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ABSTRACT: Two-dimensional transition-metal carbides and
nitrides “MXenes” have demonstrated great potential as electrode
materials for electrochemical energy storage systems. This is
especially true for delaminated Ti3C2Tx, which already shows
outstanding gravimetric and volumetric capacitance, with areal
capacitance limited by thickness (only a few microns). However,
the performance of multilayer Ti3C2Tx has been more modest.
Here, we report on using metal cation (viz., Na+, K+, and Mg2+)
pre-intercalated multilayer Ti3C2Tx as electrodes for aqueous
supercapacitors. These electrodes are scalable and amenable to roll-
to-roll manufacturing, with adjustable areal loadings of 5.2 to 20.1
mg/cm2. K−Ti3C2Tx exhibited the highest capacitances at different
scan rates. A gravimetric capacitance comparable to that of
delaminated MXene of up to 300 F/g was achieved for multilayer K−Ti3C2Tx but with an outstanding ultra-high areal capacitance
of up to 5.7 F/cm2, which is 10-fold higher than the 0.5 F/cm2 of delaminated MXene and exceeds the 4.0 F/cm2 of
microengineered MXene electrodes.
KEYWORDS: MXene, titanium carbide, intercalation, supercapacitor, areal capacitance

■ INTRODUCTION
Electrochemical energy storage is an important frontier as the
use of renewable energy sources increases. Modern energy
grids will require both batteries and supercapacitors to
incorporate renewable energy sources.1 While batteries display
excellent energy density, they have lower power density and
thus charging and discharging cycles can take a long time due
to the kinetics of the reactions responsible for their charge
storage.1−3 The mechanism for supercapacitors, on the other
hand, can be a combination of processes, including surface
faradaic processes (pseudocapacitors) as well as electric double
layer capacitance (EDLC).1,2 Because these processes are
largely dependent on surface interactions rather than bulk ion
transport as in batteries, they have excellent power density,
with modest energy density, and are useful for applications
where fast cycling is key.2,3 Pseudocapacitors are able to store
energy through fast and reversible redox reactions on material
surfaces. Many of the prime candidates for these redox
reactions suffer from poor electrical conductivity (e.g., MnO2
has an electric conductivity of 10−5 to 10−6 S/cm).4 Another
example for one of the most promising pseudocapacitive
materials, RuO2, is expensive due to the scarcity of ruthenium
in the Earth’s crust.1,3,5,6 Therefore, it is necessary to develop
high-performance electrode materials with high electrical
conductivity and low cost.

MXenes are a large family of electrically conductive two-
dimensional (2D) transition-metal carbides and nitrides, first
described in 2011.7−9 MXenes have a core composition of
Mn+1Xn, where M is one or more early transition metals, X is
carbon and/or nitrogen, n = 1−4, and they are further
terminated by species, denoted Tx, such as −OH, −O, and
−F.7,10−12 MXenes are synthesized by the selective etching of
atomically thin metal layers from layered ceramic called MAX
phases.7−9 The etching results in exfoliated multilayer MXene
with a mixture of hydrogen bonding and van der Waals
forces.10 As layered materials with weak interlayer bonding,
multilayer MXenes are also able to host a number of ions from
monovalent and multivalent cations5,11,13−17 to small mole-
cules18,19 and even large alkylammonium cations.20,21 The
ability to intercalate ions makes MXenes attractive candidates
for many applications such as catalysis,22 sensing,23,24 water
purification,25 and electrochemical energy storage.8,21,26−29

Intercalation of substances such as tetrabutylammonium
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cations30 and dimethyl sulfoxide27 can be used to expand the
interlayer spacing (d-spacing) of MXene, further weakening
the intermolecular forces holding the layers together, thus
allowing MXenes to be delaminated into single sheets.

When tested as electrode materials for supercapacitors in a
sulfuric acid (H2SO4) aqueous electrolyte, multilayer MXenes
exhibit moderate gravimetric capacitance of around 100 F/
g.6,11,31 On the other hand, electrodes made of delaminated
MXene sheets show excellent gravimetric (∼400 F/g) and
volumetric (>900 F/cm3) capacitances, but their areal
capacitance is limited to about 0.5 F/cm2 due to their thinness
(2−20 μm).6,11 Various processing can be done to further
enhance the areal capacitance of electrodes made of
delaminated MXene, such as using it in hydrogel form or
making it macroporous6 and growing other structures onto it
such as metal−organic frameworks,32 but these modifications
are labor-intensive and challenging for the roll-to-roll
manufacturing process common for commercial supercapacitor
production.6 Similarly, post etching processing with H2SO4
coupled with flake-size control has been shown to increase the
rate capability at scan rates over 100 mV/s as well as improving
areal capacitance to more than 3 F/cm2, but it suffers from
similar commercialization limitations.33 Since the materials
which are both flexible and demonstrate high areal capacitance
are important for use in flexible electronics,34 a scalable
method to enhance the areal capacitance of multilayer Ti3C2Tx
is desirable. This includes producing electrodes more similar to
commercially manufactured carbon-based supercapacitor elec-
trodes (∼100−200 μm thick, ∼10 mg/cm2).35

Intercalation has been used to enhance the capacitance of
other MXenes. For example, lithium and sodium intercalated
V2CTx-delaminated papers were tested in a variety of
electrolytes.36 Na−V2CTx showed a gravimetric capacitance
over 275 F/g, which is more than double the capacitance of
pristine V2CTx, and volumetric capacitance over 1300 F/cm3,
which is among the highest volumetric capacitances reported
for MXenes.36 Potassium intercalated few-layer Ti3C2Tx was
recently demonstrated to enhance performance in potassium-
ion hybrid capacitors due to the increased porosity and
interlayer spacing as well as optimized solid electrolyte
interphase formation.37 Another study using electrochemical
methods to intercalate alkali metal cations into Nb2CTx
showed that intercalation of lithium led to improved
supercapacitor performance in this system.38 Urea treatment
for Ti3C2Tx multilayer MXene also increased the volumetric
capacitance by 56% and caused more pronounced peaks in the
cyclic voltammetry (CV), suggesting more pseudocapacitive
behavior as compared to pristine multilayer Ti3C2Tx.

39 In the
same study, X-ray absorption spectroscopy (XAS) showed that
the oxidation state of Ti in urea-treated Ti3C2Tx was shifted
higher than that of the non-intercalated MXene.39 Molten salt
etching yielding Ti3C2Tx with Cu/Co between the layers was
also used to prepare aqueous supercapacitors with 290 mF/
cm2 areal capacitance.40 Recently, intercalation of polymers
was shown to greatly increase the capacitance of multilayer
Ti3C2Tx in room temperature (RT) ionic liquid electrolytes,
allowing these larger cations into the interlayer spaces during
cycling.21

Figure 1. (a) Schematic for intercalation of multilayer Ti3C2Tx (OH is used to represent surface terminations for simplicity) by etching using 10 wt
% HF with LiCl followed by ion exchange through soaking in ion chloride aqueous solutions. (b) XRD patterns of pristine and intercalated MXene
before and after vacuum annealing at 110 °C for 4 h and electrodes after 3000 cycles at 20 mV/s (black lines�before annealing, purple lines�after
annealing, and orange lines�after 3000 cycles). (c) Typical cross-sectional SEM image of the prepared electrode, showing multilayer MXene
particles (large smooth particles), carbon black (fine particles in clusters), and PTFE threads (faint threads). (This image shows K−Ti3C2Tx.)
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Ab initio molecular dynamics (MD) of cation-intercalated
Ti3C2Tx shows that different cations will demonstrate different
position and hydration levels when intercalated.41 Of the
cations we studied, K+ and Na+ tend to be found very close to
the surface of the MXene layers, whereas Mg2+ is more
centrally located.41 Our previous study using XAS on cation
pre-intercalated Ti3C2Tx showed that cation intercalation
shifted the Ti L-edge onset for intercalated Ti3C2Tx relative
to that of pristine Ti3C2Tx, in all cases shifting the oxidation
state higher when compared to non-intercalated Ti3C2Tx.

5

Also, the change of the Ti L-edge was found to be dependent
on the intercalated cation. When the intercalated materials
were dispersed in 10 mM H2SO4, the titanium oxidation state
was much lower, and the differences between different
intercalated and non-intercalated Ti3C2Tx became negligible.5

Herein, we show that pre-intercalation of Ti3C2Tx with
cations during the synthesis process (Figure 1a) can
significantly enhance the electrochemical performance in
supercapacitors with H2SO4 aqueous electrolytes. This simple
modification produces supercapacitors with gravimetric
capacitance up to 300 F/g, comparable to those for electrodes
made from delaminated layer MXene sheets, but with
significant areal capacitance of up to 5.7 F/cm2, without
excessive nano-engineering of the electrodes. We used XAS to
demonstrate the effect of these intercalants on the oxidation
state of Ti, which was supported with DFT calculations.
Finally, ReaxFF calculations were used to understand the
dynamics of the intercalated cations.

■ EXPERIMENTAL SECTION
Synthesis of Intercalated Ti3C2Tx. Ti3AlC2 was synthesized

similarly to previously published reports.5,42 Briefly, titanium (Ti,
99.5%, -325 mesh, Alfa Aesar), aluminum (Al,99.5%, -325 mesh, Alfa
Aesar), and graphite (C, 99%, APS 7−11 μm, Alfa Aesar) powders
were mixed in an atomic ratio of 3.00:1.20:1.88, respectively, using
yttrium-stabilized zirconia balls in a Turbula T2F mixer for 3 h. The
powders were then heated in a tube furnace under flowing argon, Ar,
at a heating rate of 10 °C/min until it reached 1600 °C, held at that
temperature for 2 h, and then was allowed to cool down in the furnace
to RT. Cation-intercalated Ti3C2Tx samples were produced similarly
to previous work.5,14,15 Ti3AlC2 was ground and sieved to a -325 mesh
and then slowly added to a solution of lithium chloride (LiCl, 98.5%,
Fisher) in 10 wt % aqueous hydrofluoric acid (HF, 48−51%, Sigma-
Aldrich) with a ratio of 1 g of Ti3AlC2 to 10 mL of etching solution, in
which the molar ratio of Ti3AlC2/LiCl was 1:5. The reaction mixture
was stirred for 24 h at RT. After etching, the powders were washed
with excess deionized (DI) water until a pH > 6 was reached. The wet
powders were washed with 37% hydrochloric acid (HCl, Fisher), with
a ratio of 30 mL of HCl solution to 1 g of powder. This was
centrifuged, and the supernatant was discarded. Another 30 mL of
HCl solution for each 1 g of powder was added again to the
centrifuging vial, and the sedimented powders were redispersed using
vortex. This acid washing step was performed 5 times in total. After
the acid washing steps, the powders were washed with excess DI water
until a pH > 6 was reached again. The washed wet powders were
divided into four equal portions, and each portion was soaked in 40
mL of a solution of 1 M NaCl, 1 M KCl, 0.5 M MgCl2, or 1 M HCl
(for non-intercalated MXene, hereafter labeled pristine MXene) at RT
for 1 h and then centrifuged, discarding the supernatant. The powders
were again soaked in fresh solutions (same as the ones in the latest
step) at RT for 24 h. Finally, the mixtures were washed with DI water
3 times, discarding supernatants at each step. The intercalated
powders of Na−, K−, and Mg−Ti3C2Tx MXenes, and pristine
Ti3C2Tx were dried by vacuum-assisted filtration.

Characterization. X-ray diffraction (XRD) patterns for all
Ti3C2Tx samples were obtained using a Rigaku DMAX 2200 Cu

Kα X-ray diffractometer using a step size of 0.02° and a 1°/min dwell
time. Silicon was used as an internal reference in powder samples.
Some samples for XRD were also vacuum-annealed for 4 h at 110 °C
to remove bulk water. Scanning electron microscopy (SEM) images
were taken using a Hitachi 4800 field effect scanning electron
microscope with an accelerating voltage of 3 KeV. To confirm full
etching and cation intercalation, energy-dispersive X-ray spectroscopy
(EDS) was performed with an accelerating voltage of 30 KeV using a
Hitachi 3400 scanning electron microscope with an Oxford EDS tube
and Inca software. EDS was performed on as-synthesized powders and
electrodes after galvanostatic testing.

Preparation of Supercapacitor Electrodes and Electro-
chemical Cells. Electrodes were prepared by mixing 90 wt %
Ti3C2Tx with 5 wt % carbon black (Fisher) and 5 wt %
polytetrafluoroethylene (PTFE) (60 wt % dispersion in H2O, Alfa
Aesar) in ethanol as a solvent. The slurry was mixed with a mortar and
pestle and then hand-rolled to produce a flexible freestanding
electrode with controlled thickness in the ranges of 30−35 μm
(areal loading of 4.2−5.2 mg/cm2), 70−77 μm (areal loading of
10.2−13.4 mg/cm2), and 100−105 μm (areal loading of 20.1 mg/
cm2). A cross-sectional SEM image of a typical electrode (in this case,
K−Ti3C2Tx) is shown in Figure 1c, where the multilayer MXene and
carbon black can be seen in a network of PTFE fibers. Counter
electrodes of 95 wt % YP50 Kuraray active carbon (MTI Corp.) and 5
wt % PTFE with ethanol as the solvent were prepared in the same
manner. The electrodes were dried by annealing at 110 °C for 4 h in a
vacuum oven. These electrodes were cut using a 5 mm diameter
punch and assembled into Swagelok three-electrode cells with an
aqueous 1 M H2SO4 electrolyte using glass fiber separator and glassy
carbon current collectors. Active carbon counter electrodes with a
weight of more than 3 times the working electrode weight were used.
The reference electrode used was Hg/Hg2SO4 with a 1 M H2SO4
supporting electrolyte. All voltages reported here are versus Hg/
Hg2SO4. It is worth noting that when the commonly used Ag/AgCl
reference electrode in the 1 M KCl supporting electrolyte was used in
the H2SO4 electrolyte, potassium leaching from the supporting
electrolyte took place and potassium was detected in the MXene
electrodes. To eliminate the possible effect of external potassium on
the performance of the MXene electrode, Hg/Hg2SO4 with the 1 M
H2SO4 supporting electrolyte was used here. All the voltages reported
here are vs Hg/Hg2SO4.

Cells were tested using a Bio-Logic VMP3 potentiostat to collect
electrochemical impedance spectroscopy (EIS), CV, and galvanostatic
cycling with potential limitation (GCPL). EIS with a frequency range
from 300 kHz to 10 mHz with a sinus amplitude of 10 mV was
measured after 1000 precycles of CV at 100 mV/s. CV curves were
collected, after precycling and EIS, in a voltage window from −0.2 to
−1.2 V and scan rates of 5, 10, 20, 50, 100, and 200 mV/s. GCPL
testing was conducted between −0.2 and −1.2 V at a specific current
of 5 A/g.

X-ray Absorption Spectroscopy. XAS measurements were
performed at the U49/2 PGM-1 beamline of the synchrotron
BESSY II using the LiXEdrom endstation. The spectra were recorded
in total electron yield mode after sticking the dry MXene electrode
onto a conductive tape. For the MXene sample dispersed in 1 M
H2SO4, a drop of the solution was cast on a conductive silicon
substrate for measurements.

X-ray Photoemission Spectroscopy. The X-ray photoelectron
spectroscopy (XPS) measurements were performed on the as-
prepared powder samples using the K-Alpha XPS System from
Thermo Scientific. The photon source was a monochromatized Al Kα
line (hν = 1486.6 eV). The spectra were acquired using a spot size of
400 μm and constant pass energy. A combined low energy electron/
ion flood source was used for charge neutralization. A vacuum transfer
vessel was used to protect the sample from oxidation. Data were
processed using CasaXPS software, and the high-resolution regions
were fitted after correcting using adventitious carbon in the C 1s scan.

Computational Details. DFT calculations were performed by
using the Vienna ab initio Simulation Package.43 The projector-
augmented wave potential was used to treat the nuclei−electron
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interaction.44 The Perdew−Burke−Ernzerhof functional within the
generalized gradient approximation was used for the electron
exchange−correlation.45 An energy cutoff of 500 eV was chosen for
the plane wave basis sets. The DFT-D3 method was adopted to
include the van der Waals interaction.46 All degrees of freedom were
relaxed with convergence criteria of 10−5 eV in energy and 0.01 eV/Å
in force.

A 1 × 1 × 2 supercell containing two AB-stacked Ti3C2O2 formula
units was adopted to model Na/K pre-intercalated MXene, while a 1
× 2 × 2 supercell containing four AB-stacked Ti3C2O2 units was used
for Mg pre-intercalated MXene. k-point meshes of 7 × 7 × 1 for Na/
K−Ti3C2Tx and 7 × 4 × 2 for Mg−Ti3C2Tx were employed to sample
the Brillouin zone. The oxidation states were estimated by the
correlation between the nominal oxidate states and the Bader
charges.47−49

The ReaxFF reactive force [A,B] field-based MD simulations were
performed using the AMS suite distributed by SCM (see www.scm.
com), with the updated parameters for the Ti3C2Tx MXene force field
from our recent work.50 A 24.90 × 27.70 Å layer of Ti3C2Tx [Tx: 50%
O2, 50% (OH)2] was first solvated in bulk water at 600 K NVT-MD
simulation until the edges were terminated with OH-groups from
water dissociation. This was followed by the intercalation of K+ using
grand canonical Monte Carlo (GCMC) to ensure energetically
optimal placement of K+ over the MXene surface. The GCMC
simulation was terminated once ∼0.11 K+ per 3 Ti were intercalated.
The K+ intercalated, edge-terminated Ti3C2Tx MXene layer was then
placed in a 54.57 × 55.64 × 13.18 A periodic cell solvated by a 4 M
H2SO4 solution. This system, comprising 3586 atoms, was first
equilibrated under NPT-MD simulation at 300 K and 1 atm for 200
ps, followed by an NVT-MD simulation at 500 K for 1.48 ns for data
gathering. The elevated temperature and higher concentration of
H2SO4 were chosen to accelerate the dynamics within the sampling
time and length scales of the simulations.

■ RESULTS AND DISCUSSION
Pre-intercalated MXenes used here were synthesized by
selective etching of Al from Ti3AlC2 using lithium chloride
dissolved in HF followed by ion exchange to replace Li+ by
other cations (viz., Na, K, and Mg) as shown in Figure 1a. EDS
of the as-synthesized MXenes, after normalizing these values to
3Ti, showed that pre-intercalated MXenes have values of 0.13
Na, 0.11 K, and 0.06 Mg per Ti3C2Tx formula unit for Na−
Ti3C2Tx, K−Ti3C2Tx, and Mg−Ti3C2Tx, respectively (Table
S1). Based on the EDS (Table S1) and XRD (Figure 1b)
analyses, the cation intercalation procedure was successful.

Since the electrodes we used in this study were vacuum-
annealed before using, it is important to study the material in
both hydrated and annealed states. XRD patterns at around the
(002) peak (Figure 1b, Table 1) before and after vacuum
annealing at 110 °C for 4 h confirm that ions remain even after
water is deintercalated from in-between the MXene sheets.
Prior to annealing, the positions of the (002) peaks for pre-
intercalated MXenes at 2θ of around 7° are shifted relative to
the peak for pristine Ti3C2Tx MXene, and some differences
remain even after annealing. The position of the (002) peak of

Mg−Ti3C2Tx shows the greatest deviation from the position of
the pristine MXene, shifting from 6.67° 2θ (d-spacing = 13.25
Å) in pristine Ti3C2Tx to a much lower 2θ of 5.97° that
corresponds to a d-spacing of 14.79Å. This agrees well with
previous studies of Mg−Ti3C2Tx, as Mg2+ intercalates with a
hydration shell around it.15,41 After annealing, Mg−Ti3C2Tx
has a very low-intensity broad peak at 6.11° 2θ (d-spacing =
14.47 Å) and a broad shoulder at around 8.86° 2θ (d-spacing =
9.98 Å). In comparison with the pristine Ti3C2Tx after
annealing, where the (002) peak is again quite broad at 8.29°
2θ (d = 10.67 Å) with a broad shoulder at around 8.35° 2θ
(10.58 Å), we can see that much of the co-intercalated water
has been removed; however, this removal is not uniform,
leading to these broad peaks. This same behavior was observed
by Ghidiu et al. in studying Mg−Ti3C2Tx at different levels of
humidity.14 In contrast, after annealing, K−Ti3C2Tx is shifted
from a 2θ of 7.08° (d = 12.47 Å) to 7.31° 2θ (d = 12.06 Å).
This sharp XRD peak only shifted slightly upon annealing for
K−Ti3C2Tx as compared to that of Mg−Ti3C2Tx, which can be
explained by Mg having more water per cation and less overall
Mg content compared to K (because of the divalent state of
the former).14,15,41 Therefore, in the wet state, solvated Mg
forms pillars causing a significant increase in d-spacing that
collapse after annealing because the Mg content is too small to
maintain the large d-spacing.14,15,41 Annealed Na−Ti3C2Tx has
a broad double peak, with the first prominence at 7.20° 2θ (d =
12.26 Å) and the second at 8.35° 2θ (d = 10.58 Å), suggesting
a bimodal distribution of spacing that could be due to different
particle sizes within the same sample, leading to different
kinetics for water removal. XRD patterns from electrodes
removed from cells after 3000 cycles at 20 mV/s show that the
d-spacings of Na- and K-intercalated Ti3C2Tx were less affected
by the vacuum annealing process. For K−Ti3C2Tx, a sharp
peak at 7.16° 2θ (d = 12.34 Å) can be observed in addition to a
small and broad peak at around 5.78° 2θ (d = 15.28 Å). For
Na−Ti3C2Tx, much of the sample spacing recovered all the
way to the pre-annealing spacing of d = 12.63 Å (6.99° 2θ),
with a broad peak centered at 8.43° 2θ (d = 10.48 Å). Pristine
Ti3C2Tx recovered somewhat, with a broad peak at 7.29° 2θ (d
= 12.11 Å) and a broad shoulder at 9.06° 2θ (d = 9.75 Å),
while the d-spacing of Mg−Ti3C2Tx increased to d = 12.8 Å
(2θ of 6.90°) with another broad peak at 8.1° 2θ (d = 10.9 Å).
This suggests that Na−Ti3C2Tx and K− Ti3C2Tx are pillared in
such a way that the interlayer spacing is preserved. K−Ti3C2Tx,
in particular, shows very little shifting during the annealing and
rehydrating processes. Due to minor variations in sample
drying, pre-annealing d-spacings can vary even for the same
sample, but comparing the changes between pre-annealing,
post-annealing, and post-cycling (i.e., rehydrated) samples
shows the effect of cation intercalation on maintaining the
interlayer spacing.

Table 1. Peak Positions of the (002) Peaks in Intercalated Ti3C2Tx for Powder Samples before and after Annealing and for
Electrodes after 3000 Cycles

pre-annealing post-annealing post-cycling

2θ (°) d (Å) 2θ (°) d (Å) 2θ (°) d (Å)

pristine Ti3C2Tx 6.67 13.25 8.29a& 9.02a 10.67 & 9.79 7.29 & 9.06a 12.11 & 9.75
Na−Ti3C2Tx 7.14 12.37 7.20a& 8.35a 12.26 & 10.58 6.99 & 8.43a 12.63 & 10.48
K−Ti3C2Tx 7.08 12.47 7.31 12.06 5.78a& 7.16 15.28 & 12.34
Mg−Ti3C2Tx 5.97 14.79 6.11a& 8.86a 14.47 & 9.98 6.90a& 8.1a 12.80 & 10.9

aSignficantly broad peak.
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The cyclic voltammograms at 5 mV/s shown in Figure 2a
(higher scan rates are shown in Figure S1) show that Na− and
K−Ti3C2Tx have areas that are larger than those of Mg−
Ti3C2Tx and pristine Ti3C2Tx, indicating larger capacitance of
both Na− and K−Ti3C2Tx compared to the rest of the
samples. Both materials (Na− and K−Ti3C2Tx) have a sharp
redox peak at ∼ −0.97 V during reduction and a broad peak at
−0.75V during oxidation. Mg−Ti3C2Tx and pristine Ti3C2Tx
have a less prominent broad reduction peak at ∼ −0.75 V and
smaller sharp peak at −0.91 V for Mg−Ti3C2Tx and −0.95 V
for Ti3C2Tx. These peaks are in similar positions to those of
other Ti3C2Tx electrodes in sulfuric acid supercapacitors and
demonstrate the pseudocapacitive nature of these materials.6,51

Previous multilayer Ti3C2Tx MXene supercapacitors have not
shown such defined redox peaks.52 The observed peaks are
shifted to a lower potential (relative to Hg/Hg2SO4) than
redox peaks reported for Ti3C2Tx paper electrodes (−0.8 V for
reduction and −0.7 V for oxidation) and macroporous
electrodes (−0.8 V for reduction and −0.75 V for oxidation).6

These differences can be attributed to the different synthesis
approaches used in these different studies similar to what was
reported for MXene in Na-ion batteries.53 Since most of the
reports in the literature for MXene in H2SO4 electrolytes are
for delaminated MXenes and the shape of the redox peaks is
rarely discussed, it is not straightforward to compare the redox
peaks in MXene. The difference in redox peaks’ shape�in
part�can be attributed to the difference between multilayer
and delaminated MXenes. Another plausible reason for the
shape of the redox peaks we observe here is the higher

oxidation state of Ti in MXene because of pre-intercalation as
discussed in our previous report.5 It is worth noting that a
similar redox peak shape was observed by Yang et al.54 for
nitrogen-doped urea-assisted delaminated MXene that was
partially oxidized, suggesting that the shape of the peaks is
related to the higher oxidation state of Ti. These comments
notwithstanding, more work is needed to understand the
fundamental reasons for different redox peak shapes in
MXenes.

When comparing gravimetric capacitance versus cycling rate
(Figure 2b), Na− and K−Ti3C2Tx are comparable but much
higher than the rest. On the other hand, Mg−Ti3C2Tx and
pristine Ti3C2Tx exhibit close capacitance at low scan rates,
while at a scan rate of 200 mV/s, Mg−Ti3C2Tx exhibits an
∼30% higher capacitance than pristine Ti3C2Tx. Mg−Ti3C2Tx
may show reduced rate dependance of capacitance due to its
overall larger interlayer spacing when soaked in water,14,15

facilitating the kinetics of the redox reaction. Theoretical
simulations of these materials have shown that Na+ and K+

ions are situated very close to the outer titanium surfaces of
MXene layers, whereas Mg2+ ions are more centrally located in
the interlayer space, surrounded by a robust hydration shell.41

These ionic locations could affect the redox processes. Indeed,
XAS studies have shown that cation intercalation increases the
oxidation state of titanium compared to the oxidation state of
titanium in pristine Ti3C2Tx.

5 In addition, when Ti3C2Tx is
partially oxidized by heating, the capacitance is enhanced, but
when it is fully oxidized, the capacitance diminishes.51

Figure 2. Electrochemical performance of pristine and pre-intercalated ∼30 μm thick Ti3C2Tx electrodes in a 1 M H2SO4 electrolyte. (a) Cyclic
voltammogram at 5 mV/s. (b) Gravimetric capacitance at different scan rates. (c) GCPL gravimetric capacitance for 10,000 cycles at 5 A/g. The
inset in (c) is a typical voltage profile vs Hg/Hg2SO4, in this case, for K−Ti3C2Tx.

Figure 3. ReaxFF MD simulations of K+−Ti3C2Tx in a sulfuric acid electrolyte. (a) Full system simulated with Ti in gray, C in dark gray, O in red,
H in light gray, S in yellow, and K in purple. (b) Position of all K+ cations throughout the simulation in relation to one frame of MXene. (c) Proton-
dominated termination of the MXene surface and edges. (d) Interaction between K+ and HSO4

− leading to the deintercalation process. The black
double arrow indicates the shortest distance between the two ions at 3.97 Å.
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The GCPL (Figure 2c) shows a similar trend. The voltage
profiles are shown in the Figure 2c inset and Figure S2. K- and
Na-intercalated Ti3C2Tx show the highest capacitances, which
are comparable to one another, with 286 F/g for K−Ti3C2Tx
and 265 F/g for Na−Ti3C2Tx. Mg−Ti3C2Tx shows a
capacitance of 214 F/g, and pristine MXene performs the
worst in this test at 187.5 F/g. All four samples show very
steady capacitance, with Mg−Ti3C2Tx and pristine Ti3C2Tx
showing a slight improvement in their performance over
10,000 cycles. Favorable retention has been demonstrated in
other MXene supercapacitors and further highlights the
promise of MXenes in pseudocapacitive energy storage.6,33,52

Overall, the gravimetric capacitance for K- and Na-pre-
intercalated Ti3C2Tx is much better than that of non-
intercalated multilayer MXene and comparable to that of
delaminated Ti3C2Tx.

Interestingly, EDS performed after 10,000 cycles of GCPL
testing (Table S1) shows that most of the pre-intercalated
cations are not present after the electrochemical cycling. The
amount of sodium detected after cycling dropped from 0.13
Na per 3 Ti atoms to 0.05, potassium dropped from 0.11 K per
3 Ti atoms to 0.01, and Mg dropped from 0.06 Mg per 3 Ti to
0.004. Also, EDS results after 3000 cycles showed a negligible
content of cations similar to what was observed after 10,000
cycles. To understand the cation removal mechanism, we used
ReaxFF MD simulations to investigate K−Ti3C2Tx as a model
system for cation-intercalated MXene in a H2SO4 aqueous
electrolyte. Figure 3a shows the system considered. Due to the
protonation on the MXene surface and its edges (Figure 3b),
the removal of most of the intercalated K+ cations is likely to

occur at time scales beyond that of the simulation. However,
we find that the HSO4

− ion plays a key role in mediating the
removal of K+ from the MXene interlayer. While in the absence
of interactions with the HSO4

− ions, the K+ cation tends to
retain its intercalation in the MXene interlayer (Movie SM1),
the HSO4

− ions promote the solvation of K+ in the electrolyte
and its deintercalation (Movie SM2). The ions are quickly
separated after their closest approach at a K−S distance of
∼3.97 Å during the deintercalation (Figure 3c), with K+ being
solvated by water molecules or different HSO4

− ions. Figure 3d
shows that the deintercalated K+ does not reintercalate
although it approaches the MXene edges at several occasions.
This can be attributed to the repulsive interaction between K+

and the MXene-edge termination, which is dominated by
protons, explaining the drop in pre-intercalated cation
concentration estimated by EDS after electrochemical cycling.

Despite the very low concentration of K after cycling, our
XRD (Figure 1b) analyses of these materials as synthesized,
after annealing, and after rehydration during electrochemical
cycling show very little change to the position of the (002)
peak for K−Ti3C2Tx, which was able to maintain its interlayer
spacing without layer collapse, as clearly observed in the
pristine and Mg−Ti3C2Tx intercalated samples. This suggests
that an extremely small amount of K is sufficient to maintain
the interlayer spacing.

Where these pre-intercalated MXene electrodes fully display
enhanced capacitance is in areal capacitance since much higher
areal loading can be achieved for these multilayer electrodes
while maintaining high gravimetric capacitance. Recently,
Zheng et al.55 reported an areal loading of ∼10 mg/cm2 for

Figure 4. Areal capacitance of pristine and pre-intercalated Ti3C2Tx electrodes with thicknesses of (a) ∼ 30 μm and (b) ∼ 75 μm vs the scan rate.
(c) Areal capacitances of K−Ti3C2Tx at thicknesses of 31, 74, and 103 μm vs the scan rate. (d) EIS of ∼75 μm thick electrodes with the inset
showing the high-frequency range.
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Ti3C2Tx, but the capacitance was limited to 125 F/g since the
LiCl aqueous electrolyte was used, which limits the overall
areal capacitance as it offers only EDLC. In our study, the 31−
34 μm thick electrodes yielded capacitances of up to 1.5 F/cm2

(Figure 4a), above previously reported values for multilayer
Ti3C2Tx (0.5 F/cm2)52 and Ti3C2Tx−CuCo hybrids (0.2 F/
cm2)40 as well as for holey graphene (0.31 F/cm2)56 and
MnO2 (1.42 F/cm2).57 We then performed CV testing on
thicker electrodes, which were between 70 and 77 μm thick. In
these cells, areal capacitance of up to 3.7 F/cm2 was achieved
for both Na− and K−Ti3C2Tx (Figure 4b). The gravimetric
capacitances of these electrodes are shown in Figure S3. K−
Ti3C2Tx also showed the best capacitance at higher rates,
maintaining a capacitance of 1.7 F/cm2 even at 200 mV/s scan
rates. The other electrode materials also showed enhanced
capacitance in these thicker electrodes. Finally, we investigated
a 103 μm thick K−Ti3C2Tx with a mass loading of 20.1 mg/
cm2 and were able to reach an areal capacitance of ∼5.7 F/cm2

(Figure 4d), which is higher than the 4.0 F/cm2 reported for
40 μm thick Ti3C2Tx hydrogel6 as well as the 3.2 F/cm2 for 48
μm thick H2SO4-etched Ti3C2Tx.

33

To investigate the kinetics of different metal cation-
intercalated MXenes, EIS was performed in the frequency
range of 300 kHz to 10 mHz on electrodes around 75 μm
thick. EIS data were simulated using the equivalent electric
circuit shown in Figure S4, where R1 and R2 denote the system
resistance and charge-transfer resistance, respectively. As
shown in Figure 4c, we can observe that the system resistance
increases after intercalating different metal cations. This is not
surprising considering that cations are usually solvated with
water, and it was reported before that inducing water and ions
between the MXene sheets increases their d-spacing and their
resistance.14,15 In detail, Mg−Ti3C2Tx shows the largest system
resistance (2.1 Ω) and K−Ti3C2Tx shows the smallest (1.6 Ω).
This can be explained by the larger d-spacing of hydrated Mg−
Ti3C2Tx compared to the rest as it was shown before that the
more spaced the MXene, the higher its electric resistance.58

Pristine Ti3C2Tx, Na−Ti3C2Tx, and K−Ti3C2Tx have a similar
charge-transfer resistance (∼0.2−0.3 Ω), but Mg−Ti3C2Tx
shows a larger charge-transfer resistance (∼0.7 Ω). Compared
to pristine Ti3C2Tx, Na−Ti3C2Tx, and Mg−Ti3C2Tx, K−
Ti3C2Tx exhibits the largest slope and thus the fastest diffusion.
The diffusion coefficients of pristine Ti3C2Tx, Na−Ti3C2Tx,
K−Ti3C2Tx, and Mg−Ti3C2Tx are estimated to be 7.42 × 10−8,

10.21 × 10−8, 88.40 × 10−8, and 4.93 × 10−8 cm2/s,
respectively. These diffusion coefficients help to explain the
differences in capacitance at higher rates and increased
thickness. Na−Ti3C2Tx and K−Ti3C2Tx behave similarly in
the thinnest (∼30 μm) electrodes and at the lowest rates in the
thicker (∼75 μm) electrodes, but K−Ti3C2Tx displays a much
higher performance at faster scan rates, particularly in thicker
electrodes. At faster scan rates, diffusion becomes the rate-
limiting step of the electrochemical reaction. Similarly, as the
electrode thickness increases, faster diffusion is necessary to
utilize the full electrode thickness. This increased diffusion in
the K−Ti3C2Tx electrode facilitates its ability to maintain high
areal capacitance at high scan rates.

XPS was performed to understand the surface chemistry of
the as-prepared powder samples with different cations (Figure
S5, Table S2). The Ti 2p spectra were deconvoluted using four
doublets (2p3/2 and 2p1/2) assigned to Ti−C, Ti2+, Ti3+, and
Ti4+. The main noticeable difference between the spectra of the
different samples is the intensity of the Ti4+ peak. The Ti4+

content is the highest in Mg−Ti3C2Tx MXene, where the
fraction assigned is 0.16, while this value was 0.09 for Na−
Ti3C2Tx, 0.06 for K−Ti3C2Tx, and only 0.02 for Ti3C2Tx. This
suggests that Mg−Ti3C2Tx MXene has the most oxidized
surface, which agrees with our previous report on XAS of
intercalated Ti3C2Tx MXene.5 Further XPS results and
discussion can be found in the Supporting Information (Figure
S6 and Tables S3−S7).

To examine the effect of sulfuric acid on the oxidation state
of Ti atoms in MXene, Ti L-edge XAS was performed on K−
Ti3C2Tx after dispersion in 1 M H2SO4 and on electrodes
before and after 3000 cycles of CV at 20 mV/s (Figure 5). The
XAS spectrum for the non-cycled electrode agrees well with
our previously published XAS results on dried K−Ti3C2Tx
MXene prepared from an aqueous drop-cast solution.5 The
clear splitting of both L2 (464−468 eV) and L3 (458−462)
edges is related to electronic states with t2g and eg symmetries
and indicative of a high Ti oxidation state. On the other hand,
the cycled MXene electrode loses the clear splitting and only a
shoulder remains at both L2 and L3 edges. This result is
interpreted as a drastic reduction of the Ti-oxidation state due
to the change of the Ti−O bonding environment, probably
due to hydroxylation of the MXene surface termination in an
acidic environment. It has a similar signature to that of a drop-
cast sample from K−Ti3C2Tx MXene dispersed in 1 M H2SO4.

Figure 5. (a) XAS of K−Ti3C2Tx powder dispersed in 1 M H2SO4, the electrode before electrochemical cycling, and the electrode removed from
the cell after 3000 cycles of CV. (b) Estimated oxidation state of Ti in Ti3C2Tx with various intercalated cations, from a linear scaling of the
oxidation state vs Bader charge for Ti in TiO (2.0) and TiO2 (4.0). (c) Change in the Ti oxidation state (Δ in |e|; absolute value) after protonation
of the surface oxygen vs the measured gravimetric capacitance at 5 mV/s.
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The titanium electronic structure is comparable to that of
MXene exposed to a much lower H2SO4 concentration (0.01
M).5 We conclude that the initially oxidized intercalated
MXene electrode can be reversibly reduced upon exposure and
cycling in sulfuric acid as also indicated by the shift of the L-
edge onset to a lower energy. Only a small peak at around
458.1 eV remains related to a more oxidized Ti atom (Figure
5a). Even though the cations are effectively removed by
electrochemical cycling (as confirmed above from EDS
analysis), the highly reduced state of titanium caused by the
soaking in the electrolyte post cation intercalation is
maintained during cycling.

To understand how the pre-intercalated cations impact the
charge storage in Ti3C2Tx in H2SO4, we computed the change
in the Ti oxidation state before and after protonation of the
surface oxygen based on the models of Ti3C2Tx with pre-
intercalated ions. One can see from Figure 5b that Ti is more
positively charged with pre-intercalated K+, followed by Na+

and then Mg2+. More importantly, Figure 5c shows that K−
Ti3C2Tx and Na−Ti3C2Tx have a much greater change in the
Ti oxidation state than Mg−Ti3C2Tx. In other words, the
computed change in the Ti oxidation suggests a greater charge
storage in Ti3C2Tx with pre-intercalated K+ or Na+ than with
Mg2+, which is in excellent agreement with the measured
gravimetric capacitances (Figure 5c). While MXene surfaces
can become slightly oxidized by exposure to moisture,59 as in
the aqueous salt solutions used in the intercalation procedure,
our previous XAS studies show that the effects on the surface
chemistries of different cation pre-intercalated Ti3C2Tx
MXenes vary with the intercalant.5,13

■ CONCLUSIONS
By the pre-intercalation of cations in multilayer MXene, we
were able to achieve gravimetric capacitance of about 300 F/g
in a 1 M H2SO4 aqueous electrolyte for multilayer Na- and K-
intercalated Ti3C2Tx, which is comparable to the highest values
reported for electrodes of delaminated Ti3C2Tx. This high
capacitance was stable over 10,000 cycles without degradation.
Exhibiting a specific capacitance for multilayer MXenes close
to that of delaminated MXenes is a leap forward in MXene
supercapacitor development considering that the specific
surface area of multilayer MXene is typically an order of
magnitude lower than that of delaminated MXene. XAS
showed that oxidized Ti in pre-intercalated MXene got
reduced by soaking in the H2SO4 electrolyte. Starting from a
high oxidation state of Ti for cation-intercalated MXene, which
gets reduced once protonated, can explain the high capacitance
achieved here in multilayer pre-intercalated MXenes. Interest-
ingly, this reduced state was maintained after thousands of
cycles, even though de-intercalation of cations took place in
the H2SO4 electrolyte as simulated by ReaxFF MD and proven
by EDS analysis. A good agreement was found between
experimentally measured capacitance, and the change of the Ti
oxidation state predicted by DFT calculations for different
cation pre-intercalated MXenes with Mg−Ti3C2Tx has the
lowest capacitance while Na− and K−Ti3C2Tx have com-
parable capacitance.

The use of multilayer MXenes instead of delaminated
MXenes allowed us to scale up the mass loading of active
materials in the electrode to ∼20 mg/cm2, achieving an
electrode thickness of ∼100 μm compared to fractions of mg/
cm2 loading and few microns thick electrodes that are usually
obtained for delaminated MXenes. These large values of

electrode thickness and loading obtained for pre-intercalated
MXene multilayers are well on par with the ∼150 μm, ∼10
mg/cm2 thickness, and loading in commercial supercapacitor
electrodes.60 An ultra-high areal capacitance of up to 5.7 F/
cm2�the highest reported for MXenes�was achieved for
multilayer K−Ti3C2Tx. These results encourage further
development of multilayer MXenes by pre-intercalation to
alter their properties and performance.
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