformly within the electrode should
arise from the electrolyte (PF6

�). To determine whether inter-
calation/deintercalation or adsorption/desorption of the PF6

�

ions occurred onto/from the BG electrode, in situ electrochemical-
Raman spectroscopy was performed on the positive electrode in the
hybrid devices during the charge/discharge process. The pristine BG
electrode shows an intense sharp peak at B1580 cm�1 (G band)
corresponding to the sp2-hybridized carbon atoms in the hexagonal
framework. Upon charging, the G band gradually becomes a broad
shoulder, and then splits into a doublet (Fig. 4a). Meanwhile, the
intensity of the D band at B1340 cm�1 becomes slightly weak
during charging. These signal changes of the G and D bands in
Raman spectroscopy indicate the presence of the anion intercalated
graphite compound upon charging. This observation is similar to
the AlCl4

� ion intercalation/de-intercalation into/from graphite.25

The Raman spectral changes are then reversed during the discharge
process. To gain further insight into the anion storage, the
diffusion barriers of PF6

� ion trajectories in the graphite layers and
B-doped graphite layers were then investigated by DFT calculation.

Fig. 3 Electrochemical performance of the fabricated Na-ion hybrid
capacitor. (a) Galvanostatic charge/discharge curves and (b) specific capacitances
at various current densities. (c) Ragone plot and the comparison with other
electrochemical energy storage and conversion devices. (d) The cycle
behavior at 1 A g�1.
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Two possible anion diffusion paths on the unit cell of C64 and C63B,
respectively, were considered (Fig. S20, ESI†). The optimized energy
barrier for PF6 diffusion in the graphite layers is 0.25 eV. However,
the energy barrier in the B-doped graphite along the same direction
gives rise to a much lower activation energy barrier of 0.16 eV
(Fig. 4b). As is well-known, the ion diffusion constant can be
evaluated by the following equation: D B exp(�Ea/kBT), where T is
the temperature (300 K at room temperature), kB is Boltzmann’s
constant (8.617 � 10�5 eV K�1), and Ea is the diffusion barrier
obtained by DFT calculation.26 According to this equation, the PF6

�

ion diffusion mobility in the B-doped graphite is much faster than
that in the un-doped one. Specifically, at room temperature the PF6

�

ion diffusion mobility on the B-doped graphite layers is estimated to
be 32 times faster than that on the undoped graphite layers. This
fast anion diffusion is another reason for the high power density of
the Na ion hybrid capacitor based on the BG cathode.

Currently, several kinds of electrochemical energy storage
devices based on the intercalation of anions into carbonaceous
cathodes have been reported including Al-ion batteries,25,28

dual-graphite batteries,27a–c dual-ion batteries27d–g,28a and sym-
metric and hybrid supercapacitors.23,29 In terms of the charge
storage mechanism, it should be noted that there are two
differences between this hybrid device and previously reported
devices. First, in the case of the cathode for anion storage, both
the surface-controlled pseudocapacitive redox reaction and
diffusion-controlled intercalation/deintercalation redox reaction exist
in our Na-ion hybrid capacitor. Nevertheless, only the diffusion-
controlled intercalation/deintercalation redox reaction for anion
storage was demonstrated in previously reported electrochemical
energy storage devices (such as Al-ion batteries,25,28 dual-graphite
batteries,27a–c dual-ion batteries27d–g,28a and symmetric and
hybrid supercapacitors23,29). The high contribution ratio of

the surface-controlled pseudocapacitive reaction for anion storage
in the BG electrode plays an extremely crucial role in the high-rate
capability of this Na-ion hybrid capacitor. Secondly, as for the
anode, our hybrid device is coupled with an EDL-type hollow
carbon electrode, whose kinetics are totally distinct from those
of anodes based on Al3+ stripping/plating for Al-ion batteries25,28

and metal ion intercalation (or conversion or alloying) reactions
for dual-graphite batteries and dual-ion batteries.27,28a

Conclusions

In summary, we presented a novel Na-ion hybrid capacitor with
anion storage in the cathode from both a surface-controlled
pseudocapacitive reaction and a diffusion-limited intercalation/
deintercalation reaction. This hybrid device exhibited superior
electrochemical properties in terms of a high operating voltage
of 4 V, a maximum energy density of 108 W h kg�1, and prolonged
cycling stability over 5000 cycles with 97% capacitance retention,
which were notable results compared with conventional metal-ion
hybrid capacitors. This work will benefit the development of
pseudocapacitive electrode materials for anion storage towards
the applications of high-rate electrochemical energy storage
devices.
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