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� 3 types of lithium-ion capacitors us-
ing Nb2CTx-CNT as one electrode
were tested.

� The highest volumetric energy den-
sity of 50e70 Wh/L was achieved.

� Energy density of symmetric cell ex-
ceeds that of lithium titanate/acti-
vated carbon.

� The lithiated graphite/Nb2CTx-CNT
shows the highest gravimetric
performance.
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There is a growing interest to hybrid energy storage devices, such as lithium-ion capacitors, in which
battery-type electrodes are combined with capacitor-type ones. It is anticipated that the energy density
(either gravimetric or volumetric) of lithium-ion capacitors is improved if pseudocapacitive or fast
insertion materials are used instead of conventional activated carbon (AC) in the capacitor-type elec-
trode. MXenes, a new family of two-dimensional transition metal carbides, demonstrate metallic con-
ductivity and fast charge-discharge behavior that make them suitable for this application. In this study,
we move beyond single electrodes, half-cell studies and demonstrate three types of hybrid cells using
Nb2CTxecarbon nanotube (CNT) films. It is shown that lithiated graphite/Nb2CTx-CNT, Nb2CTx-CNT/
LiFePO4 and lithiated Nb2CTx-CNT/Nb2CTx-CNT cells are all able to operate within 3 V voltage windows
and deliver capacities of 43, 24 and 36 mAh/g (per total weight of two electrodes), respectively. More-
over, the polarity of the electrodes can be reversed in the symmetric Nb2CTx-CNT cells from providing a
positive potential between 0 and 3 V to a negative one from �3 to 0 V. It is shown that the volumetric
energy density (50e70 Wh/L) of our first-generation devices with MXene electrodes exceeds that of a
lithium titanate/AC capacitor.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Lithium-ion capacitors (LICs) are an emerging type of electro-
chemical energy storage devices that combine a capacitor-type
cathode and a battery-type anode in a hybrid configuration. This
concept has been first proposed by Amatucci et al. [1] as an elec-
trochemical cell capable of ultra-fast charge and with energy
densities exceeding those of electric double-layer capacitors with
non-aqueous electrolytes by 500e700%. Lithium-ion battery elec-
trolytes (e.g., 1 M LiPF6 in a mixture of ethylene carbonate and
diethyl carbonate) are typically used in LICs. Although lithium
titanate Li4Ti5O12 has been used as a battery anode in the pio-
neering work [1], the commercially available devices (e.g., UL-
TIMO™ cells by JR Energy Corporation, Japan) utilize pre-lithiated
graphite as a battery-type anode and activated carbon as a positive
electrode [2]; this choice of electrode materials leads to a higher
cell voltage [3]. The ULTIMO cells operate over a voltage range of
2.2e3.8 V and have, depending on the cell type (laminate or pris-
matic) and model, energy densities of 6e13Wh/kg and 14e20Wh/
L [2]. The energy densities of LICs are limited by the use of activated
carbon as a cathode material and can be improved if nanomaterials
with higher capacities (pseudocapacitive materials or fast insertion
materials) are identified as alternatives [4].

Recently, two-dimensional transition metal carbides and ni-
trides (commonly referred to as MXenes) possessing metallic
conductivity and having redox active transition metal atoms on
their surface were discovered [5]. Ti3C2 [6,7], Ti2C, Ta4C3,
(Ti0.5Nb0.5)2C, Nb4C3, TiNbC, (V0.5Cr0.5)3C2, Ti3CNx [5], Nb2C [8], V2C
[9], Mo2C [10], Mo2TiC2, Mo2Ti2C3 and Cr2TiC2 [11] have been re-
ported and many more compounds in this system are possible.
After the synthesis, the nanosheets are surface-terminated with
OH, O and F-based functional groups marked with Tx in the
chemical formula (e.g., Nb2CTx) [12,13]. Using intercalants, such as
dimethyl sulfoxide, isopropyl amine [8,14] and/or sonication [7],
delaminated MXene nanosheets were produced, and their flexible
free-standing films were formed by vacuum-assisted filtration
[8,14,15]. MXenes have good mechanical properties, high conduc-
tivity and promising charge-discharge behavior. Therefore, MXenes
are currently explored for applications in composites [16], separa-
tion membranes [17] and energy storage [7,18], among other areas.

Behaviors of MXene materials in non-aqueous lithium half-cells
(vs. metallic lithium) have been studied for a range of phases (Ti3C2
[14,19,20], Nb2C [13,15], V2C [9], Ti2C [18] and Mo2TiC2 [11]) with
the initial intention to try these materials as lithium-ion battery
anodes. It has been discovered that the MXene-based electrodes
operate in a typical potential range of 0e3 V vs. Li/Liþ and exhibit a
sloping profile over this potential range. Stable gravimetric capac-
ities in the range of 100e260 mAh/g have been measured for as-
produced and delaminated MXenes, and values up to 800 mAh/g
were recently reported for porous MXene sheets with improved
ionic transport [21]. The observed charge-discharge behavior
(sloping profiles over a large potential range) is not optimal for a
battery anode and rather resembles the behavior of a capacitor
[8,9,19], which suggests applications in capacitor-type devices.
Capable of operating in non-aqueous battery electrolytes, MXenes
are attractive as capacitive electrodes for Li-ion capacitors. It has
been recently demonstrated [8] that films of delaminated MXene
nanosheets with 10 wt.% carbon nanotubes introduced as spacers
between MXene layers have a significantly higher charge storage
capacity (both at low and high current rates) than the capacities of
as-produced multilayered MXene materials. For that reason, it is of
interest to test films of delaminated MXenes with 10 wt.% of
incorporated CNTs in full cell Li-ion capacitors. While MXenes have
been explored as Li-ion electrodes, half-cell studies reported earlier
do not allow full evaluation of the performance, such as
Please cite this article in press as: A. Byeon, et al., Journal of Power Sour
determining energy and power densities of devices.
Herein, we demonstrate three types of full-cell Li-ion capacitors

assembled using Nb2CTx-CNT (delaminated Nb2CTx MXene with
10 wt.% carbon nanotubes) films. The potential range (0e3 V vs. Li/
Liþ) in which the material operates allows us to couple the Nb2CTx-
CNT electrode not only with a battery-type anode but also with a
battery-type cathode. Two prototype cells with these configura-
tions were demonstrated using graphite and lithium iron phos-
phate (LiFePO4) as model battery-type anode and cathode. In
addition, we demonstrate a “symmetric” capacitor that can be
assembled using the MXene-CNT film electrodes in both anode and
cathode. The three Li-ion devices are discussed and compared in
terms of their energy and power densities with Li-ion capacitors
reported previously, including two state of the art capacitors using
lithium titanium oxide/activated carbon and graphite/activated
carbon electrode couples.

2. Experimental

2.1. Preparation of Nb2CTx-CNT composite films

2.1.1. Synthesis of Nb2CTx MXene powder
Nb2AlC powder was synthesized by sintering niobium (Alfa

Aesar, -325 mesh, 99.8%), aluminum (Alfa Aesar, -325 mesh, 99.5%),
and graphite (Alfa Aesar, crystalline, -325 mesh, 99%) in a molar
ratio of 2: 1.1: 1 at 1600 �C for 4 h. After sintering, the porous
compact was milled and sieved and �400 mesh Nb2AlC powder
was etched in 50% hydrofluoric acid (Fisher Scientific, Fair Lawn,
NJ), for 48 h at 55 �C. The suspension was centrifuged at 3500 rpm
and washed with deionized water, and the washing process was
repeated until the pH of the solution went up to 6. The produced
colloidal solution was filtered through a polyester membrane
(25 mm diameter, 3 mm pore size, Osmonics Inc., Minnetonka, MN)
and a clay-like Nb2CTx powder was obtained.

2.1.2. Intercalation and delamination of Nb2CTx
1 g of Nb2CTx powder was immersed in 40% tetrabutylammo-

nium hydroxide (Sigma). The intercalation was performed for 1 h
with stirring. The intercalated solution was then centrifuged at
3500 rpm for 8 min and decanted to remove the tetrabuty-
lammonium hydroxide. The subsequent washing was done four
times.1 g of powder was immersed in 10mL of deionizedwater and
this solutionwas probe sonicated for 10 min. The solutionwas then
centrifuged at 1250 rpm for 1 h. The supernatant fluid contained
delaminated Nb2CTx MXene.

2.1.3. Preparation of Nb2CTx-CNT composite films
To disperse CNTs, sodium dodecyl sulfate (Fisher Scientific), was

dissolved in deionized water to obtain a concentration of 5 mg/mL.
Subsequently, multiwalled carbon nanotubes (CNTs) (10e30 nm in
diameter, > 98% purity) were added to achieve a concentration of
0.1 mg/mL. The suspension was sonicated using a probe sonicator
for 1 h. The suspension of delaminated Nb2CTx was then added so
that its final concentration compared to CNT would be 90 wt.%. This
suspension was probe sonicated for 5 min. After filtration, a
Nb2CTx-CNT filmwith approximately 10wt.% of CNTs was obtained.
The film was then washed with 1e2 mL of deionized water to
remove remaining foam.

2.2. Electrode preparation and electrochemical tests in lithium half-
cells

Nb2CTx-CNT films themselves were used in the electrochemical
tests without using current collectors. They were cut to square
pieces of a suitable size, usually 1 cm � 1 cm. Spheroidal battery
ces (2016), http://dx.doi.org/10.1016/j.jpowsour.2016.03.066
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graphite (American Energy Technologies Co., USA, product
#LM1226) and LiFePO4 (MTI Corp., USA, product #EQ-Lib-LFPO-
KJ2) powders were used as active materials for battery-type elec-
trodes. To prepare slurries, the active materials were mixed with
carbon black (Alfa Aesar) and poly vinylidene fluoride (PVDF, Alfa
Aesar) in weight percent ratios of 80: 10: 10 (for the graphite
electrode) and 80: 15: 5 (for the LiFePO4 electrode) in N-Methyl-2-
pyrrolidone (NMP, Sigma) solvent. The slurries were coated onto
1 cm� 1 cm pieces of Cu (for the graphitic electrode) and Al (for the
LiFePO4 electrode) foils, and dried in a vacuum oven overnight at
110 �C.

Li half-cells were assembled as coin cells (CR2016 type) with
lithium foils as the counter electrodes and polypropylene mem-
branes (3501 Coated PP, Celgard, USA) as separators. The cells were
assembled in an argon-filled glove box. The electrolyte was 1 M
LiPF6 in a 1:1 mixture of ethylene carbonate (EC) and diethyl car-
bonate (DEC). The charge-discharge tests were performed using an
Arbin potentiostat (BT-2143-11U instrument, USA). The potential
windows were 3e0.01 V vs. Li/Liþ for the Nb2CTx-CNT electrodes,
2e0.01 V vs. Li/Liþ for the graphitic electrodes and 2.5e4.2 V vs. Li/
Liþ for the LiFePO4 electrodes. The current rates and capacities in
half-cell experiments are reported per total weight of working
electrodes.

2.3. Electrochemical tests in lithium full-cells (lithium-ion
capacitors)

2.3.1. Lithiated graphite/Nb2CTx-CNT capacitor
The cell was assembled using a lithiated graphitic electrode

(1 cm � 1 cm) as the anode and an Nb2CTx-CNT film (1 cm � 1 cm)
as the cathode. The weights of the two electrodes were 2.1 and
0.83 mg, respectively. The Nb2CTx-CNT electrode was used directly.
The graphitic electrode was electrochemically pre-cycled in a half
cell to its lithiated state (end of discharge in the fifth cycle) at a
current rate of 50 mA/g (the charge-discharge curves for pre-
cycling are shown in Fig. S1 in Supplementary Information). We
estimate that the graphitic electrode experienced approximately 7%
gain in its weight during the pre-cycling due to the incorporation of
lithium in the structure. The lithiated graphite electrode was sub-
sequently extracted from the half-cell in the glove box and sand-
wiched with the Nb2CTx-CNTelectrode to form a full cell device in a
new CR2016 coin cell.

2.3.2. Nb2CTx-CNT/LiFePO4 capacitor
The cell was assembled using an Nb2CTx-CNT film (1 cm� 1 cm)

as the anode and a LiFePO4 electrode (1 cm � 1 cm) as the cathode.
The weights of the two electrodes per area were 0.94 and 6.82 mg/
cm2, respectively. The Nb2CTx-CNT electrode was used directly. The
LiFePO4 electrode was electrochemically pre-cycled in a half cell to
a slightly delithiated state (the cell was stopped in the end of the
discharge plateau in the fifth cycle when the capacity reached
90 mAh/g; refer to Fig. S1 in the Supplementary Information) at a
current rate of 50 mA/g. The pre-cycled LiFePO4 electrode was
extracted from the half cell in the glove box and sandwiched with
the Nb2CTx-CNT electrode to form a full cell device in a new CR2016
coin cell.

2.3.3. Lithiated Nb2CTx-CNT/Nb2CTx-CNT (“symmetric”) capacitor
The cell was assembled using two pre-cycled Nb2CTx-CNT film

electrodes (with the size of 0.7 cm � 0.7 cm each). The weights of
the two original electrodes were 0.39 and 0.4 mg (matched as close
as possible). The anode film was pre-cycled in a half-cell for five
cycles at the current rate of 50 mA/g and stopped in the lithiated
state (discharged to 0.01 V vs. Li/Liþ). The cathode film was pre-
cycled for five cycles in another half-cell at the same current rate
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and the charge-discharge process was arrested in the delithiated
state (charged to 3 V vs. Li/Liþ). The charge-discharge curves for
pre-cycling are shown in Fig. S1 in the Supplementary Information.
Based on the amount of lithium that enters the electrodes during
the pre-cycling, we estimate that theweight of electrodes increased
17 wt. % for the anode and 9 wt. % for the cathode. In order to
assemble a full cell capacitor, the two electrodes were extracted
from their corresponding half-cells and re-assembled in another
CR2016-type coin cell.

The 1 M LiPF6 (in EC: DEC, 1:1 by volume) organic electrolyte
and polypropylene (3501 Coated PP, Celgard, USA) separators were
used in all three devices. As mentioned above, the weight of the
electrode changed during the pre-cycling and we attempt to take
these weight changes into account when calculating the capacities
of the devices. In addition to the lithium incorporation into the
electrodes, the solid electrolyte interphase (SEI) may form. The
weight of the SEI components (other than lithium) in the pre-
cycled electrodes is not known and not taken into account. As a
result, this may introduce some small errors in the gravimetric
capacities we report for devices here.

All capacitor devices were subjected to galvanostatic charge-
discharge at various current rates. The specific capacities are re-
ported per total mass of both cathode and anode. In order to
compare the data from different cells, the currents for testing were
set in a uniform fashioneper unit of weight of non-lithiated
Nb2CTx-CNT electrode in each case.

The energy densities of the devices were calculated per total
weight of electrodes (excluding current collectors for the graphite
and LiFePO4 electrode) according to the following equation:

E ¼
Zt2

t1

IVðtÞdt;

where E, I, V, t1, t2 are energy density, discharge current, cell voltage,
time for the start of discharge and time for the end of the discharge
of the cell, respectively. The power density was calculated accord-
ing to the equation:

P ¼ E=ðt2 � t1Þ

2.4. Characterization of materials

Scanning electron microscopy (SEM) analysis was performed on
a Ziess Supra 50 VP (Carl Zeiss SMT AG, Oberkochen, Germany)
instrument. The X-ray diffraction (XRD) patterns were recorded by
a powder diffractometer (Rigaku Smart Lab, USA) with Cu K a ra-
diation at a step scan of 0.02� min�1 andwith dwelling time of 0.5 s.

3. Results and discussion

3.1. Materials and electrochemical evaluation in half-cells

The XRD patterns of the multilayered Nb2CTx MXene and
Nb2CTx-CNT composite film are presented in Fig. 1a. The XRD
pattern of the Nb2CTx sample is dominated by a broad (002) peak
located at around 7.65�, which corresponds to c-lattice parameter
(c-LP) of ~23 Å. However, for the Nb2CTx-CNT composites (top
pattern), the (002) peak intensity is suppressed and its width is
increased significantly, possibly due to domain size reduction along
the (00l) as a result of CNT incorporation between the delaminated
Nb2CTx sheets. For the same reason, all the (00l) peaks in the
Nb2CTx-CNT are very broad (marked with dashed lines on the top
es (2016), http://dx.doi.org/10.1016/j.jpowsour.2016.03.066



Fig. 1. XRD and SEM characterization: (a) XRD patterns of Nb2CTx and Nb2CTx-CNT samples; (b,c) cross-sectional and top view of SEM images of the Nb2CTx-CNT film; (d) an
enlarged section of the image shown in (b).
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pattern). The peak at ~59.5� in the Nb2CTx XRD pattern corresponds
to the (110) peak, which disappears after delamination and CNT
incorporation in the Nb2CTx-CNT. This shows that although Nb2CTx
alone keeps the stacking along the non-basal directions, the pres-
ence of CNTs in between the delaminated Nb2CTx sheets disrupts
this crystallographic alignment, producing a turbostratic structure.
In other words, sheets are restacked randomly along (110), while
maintaining crystallographic ordering along (00l). Two peaks
marked with black squares in the Nb2CTx pattern indicate the
presence of NbC as an impurity phase, which is completely
removed after delamination in the Nb2CTx-CNT composite. The
peak at ~26� in the top pattern belongs to C (002) reflection of the
hexagonal graphite structure of the CNT.

A cross-sectional SEM image of the Nb2CTx-CNT is shown in
Fig. 1b, and an average thickness of ~4.5 mm was measured. The
location with the largest thickness of the film was selected for the
measurement in order to be conservative in estimating the volu-
metric parameters of Nb2CTx-CNTelectrodes. A top view of the SEM
image (Fig. 1c) reveals carbon nanotubes interlaced with Nb2CTx
sheets on the surface of the film. An enlarged cross-sectional SEM
image (Fig. 1d) shows that the nanotubes are distributed through
the bulk of the MXene-based film as well. The typical weight of the
Nb2CTx-CNT was measured to be around 1 mg/cm2.

The results of the electrochemical tests of the Nb2CTx-CNT film
in a half-cell are shown in Fig. 2a-c. The charge-discharge curves of
the material (Fig. 2a) have a sloping profile over a potential range of
3e0.01 vs. Li/Liþ. An electrochemical profile with such a shape re-
sembles that of a material for electrochemical capacitors rather
than a profile of a battery material. For this reason, it is convenient
to use such an electrode as a “capacitive” electrode for hybrid
lithium-ion capacitors, as we demonstrate later in this article. The
first discharge capacity of the Nb2CTx-CNT film in a lithium half-cell
Please cite this article in press as: A. Byeon, et al., Journal of Power Sour
was 650 mAh/g and an irreversible capacity of around 240 mAh/g
was observed in the first cycle. The capacity of approximately
300 mAh/g stabilizes after a few cycles. The rate capability test
(Fig. 2b) indicates that the capacity can be preserved, to a signifi-
cant extent, at faster charge-discharge currents. The capacity of
130 mAh/g can be retained at a high current rate of 2 A/g. The ca-
pacities observed here are higher than those reported in multi-
layered Nb2CTx MXene by Naguib et al. [9], but not as high as
capacities of Nb2CTx-CNT film reported by Mashtalir et al. [8]. The
Nb2CTx-CNT film is capable of exhibiting a stable cyclic behavior
after the initial few cycles, with a capacity at around 270 mAh/g
when tested at a current of 50 mA/g (Fig. 2c).

Graphite and LiFePO4 were used in this work as model lithium-
ion anode and cathode materials for the battery-type electrodes in
the hybrid lithium-ion capacitors. The thickness and weight of the
corresponding electrodes per area used for the half-cell tests were
35 mm and 2.1 mg/cm2 for the graphite electrode and 63 mm and
6.8 mg/cm2 for the LiFePO4 electrode. The graphite electrode
(Fig. 2d) demonstrates the capacity of around 300 mA h/g (per total
electrode weight) with typical low potential plateaus correspond-
ing to the reversible intercalation of lithium into graphite to yield
lithium hexacarbide (LiC6). It appears that most of the theoretical
capacity of graphite (372 mAh/g) is utilized in the electrode.
LiFePO4, a cathode material, displays a plateau at around 3.3e3.4 V
vs. Li/Liþ, corresponding to the removal of lithium from the struc-
ture and its reinsertion (Fig. 2e). The initial capacity of slightly
above 100 mAh/g was measured per total weight of the LiFePO4-
based electrode. The results of the cyclic stability tests for the
graphite and LiFePO4 electrodes as well as the corresponding
Coulombic efficiencies are shown in Fig. 2f.
ces (2016), http://dx.doi.org/10.1016/j.jpowsour.2016.03.066



Fig. 2. Electrochemical characterization in half-cells: (a) Charge-discharge curves of the Nb2CTx-CNT film recorded at 50 mA/g; (b, c) Rate capability and cyclic stability (at a current
50 mA/g) tests for the Nb2CTx-CNT electrodes; (d, e) Charge-discharge curves of graphite and LiFePO4, respectively, in the fifth cycle at a current rate of 50 mA/g; (f) Cyclic stability of
graphite and LiFePO4 electrodes (a current 50 mA/g was used for the graphite electrode and a current of 250 mA/g was used for the LiFePO4 electrode).

A. Byeon et al. / Journal of Power Sources xxx (2016) 1e9 5
3.2. Lithiated graphite/Nb2CTx-CNT capacitor

The schematic diagram of the capacitor is shown in Fig. 3a. The
device was prepared using an electrochemically pre-lithiated
graphite electrode as an anode and an Nb2CTx-CNT film as a
Fig. 3. Lithiated graphite/Nb2CTx-CNT capacitor: (a) schematic of the cell; (b) charge-dischar
and (d) the subsequent cyclic stability test at a current rate of 250 mA/(g of Nb2CTx-CNT).

Please cite this article in press as: A. Byeon, et al., Journal of Power Sourc
cathode. Such a device operates via the mechanism of reversible
shuttling of Liþ ions between the graphitic anode and the Nb2CTx-
CNT cathode. The graphite electrode represents a typical battery-
type electrode in this cell. In line with the expected behavior of
graphite (charge-discharge curves in Fig. 2d), the potential on the
ge curves at 50 mA/(g of Nb2CTx-CNT) in the first and fifth cycles; (c) rate capability test

es (2016), http://dx.doi.org/10.1016/j.jpowsour.2016.03.066
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anode remains around 0.1e0.2 V vs. Li/Liþ (typical low-potential
plateaus of intercalation-deintercalation of lithium into graphite)
during the cell operation. Simultaneously, the Nb2CTx-CNT cathode
is expected to exhibit changes in the potential similar to its half-cell
behavior (Fig. 2a), i.e. demonstrate sloping profiles upon charge and
discharge within a broad potential window. The resulting cell
voltage of the device is the difference between the potential of the
cathode and the potential of the anode, and, as a consequence, the
sloping, capacitor-type charge-discharge profiles are observed for
the full cell capacitor (Fig. 3b). To ensure the expected behavior and
to account for the irreversibility of the Nb2CTx-CNT electrode in the
first cycle, the graphitic anode and MXene-CNT cathode were
originally prepared with the mass ratio of 2.53: 1 (the weight of the
graphite electrode was 2.1 mg/cm2, and the weight of the
Nb2CTxeCNT electrode was 0.83 mg/cm2). We estimate that the
weight of the graphite electrode increased further by around 7wt %
during electrochemical prelithiation before the full cell capacitor
was assembled. This was taken into account during the calculation
of the capacity of the device.

The discharge and charge capacities of the device (per total
weight of the two electrodes) are shown in Fig. 3c (note that the
currents are indicated per the weight of the Nb2CTx-CNT electrode
to ensure fair comparison among the three MXene-based devices
described in this paper). The first cycle of the rate capability test
indicates the presence of irreversible capacity in the first discharge,
originating from the behavior of MXene in the first discharge. The
charge capacity of the device deceases from around 72 mAh/g (the
first cycle) to 43 mAh/g in the sixth cycle at the current rate of
50 mA/g (per weight of the Nb2CTx-CNT electrode). More stable
behavior (although with a gradual decrease) is observed from the
tenth cycle onwards. The capacity of about 20 mAh/g is retained
when the current is switched to a high value of 2 A/g (per weight of
the Nb2CTx-CNTelectrode). When the current value is subsequently
returned to 50 mA/g (per weight of the Nb2CTx-CNT electrode), the
cell capacity returns to a value of approximately 40 mAh/g. The
same cell was cycled at 250 mA/g further (Fig. 3d) and a gradual
decrease of capacity to about 27mAh/g after 500 cycles is observed.
The observed performance represents, however, reasonable sta-
bility for the first prototype device without any optimization.

3.3. Nb2CTx-CNT/LiFePO4 capacitor

The schematic diagram of the Nb2CTx-CNT/LiFePO4 capacitor is
shown in Fig. 4a. This device was prepared using an Nb2CTx-CNT
film as an anode and a LiFePO4 electrode as a cathode. Again, the
anode is expected to possess almost triangular, sloping charge-
discharge profiles over a wide potential range, in line with its
half-cell behavior (Fig. 2a). In turn, the LiFePO4 is expected to
exhibit a relatively steady potential (a plateau), corresponding to
the phase transition between LiFePO4 and FePO4 (Fig. 2e). To ensure
this type of behavior, the LiFePO4 and Nb2CTx-CNTelectrodes with a
weight ratio of 7.25:1 were chosen (electrode weights of 6.82 mg/
cm2 and 0.94 mg/cm2, respectively) and the LiFePO4 electrode was
pre-cycled. In the course of pre-cycling, the LiFePO4 half cell was
stopped before the end of the discharge plateau when capacity
reached 90 mAh/g in the fifth cycle. The prelithiation profile of
LiFePO4 can be found in Fig. S1 in Supplementary Information. The
charge-discharge profiles of the device are shown in Fig. 4b. As
expected, capacitor-type, sloping charge-discharge profiles can be
observed for the device in the potential range of 3.3e0.3 V. The
apparent cell voltage at all times is the difference between the
potentials of the cathode and the anode.

The charge and discharge capacities at various current rates are
shown in Fig. 4c. The capacities are calculated per total weight of
two electrodes while the current rates are shown per weight of the
Please cite this article in press as: A. Byeon, et al., Journal of Power Sour
Nb2CTx-CNT electrode. The first discharge capacity is smaller than
the capacity of the first charge due to the presence of initial irre-
versible capacity in the Nb2CTx-CNT film. The reversible capacity
drops from about 36mAh/g to 24mAh/g in the first ten cycles at the
current rate of 50 mA/g (per weight of the Nb2CTx-CNT electrode).
When the current rate is increased to 1 A/g (per total weight of the
Nb2CTx-CNT electrode), the capacity of about 9 mAh/g is measured.
The capacity returns to a value of 23 mAh/g when the current is
switched back to 50 mA/g. The same cell was further cycled for 500
cycles at a current rate of 250 mA/g, and its cyclic stability is
depicted in Fig. 4d.

LiFePO4 is selected as a cathode here simply for the demon-
stration of a feasibility of a Li-ion capacitor inwhich aMXene-based
electrode acts as an anode and a battery cathode is used. The
maximum cell voltage for the cell is 3.3 V and is limited by the
potential of the LiFePO4 cathode. In principle, other battery cath-
odes capable of quick charge and discharge and having higher
operating potentials vs. lithium metal may be used and a higher
operating potential for a capacitor may be achieved through the
choice of a battery cathode. For example, lithium cobalt oxide
(LiCoO2) with voltage range of 3.5e4.3 V and lithium manganese
oxide (LiMn2O4) materials (3.3e4.3 V) may be suitable candidates
[22,23]. Another alternative is to use lithium-rich cathode material
that may operate at higher potentials and provide a larger level of
capacity as well [24].

3.4. Lithiated Nb2CTx-CNT/Nb2CTx-CNT capacitor

A schematic representation of a symmetric (lithiated Nb2CTx-
CNT/Nb2CTx-CNT) capacitor is shown in Fig. 5a. The device in-
corporates two Nb2CTx-CNT electrodes and operates through
shuttling lithium ions back and forth between the two electrodes.
In principle, such a device can operate in a symmetric potential
window, -3e3 V (Fig. S2 in the Supplementary Material), but it can
be suggested for the practical applications that the cell is operated
between 3 V (charged state) and 0 V (discharged state). An inter-
esting feature of this cell is that the polarity of potential can be
reversed if desired, that is, the cell can be switched (by shuttling
lithium from one electrode to another) from providing positive
potential (between 3 and 0 V) to providing negative potential
(between �3 and 0 V) to the same load.

In order to assemble the cell, the anode and cathode (Nb2CTx-
CNT films) were pre-cycled to their lithiated (~0.1 V vs. Li/Liþ) and
delithiated (~3 V vs. Li/Liþ) states in half-cells. The weights of the
original electrodes were 0.39 mg and 0.4 mg. We have assumed
that the anode and cathode were 16 and 9% heavier, respectively,
after pre-cycling due to the incorporation of lithium in the film for
the purpose of calculating capacities of the device. As the cell
voltage is the difference between the potentials of the cathode and
anode, nearly triangular, sloping charge-discharge profiles are ex-
pected. Indeed, this type of profiles can be observed in Fig. 5b. The
initial cell voltage is somewhat smaller than expected due to partial
self-discharge in the electrodes during their extraction from the
half-cells, handling and reassembling into a new full cell device.
After the initial three cycles, the capacity of the cell settles around
35e38 mAh/g (per total mass of the two electrodes). A capacity of
around 10 mAh/g is retained at a high current of 1 A/g (all testing
currents are set per weight of one fresh (uncycled) Nb2CTx-CNT
film). After the completion of the rate capability test depicted in
Fig. 5c, the same cell was further cycled (at a rate of 250 mA/g) and
the cyclic stability is shown in Fig. 5d.

4. Discussion

Gravimetric and volumetric energy/power densities were
ces (2016), http://dx.doi.org/10.1016/j.jpowsour.2016.03.066



Fig. 4. Nb2CTx-CNT/LiFePO4 capacitor: (a) schematic of the cell; (b) charge-discharge curves at 50 mA/(g of Nb2CTx-CNT) in the first and fifth cycles; (c) rate capability test and (d)
the subsequent cyclic stability test at a current rate of 250 mA/(g of Nb2CTx-CNT).

Fig. 5. Lithiated Nb2CTx-CNT/Nb2CTx-CNT capacitor: (a) schematic of the cell; (b) charge-discharge curves at 50 mA/(g of Nb2CTx-CNT) in the first and fifth cycles; (c) rate capability
test and (d) the subsequent cyclic stability test at a current rate of 250 mA/(g of Nb2CTx-CNT).
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calculated, and the Ragone plots are presented in Fig. 6. In order to
compare with lithium-ion capacitors based on activated carbon
cathodes, we have also included data for conventional lithium ti-
tanium oxide/activated carbon (LTO/AC) and graphite/activated
carbon (graphite/AC) cell configurations. Ref. [25] was a convenient
source of data for both gravimetric and volumetric parameters of a
standard LTO/AC device. The situationwith a graphite/AC device is a
bit more complex. The information on energy and power densities
per mass or volume of electrodes only (not packaged) is not readily
available for commercial devices, such as ULTIMO™ from JR Energy
Corporation. Khomenko et al. [3] mentioned energy density of
145 Wh/kg for a graphite-AC device operating in a voltage range of
1.5 Ve5 V and 103.8 Wh/kg for a device in a voltage range of
1.5 Ve4.5 V. For the purpose of a rough comparison, the data for a
graphite/AC cell (operating between 1.5 V and 4.3 V) from Ref. [26]
is presented in Fig. 6a. In reality, however, the voltage window for a
commercial device is only 2.2 Ve3.8 V, and the energy density is
likely to be considerably lower, somewhat closer to that of an LTO/
AC cell. Care should be taken, of course, when comparing our ca-
pacitors incorporating generally thinner MXene-based electrodes
and conventional lithium-ion capacitors with thick electrodes due
to a possible influence of electrode thickness and mass loading;
however, we feel that such comparison is important for under-
standing the performance and potential of the devices presented
here.

As it can be seen from Fig. 6a, the lithiated graphite/Nb2CTx-CNT,
Nb2CTx-CNT/LiFePO4 and lithiated Nb2CTx-CNT/Nb2CTx-CNT cells
possess maximum gravimetric energy densities of 49, 43, and
38 Wh/kg, respectively. The lithiated graphite/Nb2CTx-CNT cell
displays a maximum energy density of 49 Wh/kg and a maximum
power density of 546W/kg. These gravimetric values are somewhat
lower than those of well-studied and fully optimized LTO/AC and
graphite/AC cells [25,26], indicating that the current cell configu-
rations based on Nb2CTx-CNTelectrodes need further improvement
of gravimetric parameters. This can be achieved, in particular, by
decreasing their irreversible capacity in the first cycle (~40e50%)
[9]. This effect was quite pronounced for our electrode, as the ca-
pacity changes from 422 to 250 mAh/g for Nb2CTxeCNT (Fig. 2a),
too, and causes the need to oversize the counter electrodes in the
devices significantly, increasing the total weight (and volume) of
the devices. The methods for minimizing the initial irreversibility
include surface chemistry modification of MXenes to remove
fluorine and OH groups [27]. Also, etching MXene sheets to intro-
duce porosity and improve ionic conductivity and pre-cycling to
open interlayer spaces increased the Li-ion capacity Ti3C2 to
700e800 mA/g [21]. Thus, a major improvement in absolute values
of gravimetric capacitance of MXene-CNT electrodes and cells as a
whole is certainly possible.
Fig. 6. Ragone plots of the capacitor devices: (a) gravimetric energy and power densities; (b)
titanium oxideeactivated carbon (reproduced from Ref. [25]) and graphiteeactivated carbo
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The potential advantage of MXene-based electrodes (including
our Nb2CTx-CNT variety used here) is in their large density [7,28].
The 4.5 mm electrodes used in this work give a reasonable gravi-
metric material loading of about 1 mg/cm2. 300 mm thick, free-
standing Ti3C2 electrodes showed the initial reversible Li-ion
areal capacity of 15 mAh/cm2 [19]. As a result, volumetric energy
and power densities of devices built with Nb2CTx-CNT electrode are
more attractive (Fig. 6b). It was not possible to find a volumetric
Ragone plot for a representative graphite/AC device in the literature
but a plot for a LTO/AC cell [25] is presented for comparison in
Fig. 6b. It can be seen that the volumetric energy densities of the
first-generation Nb2CTx-CNT/LiFePO4 cell (50 Wh/L) and lithiated
Nb2CTx-CNT/Nb2CTx-CNT cell (68 Wh/L) exceed that of an LTO/AC
lithium-ion capacitor (40 Wh/L). This indicates the potential of
MXene-based electrodes in the energy storage devices for portable
electronics and other applications where the minimization of the
footprint and volume of the cell is of critical importance.

Further efforts should also be directed toward improving the
rate capability of the Nb2CTx-CNT electrodes and MXene electrodes
in general. The rate limitations originate from both the mechanism
of charge storage and the typical morphology (architecture) of
presently produced electrodes with MXene layers aligned parallel
to the current collector (Fig. 1). Unlike the activated carbon cath-
odes of conventional lithium-ion capacitors that store the charge
predominantly through adsorption of PF6� anions on the pore sur-
face [1], the MXenes operate via insertion and de-insertion of
lithium ions [9]. This mechanism has been validated recently
through direct observation of intercalated metal ions in multilay-
ered Ti3C2 by aberration-corrected scanning TEM [29]. That may
explain the rate performance of the resulting multilayered MXene
materials in which ions need to travel significant distances around
few-micron MXene sheets and between the carbide layers.
Although the delaminated Nb2CTx with 10 wt.% CNT, used in this
study, possesses improved electrochemical properties compared to
pure MXene films [7], the rate capability of devices may be further
improved by decreasing the lateral size of the MXene flakes and
producing electrode architectures with improved access of elec-
trolyte to the interior of the electrode.

5. Conclusions

Three proof-of-concept full cell Li-ion capacitors based on
MXene-CNT electrodes demonstrated in this work signify a major
step toward the use of MXenes in energy storage devices. An
Nb2CTx-CNT film electrode can be paired with either a battery-type
anode or a battery-type cathode. For the trial tests, graphite and
LiFePO4 have been selected as negative and positive electrodes,
respectively. In addition, a “symmetric”, lithiated Nb2CTx-CNT/
volumetric energy and power densities. Data for conventional configurations of lithium
n (ref. [26]) are also shown.
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Nb2CTx-CNT cell has been demonstrated, as an alternative config-
uration of a Li-ion capacitor cell. All full cell devices are capable of
operating within 3 V voltage windows, respectively. The voltage
window of the Nb2CTx-CNT/LiFePO4 cell (0.3e3.3 V) can be further
widened if alternative cathode materials (e.g., LiCoO2, LiMn2O4,
etc.) operating at a higher potential vs. Li/Liþ reference electrode
than LiFePO4 are selected. Somewhat distorted charge-discharge
profiles, broadly resembling a classical triangular capacitive
shape, were observed for all devices.

The cells are capable of delivering stabilized capacities (after the
first few cycles) of 43, 24 and 36 mAh/g (per total weight of two
electrodes in each cell) for the lithiated graphite/Nb2CTx-CNT,
Nb2CTx-CNT/LiFePO4 and lithiated Nb2CTx-CNT/Nb2CTx-CNT cells,
respectively. Continuous cycling of cells demonstrated good cyclic
stability for all three types of cells. The analysis of Ragone plots
reveals that the volumetric energy densities of Nb2CTx-CNT/
LiFePO4 and lithiated Nb2CTx-CNT/Nb2CTx-CNT cells (50e70 Wh/L
based on the volume of electrodes) exceed the energy density of a
conventional LTO/AC lithium-ion capacitors. The fact that these
first-generation cells showed such performance suggests a great
potential of MXenes in Li-ion capacitors and related energy storage
devices.
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