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Abstract

Herein, we demonstrate the fabrication of Ti;C, T electrodes using solution processing. Two-dimensional (2D)
nanometer Ti;C,T, flakes are site-aggregated on copper and nickel foam papers with a reconstituted three-
dimensional (3D) structure consisting of overlapping and open-pore 2D flakes. When Ti;C,T  was used as
electrochemical capacitor electrodes in 1 M Na,SO,, solution, the capacitances were comparable to literature
values. There is a quantitative linear relationship between the capacitance and foam thicknesses. Given the
process scalability and the morphological control that is possible, these results provide a promising road map
for convenient and economical supercapacitors.
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I. Introduction resents the active functional groups such as hydroxyl
. . . . groups, oxygen ions, or fluorine ions linked to the sur-
Since the discovery of single-layer graphene, which face of layered M, X, T, [8,9]. Like selective etch-
has excellent properties, there has been a groundswell ing of A from M AX prila);es MXenes (e.g., Zt;C,T
of interest in two-dimensignal (2D) materials. To date, and Hf,C,T,) can also be fabricated by ternary léyereé
the classes of 2D materlals. that are }(nown include g cture Zr,Al,C, and Hf;[AI(SD)],C,. With the devel-
graphene, transition metal filchalcogenldes, metal ox- opment of MXenes, there are potentially many more
ides, double-metal hydroxides, and MXenes [1]. In  jvered metal carbides and carbonitrides that can be
2011, Naguib et al. [2] discovered a new 2D mate-  ancformed into MXenes [10—13]. MXenes have sur-

rial N Z,D graphene-like trgnsition metal. carbides orcar- - face hydrophilicity, metal conductivity, and excellent
bonitrides, which are derived by selectively etching the 1o trochemical properties, and they are expected to be

A-element in M, AX, (MAX) phases. The selective  ¢e for energy storage, catalysis, and adsorption, hy-
etching effect of the HF etching agent on element A go0en storage, sensors, new polymer-reinforced matrix
in MAX phases yields new materials that have a two- composites, and many other fields [14-22]. For exam-

dimensional structure that is s1m11ar to the structure of ple, the volume capacitance of 2D Mo, ,,C MXene is as
graphene [3,4]. These new materials are called MXenes high as 1100 F/cm?, which is one of the largest reported
phase materials and the name corresponds to their re- capacitance values [23].
spective MAX phase precursors, where M is a transi- At present, the number of different MXene chemi-
tion group metal e.lement, A is a group IIT or IV ele-  ..1¢ is about 20. However, the most studied MXene is
ment [5,6] and X is C or N [3,7]. The general chem- o a1 il] the first MXene that was found: Ti,C,T,. As
ical formula of MXene is M, X, T, where T rep- . ejectrode material in supercapacitors and lithium bat-
tery electrodes, this material has excellent performance.
Ti,C, T, has already been proved to be a promising can-
didate for electrodes in supercapacitors and Li-batteries
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because it exhibits capacitances that exceed most pre-
viously reported materials [9,24]. In KOH solution, ul-
trasonic treated Ti,C, T, film has a capacity of 100F/g
[15]. The properties of MXene can also be improved by
modifying it. For example, it has been reported that an
MXene hydrogel can achieve a volume capacitance of
1500 F/cm? [25].

To date, MXene film-like electrodes for supercapac-
itors and battery applications are mostly prepared ei-
ther via rolling or filtration [26,27]. To improve electro-
chemical performance, people are committed to reduc-
ing the restacking of 2D nanomaterials. Xia et al. [28]
produced vertically aligned liquid-crystalline Ti,C,T,
and obtained an excellent specific capacitance up to
200F/g (at 2000mV/s). Recently, Ti,C,T, films have
been made using a simple dropping-mild baking ap-
proach with a Ti,C,T, flake suspension to make MX-
ene electrodes with high gravimetric capacitances; the
electrode was prepared using solution processing [29].
However, simple dropping may not be a rigorous control
for the electrode and further research was needed. Very
recently, Ti,C,T, [30], Ti,CT, [22], and V,CT, [31]
films were fabricated into transparent and conductive
films via solution processing. Nanometer flakes, which
were dispersed as colloidal solutions with the Tyndall
phenomenon, were also flexible and collapsible. These
provided convenient and economical MXene electrodes
produced via a large solution process for energy storing
applications.

Herein, we investigate the electrochemistry perfor-
mance of Ti,C, T, electrodes in which Ti,C,T, nanome-
ter flakes site-aggregated on copper and nickel foam
papers using a solution process. The effects of the
Ti,C,T, electrode substrates (i.e., copper and nickel
foam papers) on the performance are also discussed. It
is demonstrated that Ti,C,T, electrodes achieve a high
capacitance performance and that the substrates play a
significant role in the performance.

II. Experimental details

To produce Ti,C,T, colloidal solutions, we first fab-
ricated precursor Ti;AlC, powders. Ti,AIC powders
(=325 mesh, 98 wt.% pure [32]) were mixed with TiC
(24 pm, 99 wt.% pure, Aladdin Industrial Co., China)
in a 1 : 1 ratio for 24 h. The mixed powders were pre-
compacted under a pressure of 30 MPa and then heated
to 1350°C at a heating rate of 10 °C/min followed by
a 2h soak to yield phase-pure Ti;AlC,. The resulting
sintered Ti;AlC, brick was ground into powder with
a drilling bit and passed through a —325 mesh sieve.
Ti, AlC, powder (1 g) was then slowly added into a pre-
mixed solution containing 1 g of lithium fluoride (LiF,
99 wt.% pure, Shanghai Macklin Biochemical Co., Ltd.,
China) and 10 ml of 12 M hydrochloric acid (HCI, AR,
Shanghai Lingfeng Chemical Reagent Co., China). It
was corroded for 24 h at 35 °C. The multilayer Ti,C, T,
was washed with deionized water and centrifuged to
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separate the reaction product from the supernatant until
the supernatant reached a pH value of approximately 6.

Copper foam paper (thickness of 1.6 mm; density of
~0.4 g/cm3; Shenzhen Tianchenghe Science and Tech-
nology Co., Ltd., China) and nickel foam paper (thick-
nesses of 0.5mm, 1 mm, 1.6 mm, and 2 mm; density
of 0.3-0.5g/cm?; Shenzhen Tianchenghe Science and
Technology Co., Ltd., China) were used as working
electrode matrices; they were cut into square pieces with
dimensions of 4 X 4 mm. The sheets were washed with
deionized water three times for 15 min each time, and
then the sheets were dried and weighed. Each piece of
foam sheet was soaked in 12.5 mg/ml Ti;C, T, colloidal
solution for site aggregation for 20s. Ti,C, T, nanome-
ter flakes were dispersed into foam pores via solution
processing, and then they were forced coated on the
foam via vacuum pressure difference in a vacuum cham-
ber for 4 h. Before solution processing, the solid con-
tent of the Ti,C,T, colloidal solution was determined
by vacuum filtering a given colloidal solution volume.
Finally, after complete vacuum drying, it was weighed.

The samples were characterized by using X-ray
diffraction (Rigaku Smartlab) with Cu Ka radiation
with a step size of 0.02°° and a speed 3°/min. Mi-
crostructures of the samples were observed using a
scanning electron microscope (SEM, S-3400N, HI-
TACHI). All electrochemical performances were as-
sessed using a CHI-660 electrochemical workstation
(Chenhua Instruments Co., Shanghai, China). Cyclic
voltammetry was conducted in three-electrode plastic
Swagelok cells. Nickel or copper foam papers coated
with Ti;C,T, nanometer flakes were used as working
electrodes, and activated carbon was used as a counter
electrode. A platinum plate and gold plate with a sur-
face area of about 0.785 cm? were used as counter elec-
trodes, and saturated sodium sulphate solution was used
as a reference electrode. Pre-cycling of 20mV/s was
performed before the cells were tested at scan rates from
2mV/s to 100mV/s in 1 mol/I Na,SO, solution at room
temperature. Over the range of 10 mHz to 100 kHz, the
same 3-electrode cell configuration described above was
used for electrochemical impedance spectroscopy (EILS)
at a potential amplitude of 5 mV. Galvanostatic cycling
was carried out at a current density of 10 A/g. Gravimet-
ric capacitance (C,,) values can be calculated from a CV
curve using the following equation:

I
m= | ——d 1
¢ me-s-AV v M

where C,, is the specific capacitance of the working
electrode, [ is the response current of the CV curves,
m is the mass of active materials loaded in the work-
ing electrode, s is the scan rate, and AV is the poten-
tial window. Gravimetric capacitance values can also be
determined from the discharge curves according to the
following equation:
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C = I- At
" m-AV
where I, At, AV, and m are respectively the discharge

current, discharge time, potential window, and mass of
active materials loaded in the working electrode.

2

ITI1. Results and discussion

A typical XRD pattern (Fig. 1) of Ti;AlC, indicates
that the precursor of Ti;C, T, is a phase pure. After etch-
ing with LiF+HCI solution, the diffractogram of MXene
Ti,C,T, is typical in that the (000/) peaks are down-
shifted in 26, where the c-lattice parameter (c-LP) of
these Ti,C,T, is 27.76 A, which is considerably larger
than the values obtained when Ti,C,T, was etched in
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Figure 1. XRD patterns of Ti;AlC,, copper foam, nickel
foam, and Ti,;C, T, (produced by etching Ti;AlC, with
LiF + HCI solution)

%

10% HF. When Ti,C,T, was etched in 10% HF, the c-

lattice parameters are closer to ~20 A [27]. As seen in
Fig. 1, typical peaks of pure Ni and Cu with 111 and
200 diffractions are also found for both the nickel and
copper foams.

SEM micrographs of nickel and copper foam elec-
trodes or/and those with site-aggregated Ti,C,T, are
shown in Fig. 2. In Figs. 2a and 2d, the nickel and cop-
per foams appear to be quite three-dimensional (3D) and
net-like porous with pore size of ~200 um. At low mag-
nification, (Figs. 2b and 2e), the 2D Ti,C, T, flakes have
been site-aggregated with lateral pores, and foam sub-
strates presented to be films Figures 2c¢ and 2f show
the higher magnification micrographs and confirming
nanoflake nature of the collected 2D Ti,C,T, flakes.
These observations indicate that the Ti;C,T, nanome-
ter flakes were site-aggregated on the copper and nickel
foam papers in the solution processing. The surface en-
ergy of the Ti,C, T, nanometer flakes supports the over-
lapping, which is consistent with transparent and con-
ductive films, or filtration electrodes. With etching of
LiF + HCI solution, the mesh held by the surface ten-
sion of Ti,C,T, nanometer flakes in aqueous solution
results in large flakes.

Electrode mass-normalized cyclic voltammograms
of the electrodes produced by site-aggregated Ti;C, T,
flakes on 0.5, 1.0, 1.6, and 2.0 mm-thick nickel foam,
and 2.0 mm-thick copper foam are shown in Fig. 3. The
electrochemical performances of the as-fabricated elec-
trodes were evaluated using cyclic voltammetry (CV)
with a three-electrode plastic Swagelok cell in 1 mol/l
Na,SO, solution at room temperature. A notable feature
in all of the CV curves is the strong dependence of the
anodic peak potentials on the scan rates. At scan rates in
the range of 2-100 mV/s, the rectangular and symmet-

Figure 2. SEM images of: a) nickel foam, b) nickel foam that is site-aggregated with Ti;C, T, flakes, c) Ti;C, T, coating with the
inset of nanoflakes, d) copper foam, e) copper foam that is site-aggregated with Ti;C, T, flakes, and f) Ti;C, T, coating with the
inset shows nanoflake Ti;C, T, on copper foam
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Figure 3. Electrochemical performance of Ti;C, T, electrodes, i.e. cyclic voltammetry data collected at scan rates from 2 to

100 mV/s for: a) 0.5 mm-thick nickel foam with Ti;C,T,, b) 1.0 mm-thick nickel foam with Ti;C,T,, ¢) 1.6 mm-thick nickel

foam with Ti;C,T,, d) 2.0 mm-thick nickel foam with Ti;C,T,, and e) 2.0 mm-thick copper foam with Ti;C,T,. Scan rate
dependence of specific capacitance (f)

ric CV curves of the electrode indicate superior capac-
itive performance, and the electrode charge storage has
strong reversibility. Kinetic analysis of the CV data of
the aqueous MXene film was performed to confirm that
charge storage is not diffusion-limited as in battery-like
electrodes. In contrast, it is most likely pseudocapaci-
tive in nature, as previously reported in the literature re-
garding Ti,C,T, and other MXenes [33-35]. However,
the curves basically maintain a symmetric rectangular
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shape without obvious redox peaks, and this indicates
that the pseudocapacitance is not dominant in the elec-
trodes and that their capacities mainly come from the
double-layer capacitance between the electrode and the
electrolyte interface [36,37]. From a comparison of the
areas of each curve, it can be seen that the area of the
capacitance curve decreases gradually with an increase
in the scan rate, and this is because the ion transmission
speed becomes slower with respect to the scan rate. The
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ion diffusion not being complete results in a reduced
capacitance. When the scan rate reaches 100 mV/s, the
curves retain a rectangular shape with a slight distortion.
The nickel and copper foams have negligible capaci-
tance because the substrates were covered by Ti,C, T,
flakes. In this case, even capacity of bare nickel is neg-
ligible compared with that of Ti;C,T, flakes [29]. All
of the electrodes, including the foams and MXene films
(mass loading of 0.2-0.6 mg), show gravimetric capaci-
tance in the range of 72—-146 F/g (Table 1); the specific
value depends on the loading of MXene as active mate-
rial. The gravimetric capacitance values for the films on
either nickel and copper foam with the lowest loading
was 139 F/g and 146 F/g, respectively.

The dependences of specific capacitances for the site-
aggregated Ti,C, T, electrodes on the scan rate (Fig. 3f)
show that the gravimetric capacitance values of all of the
electrodes are quite similar at all scan rates. Not surpris-
ingly, when the mass loading is lower, the capacitance
retention is better. Also, all of the electrodes have com-
parable decreasing trends with an increase in the scan
rate.

Figure 4 shows plots of the 2mV/s gravimetric ca-
pacitance (C,,) as a function of foam thicknesses (k). A
least-squares fit of the plot of C,, versus 4 using our data
gives the following formula:

Cn=12.52h+113.54 3)
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Figure 4. Dependencies of C,, for 2mV/s gravimetric
capacitances of Ti;C, T, electrodes on foam thicknesses (%)
for nickel (round) and copper (diamond) foam substrates
(results of least-squares fit for nickel foam has a slope of
12.52 with R* > 0.99)

with an R? value that is greater than 0.99. Thus, the
results show that the gravimetric capacitance increases
linearly with an increase in foam thickness. As ex-
pected, all of the gravimetric capacitances (Table 1) with
scan rates in the range of 2-100mV/s have the same
linear relationship with the foam thickness. Thus, we
can conclude that the observed increase is related to
the change in specific surface area that results from the
change from 2D Ti,C,T, nanoflakes to 3D structures.
This can be confirmed from the previous microstruc-
tural photographs in which the Ti,C, T, nanoflakes over-
lap and have open pores. In other words, thick 3D foam
structures help to increase the specific surface area of
MXene and do not overlap. Note that this is not a cir-
cular argument because C,, and 4 are independent mea-
surements. Moreover, the gravimetric capacitance of the
Ti,C, T, electrode that is site-aggregated on the copper
foam substrate is higher than that of the electrode on the
nickel foam substrate (Fig. 4). This indicates that better
conductivity of the electrode promotes the capacitance.
Electrochemical impedance spectroscopy (EIS) was
used to understand the ion transport behaviour and the
resistance of the electrode; the results are shown in Fig.
5. When the electrode is in contact with the sodium sul-
phate electrolyte, capacitance-type impedance appears
over a wide frequency range, and the fast increase in the
imaginary part of the low frequency impedance reflects
the capacitance storage mechanism. This is consistent
with previous reports on conductive 2D titanium carbide
‘clay’ electrolyte or vacuum-filtered Ti,C,T, hydrogel
film. Although the form of the electrode is different,
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Figure 5. Nyquist plots of Ti;C, T, films that are
site-aggregated on nickel and copper foams

Table 1. Effects of foam thicknesses and scan rates on capacitance values

Scanrate  0.5-Ni-Ti;C,T, 1-Ni-Ti;C,T, 1.6-Ni-Ti;C,T, 2-Ni-Ti;C,T, 2-Cu-Ti;C,T,

[mV/s] [F/gl [F/gl [F/gl [F/gl [F/gl
2 119 126 132 139 146

5 114 121 128 133 137

10 96 116 125 126 127

20 89 106 110 116 118

50 83 90 98 101 108
100 72 82 88 97 102
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Figure 6. Galvanostatic charge-discharge tests conducted at 10 A/g for: a) nickel foam-Ti;C, T, and b) copper foam-Ti,C, T,

the comparable capacitance impedance over a wide fre-
quency range shows the inherent properties of the same
active material in Ti,C,T,.

To explore the cyclability of the prepared electrodes,
Ti,C,T, films that were site-aggregated on both nickel
and copper foams were also evaluated, and the results
are shown in Figs. 6a and 6b, respectively. Galvanostatic
charge-discharge testing at a current density of 10 A/g
was also conducted on the site-aggregated Ti,C, T, elec-
trodes. The voltage vs. time profiles have non-triangular
shapes (Fig. 6), which are consistent with the pseudoca-
pacitive nature of the charge storage mechanism that is
suggested by the corresponding CV curves. The results
show that the convenient and economical MXene elec-
trodes formed using this method are promising materi-
als for energy storage applications because these elec-
trodes retained more than 85% of their capacitance after
10000 cycles. A summary of the specific capacitance
and cycling stability obtained for Ti,C,T, in this work
are compared to the values reported in the literature (Ta-
ble 2). The specific capacitances of the electrodes are

higher than that of many reported Ti,C, T, electrodes. In
some cases, the cycling stabilities are comparable. One
of the important factors affecting weight and capacity
is the electrolyte. It has been reported that acidic elec-
trolytes are the most beneficial for improving the quality
specific capacity of Ti,C,T, [10,38]. The capacitance
of a rolled pure Ti,C, T, clay electrode can reach up to
900F/cm® in 1M H,SO, [27]. The effect of foam thick-
ness on the specific capacitance of the Ti,C,T, elec-
trode was studied and is discussed in this paper, provid-
ing a new idea for the design of supercapacitors. Sodium
sulphate, which is a neutral electrolyte, was selected to
reduce the effects of electrolyte on the copper and nickel
foams. The maximum specific capacity obtained in this
paper is 146 F/g, which is about 40% higher than that of
other supercapacitors with neutral electrolytes (such as
magnesium sulphate [15]). Also important advantages
of our electrodes that should not be easily dismissed are
the facts that they are nontoxic, low cost and can be pro-
duced simply and in large quantities. From this result,
it is speculated that the concentration of MXene solu-

Table 2. Effects of foam thicknesses and scan rates on capacitance values

Specific

Potential

Capacitance

MXene capacitance [F/g] window [V] retention [%] Electrolyte Ref.
Ti;C,T,-Ni foam 139 2mV/s) [-0.8,-0.2] 85%/10000 cycles 1M Na,SO, This work
Ti,C,T,-Cu foam 146 2 mV/s) [-0.8,-0.2] 85%/10000 cycles 1M Na,SO, This work

Ti,C,T, 120 (2 mV/s) [-0.4,0.15] - 1M H,SO, [39]

Ti,C, T, ionogel film 70 (20mV/s) [0,3] 80%/1000 cycles AEMI-TFSI [40]
Ti,C,T, clay 32 (2mV/s) [-0.8,1.0] - PEMITFSI - AN [41]
Ti,C,T,/carbon black-PTFE 112 (5mV/s) [-0.9,-0.4] 97%/10000 cycles 1M KOH [42]
d-Ti,C,T, paper 122 (5mV/s) [-0.6,0] - 1M KOH [15]
d-Ti,C,T, film 140 (5mV/s) [0,0.5] 100%/10000 cycles 1M KOH [43]
Ti,C, T, paper 130 2 mV/s) [-0.6,0] 100%/10000 1M KOH [15]
Ti,C, T, paper 120 (2 mV/s) [-0.6,0] - 1 M NaOAc [15]
Ti,C, T, paper 100 2 mV/s) [-0.6,0] - 1M Na,SO, [15]
Ti,C,T, clay 245 (2mV/s) [-0.35,0.2] 100%/10000 1M H,SO, [27]

A macroporous Ti,C,T, film 210 (10mV/s)  [-1.1,-0.2] - 3M H,S0O, [25]

4EMI-TFSI: 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide neat ionic liquid.
1 M EMITFSI in AN: 1 M solution of (1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, Solvionic)

in acetonitrile (Acros Organics).
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tion, diffusion kinetics, and MXene films structures and
thicknesses when compared to those of aqueous films
introduce changes in the cyclability; thus, future studies
are needed to clarify the relative roles.

IV. Conclusions

Herein, 12.5 mg/ml aqueous colloidal solutions of the
MXene Ti,C,T, were site-aggregated on both nickel
and copper foams via solution processing and used in
supercapacitor electrodes. After reconstructing 3D elec-
trodes based on nickel and copper foams, the nanometer
flake 2D Ti,C,T, microstructures were studied. Elec-
trochemical performance of the Ti,C,T, electrodes was
studied over the scan rate range of 2-100mV/s using
I M sodium sulphate as the electrolyte. With a coeffi-
cient of 12.52 F/(g mm), the gravimetric capacitance in-
creased linearly with an increase in the foam thickness.
Also, better conductivity of the 3D copper substrate re-
sulted in higher capacitance. The gravimetric capaci-
tance values of the 3D Ti,C, T, electrodes and their ca-
pacitance retention rates after ten thousand cycles were
comparable to many values reported in the literature for
the same material.
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