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Abstract: MXenes show great potential in energy storage due to their excellent
conductivity, abundant surface groups and adjustable interlayer spacing. Amino
modification is an effective strategy to improve electrochemical properties of MXene.
However, the selection of amino source is still a key issue. Herein, the amino
modification of TisC; MXenes for high-performance supercapacitors has been
investigated. The structure and electrochemical properties of Ti3C, are modified by
different amino sources, such as ethylenediamine (EDA), monoethanolamine (MEA)
and hydrazine monohydrate (HM). EDA ensures Ti3C> the largest interlayer spacing
(13.96 A) and highest specific surface area (52.2 m?g™). In addition, there are more
functional groups in EDA-modified TizC> (EDA-Ti3C,) resulted from the stronger
electron-donating nature of EDA than HM and MEA. Thus, EDA-Ti3C; exhibits the
largest specific capacitance of 683 F g! in 1 M H»SO4 electrolyte at 2 mV s!, and the
capacitance maintains 97.3% of the original after 10,000 cycles at 50 mV s'. As a
comparison, MEA-Ti3C> and HM-Ti3C, show specific capacitances of 553 F g! and
470 F g'!, respectively. Furthermore, the symmetric supercapacitor based on EDA-
TisCz electrode achieves maximum energy density of 7.87 W h kg™ at power density
of 600 W Kg'!, and the energy density still remains at 6.34 W h Kg'! even at an
increased power density of 3000 W Kg!. This study proposes a simple strategy to
enhance electrochemical properties of MXene by amino modification, providing

valuable insights for high-performance supercapacitors.


mailto:T.Liskiewicz@mmu.ac.uk
mailto:shisw@wit.edu.cn

Keywords: MXenes, amino modification, supercapacitors, specific capacitance

1. Introduction

Two-dimensional (2D) materials possess unique advantages, offering distinctive
electrochemical properties and significantly large surface area, which show wide
application as electrode materials for high-performance supercapacitors [1]. Since it
was firstly synthesized in 2011 [2], 2D MXenes have gained significant attention due
to their layered structure and rich surface chemistry, which render MXenes with
outstanding hydrophilicity and conductivity, along with excellent mechanical
properties and specific capacitances [3]. Up to now, approximately 30 kinds of
MXenes have been successfully prepared in laboratory [4], among which TizCs is
mostly employed with potential applications in various fields, such as
supercapacitors[5], sensors[6], catalysis[7], solar cells[8] and flexible electronics[9].

However, there exist some challenges. Hazardous hydrofluoric acid (HF) is
generally used in the synthesis of TizCz, and numerous defects are introduced as well
[10]. Indirect fluorination and non-fluorination methods are thus adopted as
alternatives to the HF etching, such as chemical vapor deposition[11], electrochemical
etching[12] and molten salt etching [13]. The most popular approach is the Minimum
Intensity Layering (MILD) method, in which hydrochloric acid (HCl) and lithium
fluoride (LiF) are used instead [14]. Zhang et al proposed a modified MILD with a
Power Focusing Delamination (PFD) strategy [15], and defect-free TizC, was
obtained with a yield of 61.2% through repeated precipitation and vortex oscillation
without ultrasonic process, which exhibited a distinct layered structure. However, the
subsequent spontaneous delamination became the challenge due to strong interlayer
forces between Ti3Cz nanosheets [16]. In addition, Ti3C; was terminated with -OH, -O
and -F groups during the etching process, providing abundant active sites for surface
modification and the potential introduction of other active groups. However, these
surface termination groups only existed in some certain surface areas, which limited
the transport of electrolyte ions and thus the electrochemical performance of TizCo.

Several strategies have been employed to modify the structure and properties of TizCa,



such as intercalation and surface functionalization. Li et al improved the
pseudocapacitance of TizC» through cation intercalation and surface modification, and
electrochemical performance of Ti3C, was significantly enhanced with the insertion of
K" and removal of some terminal groups [17]. Zhang ef al ingeniously introduced
calcium alginate carbonization into TizC> nanosheets to form carbon dots, preparing
Ti3Cy electrodes with high density and more active sites, which demonstrated
excellent rate capability (662.5 F cm™ at 1000 A g™') [18].

The surface chemistry of MXenes plays a crucial role due to their impacts on the
properties and performance[19], and different methods have been developed for
surface modifications of MXenes, such as plasma activation and alkaline
treatment[20-22]. For example, treating MXene surface with alkaline solution to
introduce less electronegative -OH groups is found to be an effective method to
enhance its electrochemical performance[21]. As -OH termination not only achieves
stronger hydrophilicity but also preserves its unique ion-repellent characteristics,
which thus significantly reduces ion diffusion resistance during electrochemical
reactions and markedly improves the rate capability of the electrode material (from
20.4% to 78.4% at 50 A g!). Depending on functional groups, MXenes possess
extraordinary electronic, mechanical, optical, thermal, and catalytic properties. Even
though a wvariety of properties such as work function, hydrophilic behavior,
capacitance, and catalytic activity are ascribed to the surface modification, the
structure and composition of the functionalized surfaces remain unknown for most
MXenes[23].

Heteroatoms modification, such as nitrogen and sulfur, has been considered to be a
facile and effective strategy to improve the specific capacitance, energy density and
cycling stability for supercapacitors and metal ion batteries[24—27]. For MXenes,
introducing heteroatoms can modify the surface to provide active sites by reducing the
quantity of -OH and -F, in addition, heteroatom modification can enlarge the
interlayer spacing to hinder the self-stacking of MXene nanosheets, therefore, the
electrochemical performance of MXene can be effectively improved. Due to the high
electronegativity of nitrogen, it can alter the surface chemistry of carbon-based
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electrode materials. Moreover, lone pairs of electrons on nitrogen atoms can easily
combine with © electrons on MXene to provide additional pseudocapacitance, and
thereby enhance the capacitance of MXene. Moreover, the introduction of nitrogen
can suppress the interlayer stacking of MXene by promoting the formation of folding
defects and improving mutual repulsion forces, thereby it can expand the interlayer
spacing and facilitate the transport of electrolyte ions. Yu et al synthesized amino
modified MXene/TiO heterostructures with cysteine as amino source via a “one-pot
method” [28]. This approach integrated several physical and chemical advantages in a
complementary and simple manner, exhibiting outstanding electrochemical
performance (918.69 F g at 0.5 mA cm). Yang et al effectively enhanced the doping
level in MXene (6.3%) by using ammonium citrate as amino source, intercalating
agent and antioxidant through a secondary addition of the amino source [29]. The
material exhibited a high specific capacitance of 475 F g! at a current density of 1 A
g'! and exceptional stability with 100% capacitance retention after 5000 cycles.

Here, to investigate the influence of different amino sources on the structure and
electrochemical properties of TizCa, we selected three amino sources with different
molecular sizes: ethylenediamine (EDA), monoethanolamine (MEA) and hydrazine
monohydrate (HM). Three types of amino-modified Ti3C> electrodes were prepared
through a non-in situ modification. All three amino-modified materials including
EDA-Ti3C,, MEA-Ti3C2 and HM-Ti3C, exhibited porous 2D structure, enhanced
hydrophilicity and higher specific surface areas compared with the original Ti3C,. The
prepared EDA-Ti3C; electrode exhibited a high specific capacitance of 683 F g in 1
M H2SO4 solution with excellent stability (97.3% capacitance retention after 10,000
cycles). Moreover, the symmetric supercapacitor based on EDA-Ti3C, electrode
achieved a maximum energy density of 7.87 W h Kg! at a power density of 600 W
Kg!, which can be comparable to those amino-modified carbon-based materials and
the original MXene, providing new insights for the development of high-performance

supercapacitors.

2. Experimental section



Materials: MAX (Tiz3AlC,, purity > 99.9%, 400 mesh) was purchased from Xinxi
Technology Co., Ltd. Lithium fluoride (LiF) was provided by Aladdin Reagent Co.,
Ltd. EDA was obtained from Chengdu Cologne Chemical Co., Ltd. MEA, HM,
hydrochloric acid (HCI), sulfuric acid (H2SO4), sodium sulfate (Na>SO4) and ethanol
were all purchased from China National Medicines Corp, Ltd.

Preparation of Ti;C>: The preparation of TizCz is based on the MILD method[14].
Initially, 3.2 g of LiF was introduced into a polytetrafluoroethylene reaction vessel
containing 40 ml of 9 M HCI. The mixture was then stirred at 500 rpm for 10 minutes
to ensure thorough reaction between LiF and HCI. Subsequently, with an ice bath, 2.0
g of Ti3AlC> was slowly added over 15 minutes to prevent the initial overheating. The
reaction was then stirred at 40°C for 72 hours, and the obtained mixture was
centrifuged at 5000 rpm for 1 minute to eliminate the residual acid from the etching
process. It was then washed with 1 M HCI to purify the MXene, followed by rinsing
with deionized water until it reached a neutral pH. Further rinsing with deionized
water was continued until the MXene exhibited self-separation. Assisted by a vortex
mixer, the precipitated MXene was dispersed, and the dispersion was centrifuged at
3500 rpm for 5 minutes. This process was repeated three times to ensure complete
self-expansion of MXene. The obtained precipitated MXene was subjected to
ultrasonication for 5 minutes in an ice bath. After centrifugation at 3500 rpm for 30
minutes, the upper layer of the resulting dark-green colloidal solution was collected
and labeled as Ti3Cs.

Ti3C2 concentration was determined by filtering a known volume through a
polytetrafluoroethylene (PTFE) organic micro-porous membrane with a diameter of
50 mm and a pore size of 0.22 um. Following the determination of TisC:
concentration, a specific volume of the TizC, solution was taken. The solution was
centrifuged at a speed of 11,000 rpm for 5 minutes to collect a certain mass of
precipitated TizCo.

Preparation of amino-modified Ti;C>: Amino modification of Ti3C, was performed by
use of three amino sources (EDA, MEA, and HM) with the same doping process.
Initially, 30 ml of the amino source was added to the centrifuge tube (50 ml)
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containing Ti3C, precipitate. With the help of a vortex mixer, the mixture was shaken
for 10 minutes to achieve uniform dispersion. Subsequently, it was transferred to a
PTFE reaction vessel (50 ml) and reacted at 40°C with the stirring at 600 rpm for 24
hours in an oil bath. After cooling, the sample was washed three times with ethanol
and two times with deionized water in a circulation manner to remove excess amino
source reactants. After the final centrifugation, 30 ml of deionized water was added,
stirred for 5 minutes, sonicated for 30 minutes in an ice bath, and then vacuum-
filtered the solution. The filtered solution was vacuum-dried at 40°C for 12 hours to
obtain amino-modified Ti3C; which was named as EDA-TizC,, MEA-Ti3C, and HM-
Ti3C», respectively, for different amino sources used.

Characterizations: The samples were characterized for surface morphology using
Field Emission Scanning Electron Microscopy (FESEM, Germany-Zeiss-Ultra plus),
Transmission Electron Microscopy (TEM, Japan-JEOL-JEM 2100 F), and Atomic
Force Microscopy (AFM). X-ray Diffraction (XRD) patterns were recorded on a
Rigaku Smart-Lab SE diffractometer using Cu Ka radiation (A=0.154178 nm). Fourier
Transform infrared spectroscopy (FTIR, Thermo Fisher NICOLET6700)
measurements were carried out with the KBr pellet method to analyze the functional
groups. The chemical composition and surface terminal groups of the samples were
characterized using X-ray Photoelectron Spectroscopy (XPS, USA-Thermo
SCIENTIFIC ESCALAB 250Xi). Raman spectroscopy (DXR Raman microscope,
excitation wavelength 532 nm) was employed to analyze the composition of the
samples. The contact angle of the samples was measured at RT using water as a
medium (Germany-Dataphysics-OCA20). The specific surface area and pore size
distribution of the samples were determined using the Brunauer-Emmett-Teller (BET)
and Barret-Joyner-Halenda (BJH) methods. The electrical conductivity of the samples
was measured using a four-probe tester (HP-504).

Electrochemical Measurements: All electrochemical measurements were
performed using a CHI660E electrochemical workstation. In a three-electrode cell,
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical
impedance spectroscopy (EIS) were conducted. The active material, activated carbon,
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and polytetrafluoroethylene (mass ratio 8:1:1) were mixed in N-methyl-2-pyrrolidone
(NMP) to form a homogeneous slurry. This slurry was coated onto a copper foam
substrate (1 cmx1 c¢m) and dried in a vacuum oven at 40°C for 12 hours. The coated
copper foam was pressed for 30 seconds under a pressure of 10 MPa to obtain the
working electrode. Additionally, activated carbon rod and Ag/AgCl were used as the
counter and reference electrodes during the testing process. 1| M H>SO4 aqueous
solution was used as the electrolyte. The specific loading mass is 4.3, 1.3, 1.7 and 2.3
mg/cm? for TizC2, EDA-Ti3C2, MEA-Ti3C, and HM-Ti3Ca, respectively. CV and GCD
tests were conducted at different scan rates (2~200 mV s™') and current densities (1~5
A g!). EIS spectra were recorded over a frequency range of 100 kHz to 0.01 Hz with
perturbation amplitude of 10 mV. Prior to recording the electrochemical performance,
1000 CV scans were performed at a scan rate of 50 mV s ! to stabilize the device.

For the symmetric supercapacitors, the working electrode was placed on either side
of a cellulose separator with spacers and springs for support, and was positioned
within a battery cap, in which the specific loading mass is 2 mg/cm? for both Ti;C,
and EDA-Ti3C,. It was then thoroughly impregnated with a 1 M NaSOg4 as the
electrolyte, and finally, the battery was sealed using a coin cell assembly machine
under a pressure of 10 MPa.

The specific capacitance in the electrochemical test is calculated from CV (formula

1) and GCD (formula 2).
1 idv
C=—[= (M)
C= % ?)

The energy density (E) (W h kg!) and power density (P) (W kg!) can be

calculated from formulas (3) and (4), respectively.

1

E=——C- (V) 3)
E
pP== (4)

where C represents the specific capacitance, i is the current density, v is the voltage

scan rate, V is the voltage, AV is the voltage window and At is the discharge time.



The Coulombic efficiency (CE) can be calculated from the formula (5).
CE = i—d x 100 5)
where tq and t. are the discharging and charging time in seconds respectively.
3. Results and discussions

FESEM images of top-view and cross-section for TizC,, HM-TizCo, MEA-Ti3C;

and EDA-Ti3C; are shown in Figure 1.

Figure 1. FESEM of top-view images of TizC, (a-c), HM-TizCs (e-g), MEA-Ti3C; (i-k) and
EDA-Ti3C, (m-0) at the same magnification; Cross-sectional images of TizC, (d), HM-TizC»
(h), MEA-Ti3C; (1) and EDA-Ti3C; (p) at the same magnification.

All samples exhibit similar 2D layered structure and the interlayer stacking can be
clearly observed in the original Ti3C; (Figure 1d). However, the degree of stacking is
alleviated in HM-Ti3C2, MEA-Ti3C> and EDA-Ti3C, compared to TisC» (Figure 1h, 11
and 1p). It should be indicated that the surface of EDA-Ti3C2 demonstrates a more
delicate and uniform texture than other samples (Figure 1m, 1n, 10). In addition, the
interlayer spacing in EDA-Ti;C; is obviously enlarged compared to HM-Ti3C> and
MEA-Ti3C,, and its cross-section indicates great cleanness without protrusions and
wrinkles akin to Ti3C; (Figure 1p). From the TEM image of EDA-Ti3C; (Figure S1a),
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a distinct layered structure can be observed with the size from 400 nm to several ums.
Furthermore, single-layer EDA-Ti3Cz is successfully prepared with the thickness
around 2.5 nm from the AFM image (Figure S1b).

Figure 2 gives XRD patterns for TizCo, HM-Ti3C2, MEA-Ti3C2 and EDA-Ti3Cs,
and all patterns are similar to previous reports[5]. Amino-modified TizC> samples only
exhibit the main (002) peak, indicating successful removal of Al layers during the
etching process. Figure 2b shows the shift in the position of (002) peak for different
Ti3Co, indicating the effect of amino modification on interlayer spacing. The

interlayer spacing (d) can be calculated according to Bragg's equation (Formula 6).

2dsin 6 = nA (6)
a —Ti,C, b Ad = = —Ti3C,
—— HM-Ti,C, 1 (002) —— HM-Ti,C,
(002) —— MEA-TI,C, —— MEA-Ti,C,
35 ——EDATI,C, | 3 —— EDA-Ti,C,
L3 &
2 =
‘B ‘»
c c
2 2
£ = |
I
1
|
— —— . :
10 20 30 40 50 60 70 5 6 7 8 9 10
2 Theta (degree) 2 Theta (degree)

Figure 2. XRD patterns (a) and diffraction peaks near the (002) crystal plane (b) for TizCo,
HM—Ti3C2, MEA—Ti3C2 and EDA—Ti3C2.

Table 1. Structural parameters from XRD

Sample 20 (degree) d spacing (A)
Ti3Ca 6.62 13.35
HM-Ti;C» 6.50 13.59
MEA-Ti3C, 6.43 13.74
EDA-Ti3C, 6.33 13.96

Table 1 summarizes the specific position of the (002) peak and corresponding
interlayer spacing. It can be observed that the 20 value decreases with the amino
modification. EDA-Ti3C> shows the smallest 20 at 6.33°, followed by MEA-Ti3C» at
6.43° and HM-Ti3C> at 6.50°, and Ti3C; has the largest 20 at 6.62°. Thus, EDA-Ti3C»
exhibits the largest interlayer spacing of 13.96 A, and it is 13.74 A and 13.59 A for
MEA-Ti3C2 and HM-Ti3Ca, respectively. While TizCz> shows the smallest interlayer
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spacing of 13.35 A. The results indicate that the introduction of amino can effectively
enlarge the distance between nanosheets of TizC, preventing the self-stacking of
Ti3C,, which is well consistent to results in Figure 1. However, there is no much
difference in the interlayer spacing among EDA-Ti;C2, MEA-Ti3C2 and HM-TisCs,
which may be due to the similar molecular size for HM, MEA and EDA. The largest
interlayer spacing of EDA-Ti3C2 may provide more TisC> surface for electrochemical
reaction, facilitating more H* ions (with a radius of 1.2 A) to participate in the
reaction during the rapid charge-discharge process[30]. Therefore, amino modification

is expected to enhance the electrochemical performance of TizCo.

a —Ti,C, b —Ti,C,

—— HM-Ti,C, AT, C, Ty —— HM-Ti,C,
—— MEA-TI,C, ——MEA-Ti,C,

P ——EDA-Ti,C, —_ Eg (Ti-T) ——EDA-Ti,C,

3 5

8 bl | &

2 p G 04 [ 3
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Figure 3. Raman spectra under the excitation of a 532 nm laser. (a) 100-2000 cm™ and (b)
100-800 cm™.

Raman spectra can provide rich information about the stacking, surface chemistry
and quality of Ti3Cz, and it can also be used to analyze surface functional groups.
Figure 3 shows Raman spectra under the excitation of a 532 nm laser for all samples,
and the peak positions are consistent to the reported before [5,31]. In the range of
100-800 cm™', A strong vibration feature at ~200 cm—1 is related to the Aj. (Ti, C and
O) mode, the out-of-plane vibration in MXene nanosheets. For this feature, Raman
shifts for TizC2, HM-Ti3Cz, MEA-Ti3C> and EDA-Ti3C; are 200.6, 197.2, 197.4 and
197.4 cm’!, respectively, and different Raman shifts are attributed to their intercalation
effects. The Raman shift decreases with the increasing interlayer spacing. Comparing
with Ti3Ca, there is a 3 cm™' Raman shift as amino sources are used. Furthermore,

wide features at 230-470 cm'! are generally attributed to a mixture of in-plane E, (Ti—
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Tx) and out-of plane Az (C) vibration modes, which are related to functional groups
attached to Ti atoms [5,32]. The main feature of in-plane E; (Ti—Tx) vibration is
observed from 360 to 460 cm ™!, and the A1, (C) vibration is also situated in this region
resulting from the attachment of C atoms to Ti and other terminal groups. The Eg (Ti—
Tx) features are found to be located at 394.3, 391.3, 388.4 and 386.8 cm™! for Ti;Ca,
HM-Ti3C,, MEA-Ti3C> and EDA-Ti3C, respectively. Furthermore, the features at 580
cm ! were attributed to the A, vibration of O atoms. In the range of 1000-1800 cm™,
two peaks at 1560 and 1340 cm™' could be observed for all samples. The peak at 1340
cm™!' (D-band) is associated with disordered graphite structure resulted from defects
and disorders in carbon-based materials, while the peak at 1560 cm™! (G-band) is
attributed to the vibration of sp2 hybridized carbon atoms in a 2D hexagonal lattice
[33], which is consistent to 2D structure of from the TEM in Figure S1. The intensity
ratio of D to G band (Ip/Ig) depends on the type of graphitic structure and reflects the
graphitization degree. EDA-Ti3C; exhibits the highest Ip/Ig of 0.80, which may be
due to more disordered structure and defects in EDA-Ti3Cs. In addition, D and G
bands shift towards higher wavelength with amino modification, indicating the
restoration of conjugated structures following the incorporation of nitrogen elements
into the Ti3C; lattice [34].

The N> adsorption-desorption isotherms (BET) for TizCo, HM-Ti3C,, MEA-Ti3Cs,
and EDA-Ti3C; are shown in Figure 4. All samples exhibit typical type IV isotherms,
with hysteresis loops characteristic of H3 type [35]. The relevant pore structure
related parameters are presented in Table 2. The specific surface area of Ti;C:
increases with amino modification. As indicated in XRD results (Figure 2), the
enlargement of interlayer spacing allows TizCz to generate more effective reaction
space. Here, EDA-TisC> exhibits the largest specific surface area (52.2 m?g?),
representing an increase of more than 200% compared to TisCz (16.7 m?g™!), and that
is 38.9 m’g! and 274 m?g' for MEA-TisC> and HM-Ti;Ca, respectively.
Furthermore, the pore size distribution in Figure 4b indicates that EDA-Ti;C:
primarily features mesoporous structures (2-50 nm), and the high BET surface area
facilitates sufficient contacts between electrode materials and H' during the
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electrochemical reaction. This enhances the efficiency of electrolyte ion transport and
diffusion, leading to more thorough reactions and improved -electrochemical

performance of supercapacitors [36].
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Figure 4. Nitrogen adsorption-desorption isotherms (a) and pore size distribution (b) for Ti3Ca,
HM-Ti3C,, MEA-Ti3C; and EDA-Ti3Co.

Table 2. BET results for all samples.

Sample Sper(m* g Vpore(cm® g'1)
Ti3Cs 16.7 0.021
HM-Ti3C, 27.4 0.018
MEA-TiC, 38.9 0.040
EDA-Ti;C, 52.2 0.062

To gain insights into the hydrophilicity of amino-modified TizC,, contact angle
measurements were conducted as shown in Figure S2. EDA-Ti3;C> shows the smallest
contact angle of 48°, representing a reduction of 31° compared to TizC (79°), and it
also decrease to 73° and 71° for MEA-Ti3C; and HM-Ti3Cs, respectively. The small
contact angle endows the good infiltration between MXene and electrolytes. This
improvement in the hydrophilicity may be attributed to the presence of more oxygen-
containing functional groups on their surfaces, as confirmed by XPS results later.

In addition, the electrical conductivity of TizC> has been measured (Figure S3).
The sheet resistance is 0.22 Q sq! for Ti3Ca, and it slightly increases to 0.41 Q sq’!,
0.55 Q sq! and 1.1 Q sq! for HM-Ti3C2, MEA-Ti3C> and EDA-Ti3C», respectively.
Correspondingly, the electrical conductivity shows a small reduction from 2155 S cm’
! for Ti3Ca to 1243 S cm™’, 1173 S cm™ and 239 S cm™! for HM-Ti3Ca, MEA-Ti3C and
EDA-Ti3C,, respectively. The interlayer spacing in Ti3C, is expanded due to the

amino modification, resulting in more discontinuous structures, and more surface-
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exposed Ti undergoes oxidization, thus the electrical conductivity is reduced to some
extent. However, the electrical conductivity of amino-modified TizCz is still
reasonable for the electrode material in supercapacitors. In addition, the enlargement
of interlayer spacing is beneficial to electrolyte ion transport and diffusion during the
charging/discharging process. Therefore, amino modification can effectively improve
electrochemical performance of TizCo.

Figure S4 gives FTIR for TizCo, HM-TizCo, MEA-Ti3C2 and EDA-Ti3C2. The
narrow and strong feature of -OH around 3409 cm! in Ti3C> can be observed, and as
the introduction of amino groups, the wide feature of -NH around 3450 cm™ appears,
which is mixed with the one from -OH. In addition, we can find the dn-u around 1620
cm’!. Furthermore, the intensity of C-F is reduced in amino-modified TizCz. Thus we
can confirm the successful modification of amino in MXenes, which partially

replaced -F in the surface of MXenes.
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Figure 5. XPS survey scan (a) and N 1s (b) for TizC,, HM-Ti3C,, MEA-Ti3C; and EDA-Ti3Co.

Figure 5 presents XPS spectra for TizCo, HM-Ti3C2, MEA-Ti3C> and EDA-Ti3C».
In the survey scan, major features are displayed corresponding to C 1s, N 1s, Ti 2p, O
Is and F 1s. Table S1 list element contents in various Ti3C, and it can be observed
that EDA-Ti3C; has the nitrogen content of 3.93%, which is much higher than that in
HM-Ti3C; (2.75%) and MEA-Ti3C, (2.78%), respectively. EDA-Ti3C; also exhibits
the lowest fluorine content of 5.77%, much lower than HM-Ti3C> (9.72%) and MEA-
Ti3C2 (8.67%), respectively. The nitrogen may replace a considerable portion of -F in
the surface of TizC; [30]. N 1s spectra in Figure 5b reveal five features for EDA-
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Ti3Ca: nitrogen oxide (N-O, 403.23 eV, 11.41%), quaternary nitrogen (N-Q, 401.35
eV, 38.29%), pyrrolic nitrogen (N-5, 400.09 eV, 10.52%), pyridinic nitrogen (N-6,
399.38 eV, 15.00%), nitride (N-Ti, 397.13 eV, 2.24%) and amino (-NH2, 399.8,
22.54%) [36]. Table S2 lists the detailed analysis of N 1s. The results indicate that
beside the amino group, the partial nitrogen combines with carbon in the carbon
lattice of TizCy layers to form C-N bonds (N-Q, N-5, N-6), while the remaining
nitrogen replaces carbon to form N-Ti bonds. The N-O bonds may be due to partial
oxidation of TizCy during the doping process. Compared to HM-TizC, and MEA-
Ti3C2, EDA-Ti3C; shows the highest content of amino groups, relatively high content
of N-6 and N-Q, while with the least content of N-5, N-O and N-Ti. As EDA has good
nitrogen migration due to its better electron-donating nature than HM-Ti3C, and
MEA-Ti3C,, and it can combine with Ti3C, surface more effectively, therefore, N-Q
becomes the predominant type (38.29%) in EDA-Ti3C;. In addition, suitable
temperature and sufficient stirring speed promote the formation of high-energy N-Q
and transform unstable N-5 (10.52%) into more stable N-6 (15.00%). Moreover, N-6
provides electron pairs in conjugation with =m orbitals, therefore, EDA-TizC>
exhibiting the electron-donating characteristic, which is beneficial to high
capacitance. In addition, N-O bonds may adversely affect the electrochemical
performance by reducing active reaction sites, resulting in decreased capacitance,

while N-Ti bonds are considered to contribute less to the overall process [37].
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Figure 6. High-resolution XPS of Ti 2p (a), C 1s (b) and O 1s (c) for TizC,, HM-Ti3C,, MEA-
Ti3C,, and EDA-Ti3Cs.

To further investigate the distribution of surface functional groups, high-resolution

XPS is performed on Ti 2p (Figure 6a). Two main features correspond to Ti 2p1/2
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and Ti 2p3/2. In Ti3C,, these include the main Ti-C (455.42 eV, 461.5 eV), surface Ti-
O (456.7 eV, 462.7 ¢V) and O-Ti-O (459 eV, 464.2 ¢V). The features for EDA-Ti3C;
are Ti-C (455.4 eV, 461.5 eV), Ti-O (456.3 eV, 462.8 ¢V) and O-Ti-O (458.6 eV,
464.2 eV) with the new appearance of Ti-N (456.7 eV, 463.2 eV). Besides the
emerged Ti-N, the O-Ti-O in EDA-Ti3C, is different from TizC, with stronger
intensity. While, MEA-Ti3C, and HM-Ti3C2 show no significant difference in the
features other than Ti-N bond. For MEA-Ti3C,, the main features correspond to Ti-C
(455.7 eV, 461.8 eV), Ti-O (456.7 eV, 462.5 eV), O-Ti-O (458.8 eV, 464.2 eV) and Ti-
N (457.0 eV, 462.8 eV). For HM-Ti3C, they are Ti-C (455.4 eV, 461.7 eV), Ti-O
(456.3 eV, 462.8 eV), O-Ti-O (458.8 eV, 464.0 eV) and Ti-N (456.7, 463.2 eV). The
detailed analysis of Ti 2p is given in Table S3, and the Ti-N confirms the successfully
amino modification. The polarity of Ti-N bond is beneficial to the adsorption capacity
for H" on electrode surface during the electrochemical reaction.

The C 1s spectra are shown in Figure 6b. In TizCy, there are five main features at
282.1, 282.7, 284.75, 286.3, and 288.6 eV, corresponding to C-Ti, C-Ti-O, C-C, C-O
and C=0, respectively. With the amino modification, additional C-N bond appears.
For HM-Ti3C,, the peaks are at 282.2, 283, 284.8, 285.8, 286.4, and 288.8 eV,
corresponding to C-Ti, C-Ti-O, C-C, C-N, C-O and C=0. Similarly, MEA-Ti3C;
exhibits corresponding peaks at 282.3, 283.1, 284.7, 285.4, 286.5, and 288.8 eV.
EDA-Ti3C; shows characteristic peaks at 281.9, 282.7, 284.7, 285.7, 286.3, and 288.6
eV. From Table S4, it can be observed that C-Ti bond shifts from 282.1 eV to a lower
binding energy of 281.9 eV in EDA-Ti3Cz. For C-Ti-O bond, its binding energy
increases from 282.7 eV in TizC; to 283 eV and 283.1 eV in HM-Ti3C; and MEA-
Ti3Co, respectively, and the content of C-Ti-O bond also increases especially in HM-
Ti3C,, while it remains the same as TizCz in EDA-Ti3C,, and the content shows the
lowest in all Ti3C, indicating that more oxidization of Ti in HM-Ti;C> and MEA-
Ti3C; than that in EDA-Ti3Cs.

As shown in Figure 6¢, O 1s mainly includes three characteristic features: TiO2, C-
Ti-O and C-Ti-OH[38], which are located at 530, 531.9, and 533.1 eV, respectively
for Ti3Ca. For all amino-modified TizCz, they exhibit nearly the similar O 1s with
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Ti3C,, only different in their contents. Table SS lists the detailed analysis of O 1s. It
can be observed that the content of TiO> increases in amino-modified Ti3C,, which
means that oxidization happens during the amino modification. In addition, the
highest content of C-Ti-OH shows more functional groups (-OH) in EDA-Ti3C> than
HM-Ti3C; and MEA-Ti3C,. Furthermore, all TizC> exhibit the highest content of the
main feature of C-Ti-O, which means that the presence of -O functional groups on the

surface.
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Figure 7. (a) CV of EDA-Ti3C; at different scanning rates. (b) GCD of EDA-Ti3C; at different
current densities. (¢) Nyquist plot in the frequency from 0.01 Hz to 100 kHz for TisC,, HM-
Ti3Cy, MEA-Ti3C, and EDA-Ti3C,. Inserted are magnified plots at high frequency and the
corresponding equivalent circuit model. (d) CV of Ti;C,, HM-Ti3C,, MEA-Ti3C, and EDA-
Ti3C2 at 2 mV S'l. (e) GCD of Ti3C2, HM—Ti3C2, MEA—Ti3C2 and EDA—Ti3C2 at 1 A g‘l. (f)

Capacitance retention at different scanning rates.

Based on the characterizations of amino-modified TizC,, electrochemical
measurements are conducted with a three-electrode configuration, in which 1 M
H>SO4, Ag/AgCl and activated carbon rod work as the electrolyte, reference and
counter electrodes, respectively. We conducted CV measurements at different scan
rates (Figure 7a, Figure S5). It is observed that there is no polarization phenomenon
even at high scan rate of 200 mV s within the voltage from -0.35 to 0.05 V,
indicating excellent charge storage capacity and high-rate stability in MXene
electrodes. In addition, GCD measurements are performed at various current densities
(Figure 7b). All samples exhibit highly reversible redox reactions and efficient
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charge-discharge processes.

Furthermore, EIS is conducted in the frequency range of 10 to 100 kHz. Figure 7c
shows the Nyquist plot of TizC>, HM-Ti3C2, MEA-Ti3C, and EDA-Ti3C; electrodes.
All EIS curves consist of a semicircular arc in the high-frequency region and a
straight line in the low-frequency region. Generally, the diameter of the semicircular
arc is related to the charge transfer resistance (Re), reflecting the transfer efficiency at
the interface between the electrode and electrolyte. Ree values are 0.0082, 0.035,
0.0094, and 0.0278 Q for HM-Ti3C2, MEA-Ti3C,, EDA-Ti3C> and Ti3C, respectively.
Small R¢ value indicates good conductivity and a large electroactive surface area in
contact with H'. The intercept on horizontal axis is related to the series resistance
(Rs), which consists of the intrinsic resistance of the active material, the ionic
resistance of the electrolyte, and the contact resistance between the electrode and the
electrolyte. While the straight line reveals the influence of Warburg impedance due to
capacitance characteristics and ion diffusion. Ry values are 0.737, 0.775, 0.844 and
0.754 Q for HM-Ti3C,, MEA-Ti3C,, EDA-Ti3C; and TizCa, respectively. EDA-Ti3Cs
exhibited the highest internal resistance, which is consistent to the conductivity results
in Figure S3.

The comparison of CV curves at 2 mV s is shown in Figure 7d, and specific
capacitances at different scan rates are listed in Table S6. Amino-modified TizC
shows larger specific capacitance than TisC2 (357 F g') at 2 mV s!. The reason may
be due to large interlayer spacing in the modified TizC,, which restrains the self-
stacking of nanosheets and ensures better contact between TizCz and electrolyte ions.
In addition, amino modification can provide more active sites, which enables fast
redox reactions on the surface of modified TisC: electrodes. It should be indicated that
EDA-Ti3C, exhibits the largest CV integration area with the largest specific
capacitance of 683 F g!, which is much higher than other modified TizC electrodes
(HM-Ti3Ca: 470 F g'!, MEA-Ti3Ca: 553 F g!). The modification of TisC, with EDA
can provide the largest interlayer spacing with highest specific surface area, which
helps to the electrolyte ion transport and diffusion, leading to more thorough reactions
and improved electrochemical performance. In addition, there are more abundant
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functional groups (-O, -OH, N-Q) in EDA-Ti3C; resulted from the stronger electron-
donating nature of EDA than HM and MEA, which ensures more active sites for the
electrochemical reaction. In addition, for better understanding of the improvement by
amino modification, specific capacitances from GCD curves are also given (Table
S7). Bow two values from CV and GCD show the same trend with the amino
modification of Ti;C».

Figure 7e presents GCD curves at the current density of 1 A g'! for all samples. All
profiles exhibit quasi-triangle shapes, indicating good Coulombic efficiency and
EDLC performance. The slight deviation from triangle shapes can be attributed to the
pseudocapacitance caused by the redox-active N, O functional groups. Much longer
discharge time of EDA-Ti3C, than others suggests higher adsorption/desorption
capacity for electrolyte ions in EDA-Ti3Cz, which is beneficial for the capacitance.
This agrees well with the larger CV integration area of EDA-Ti3C,. The rate
performance is thus obtained in Figure 7f. Specific capacitances for amino-modified
TizCz exhibit much higher values than that of Ti3Ca in all scan rates. At 200 mV s,
Ti3C2 shows the lowest capacitance retention (32.77%) of the initial, while it is
47.46%, 46.11% and 41.43% for HM-TisC;, MEA-Ti3C; and EDA-Ti3Co,
respectively. The results indicate that the electrochemical performance of TizCs is
effectively improved by amino modification, which enhances the degree of electrode
redox and ensures the reaction to be fully reversible even at high rates.

For high-performance supercapacitors, the cyclic stability is another crucial factor.
Figure S6 shows the cyclic stability at 50 mV s™! for Ti3Co, HM-TisC2, MEA-Ti3C>
and EDA-Ti3C,, and the inset gives CV curves of the first and last cycles. All
modified Ti3C> exhibit excellent cyclic stability with the capacitance retention of over
97% after 10000 cycles, although it is a little bit lower than the Ti3C». This may result
from the unstable N-Q in modified TizCz, which is prone to breakage after long-term
cycling, leading to irreversible redox reactions. To explain the cyclic stability of
electrochemical performance, we investigate the morphology after cycling for all
samples (Figure S7). As the electrode is prepared by coating the slurry onto copper
foam, it’s not possible to get their cross-section images after cycling. However, their
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surface images still exhibit good morphology comparing with that before cycling as
shown in Figure 1, which indicates well-preserved structure after cyclic stability. For
example, EDA-Ti3C> demonstrates very flat and smooth surface. Therefore, the

amino-modified Ti3C> can keep excellent cyclic stability.
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Figure 8. EDA-Ti;C, symmetric supercapacitor (a) CV curves at scanning rates of 2-200 mV s,
(b) GCD curves at different current densities from 1 to 5 A g'!, (¢) Long-term cyclic tests from 1
to 10000 cycles at a scanning rate of 50 mV s, TizC, symmetric supercapacitor (d) CV curves at
scanning rates of 2-200 mV s, (¢) GCD curves at different current densities from 1 to 5 A g,
(f) Long-term cyclic tests from 1 to 10000 cycles at a scanning rate of 50 mV s™!. (g) EIS curves
of EDA-Ti3C, and TisC, symmetric supercapacitors. Inserted are magnified plots at high
frequency and the corresponding equivalent circuit model. (h) Different energy density and
power density curves of the two symmetric supercapacitors. (i) Illumination of a red LED by
connecting three EDA-Ti3C, symmetric supercapacitors in series.

To understand the effect of amino modification on Coulombic efficiency, Figure S8
gives Coulombic efficiency for both three-electrode and symmetric supercapacitors
with Ti3C> and EDA-Ti3C,. Amino-modified Ti3C; is observed to exhibit much higher

Coulombic efficiency than TizC; at all current densities, with over 120% at 1A g™! for
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EDA-Ti3C; as the electrode. For symmetric supercapacitors, the same conclusion can
be obtained. Moreover, Coulombic efficiency is very stable for EDA-TizC; with the
value over 100% from 1 A g! to 5 A g!. Therefore, amino modification is an effective
strategy to improve Coulombic efficiency of TizCz-based supercapacitors.

To validate the feasibility of amino-modified Ti3C, electrodes in energy storage
application, symmetric supercapacitor is fabricated with EDA-Ti3C; as the electrode
and 1 M Na»SOs as the electrolyte, and the reference device is also prepared based on
Ti3Ca. The results are given in Figure 8.

All CV curves exhibit regular and symmetric rectangular shapes, which is
consistent to that in three-electrode system. As the scan rate increases from 2 mV s’!
to 200 mV s, CV curves still keep a good shape without any polarization (Figure 8a
and d), demonstrating excellent rate capability and outstanding capacitance
performance of the symmetric supercapacitors. GCD curves are plotted in Figure 8b
and e. Within a wide voltage window of -0.6 to 0.6 V, which present approximately
linear and symmetric profiles. Values of specific capacitance are calculated from
formula (2), which are listed in Table S8. The EDA-Ti3C> symmetric supercapacitor
exhibits a specific capacitance of 39.3 F g'! at 1 A g’!, which is nearly twice that of the
TisC> symmetric supercapacitor (21 F g'). In addition, cyclic stability is evaluated
with 10000 cycles by continuous CV measurements at 50 mV s!, which is shown in
Figure 8c and 8f. The EDA-Ti3C, symmetric supercapacitor demonstrates almost the
same cyclic stability (94.7%) as that based on Ti3C> (94.8%), indicating a long cycling
lifetime and good electrochemical stability. Figure 8g gives the Nyquist plots in the
frequency range of 10 to 100 kHz for both symmetric supercapacitors, from which
the Rs value is obtained to be 3.262 Q and 1.341 Q, and Ret value is 0.515 Q and
0.293 Q for symmetric supercapacitors based on Ti3C, and EDA-Ti3Co, respectively.
Due to the strong reducing nature of EDA, numerous oxygen-containing functional
groups on the surface of EDA-Ti3C> have been converted to nitrogen-containing
functional groups, as confirmed by XPS analysis. Consequently, in Figure 8g, it is
evident that the Rs of EDA-Ti3C> is significantly greater than that of Ti3C», which is
consistent with the conductivity values presented in Figure S3.
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Furthermore, the effect of amino modification on energy density and power density
of symmetric supercapacitors has been investigated (Figure 8h). The EDA-Ti;C:
device achieves maximum energy density of 7.87 W h Kg'! at power density of 600 W
Kg!. Even at an increased power density of 3000 W Kg'!, the energy density still
remains at 6.34 W h Kg!. Compared to the TisC> device with a maximum energy
density of 4.2 W h Kg'!, the performance is improved by 87% with the introduction of
EDA. In addition, when compared to previously reported MXene-based
supercapacitors, such as, LT-TisC2Tx (5.67 W h kg !, 589 W kg 1)[39]; MP-MX; s
(6.3 Whkg!, 56 Wkg ")[40] ; MoS>-TisCoTx (5.1 W h kg!, 298 W kg ")[41] and
MnO»/TisCz (3.3 W h kg, 2376 W kg !)[42], the EDA-Ti3C> device exhibits strong
advantages in terms of its capacitance performance. Table S9 gives the comparison of
energy density and power density of different electrodes. As shown in the real picture
(Figure 8i), the EDA-Ti3C> symmetric supercapacitor can provide a stable power
source for a Light Emitting Diode (LED) indicator light. This confirms the reliability
of amino-modified Ti3C, symmetric supercapacitors as a promising power source in

the future.

4. Conclusion

In summary, we propose the amino modification of TizC, MXenes for high-
performance supercapacitors. For three typical amino sources (HM, MEA and EDA),
EDA provides the functionalized Ti3Cz with the highest nitrogen content (3.93%) and
the lowest fluorine element content (5.77%). In addition, it ensures the largest
interlayer spacing (13.96 A) and the highest specific surface area (52.2 m?g™!"), which
helps to the electrolyte ion transport and diffusion. In addition, there are more
abundant functional groups (-O, -OH, N-Q) in EDA-Ti3C; resulted from the stronger
electron-donating nature of EDA than HM and MEA, which ensures more active sites
for the electrochemical reaction. As a result, the three-electrode supercapacitor based
on EDA-Ti3C; exhibits a high specific capacitance of 683 F g'! at 2 mV s™'. Even after
10,000 cycles, the capacitance retention remains above 97.3%. Furthermore, the

symmetric supercapacitor with EDA-Ti3C, electrode demonstrates a high energy
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density of 7.87 W h Kg™!'at 600 W Kg!, and it could maintain an energy density of
6.34 W h Kg'! at an increased power density of 3000 W Kg™!, which is competitive to
other similar reports. The functionalization demonstrates a facile and effective method
to improve the capacitance properties of MXenes, which is closely related with the
surface chemistry of MXenes. This work not only provides guidance for the selection
of amino sources in surface modification strategies but also offers insights for the
design of high-performance MXene-based supercapacitors in the future. However, the
control of surface chemistry in MXenes is still a challenge, which definitely provides
a variety of opportunities.
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