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ABSTRACT: Rich chemistry and surface functionalization
provide MXenes enhanced electrochemical activity yet severely
exacerbate their self-discharge behavior in supercapacitors.
However, this self-discharge behavior and its related mecha-
nism are still remaining issues. Herein, we propose a chemically
interface-tailored regulation strategy to successfully unravel and
efficiently alleviate the self-discharge behavior of Ti3C2Tx
MXene-based supercapacitors. As a result, Ti3C2Tx MXenes
with fewer F elements (∼0.65 atom %) show a positive self-
discharge rate decline of ∼20% in comparison with MXenes with higher F elements (∼8.09 atom %). Such decline of the F
elements can highly increase tight-bonding ions corresponding to an individual self-discharge process, naturally resulting in a
dramatic 50% increase of the transition potential (VT). Therefore, the mixed self-discharge rate from both tight-bonding
(contain fewer F elements) and loose-bonding ions (contain more F elements) is accordingly lowered. Through chemically
interface-tailored engineering, the significantly changed average oxidation state and local coordination information on MXene
affected the interaction of ion counterparts, which was evidently revealed by X-ray absorption fine structures. Theoretically,
this greatly improved self-discharge performance was proven to be from higher adsorption energy between the interface of the
electrode and the electrolyte by density functional theory. Therefore, this chemically interface-tailored regulation strategy can
guide the design of high-performance MXene-based supercapacitors with low self-discharge behavior and will promote its
wider commercial applications.
KEYWORDS: supercapacitors, self-discharge behavior, self-discharge mechanism, MXene, chemically interface-tailored engineering

As an important electrochemical energy storage/
conversion device, supercapacitors are promising
alternatives or complements to rechargeable batteries

when high power delivery or fast energy harvesting is
required.1−6 As we know, the performance of supercapacitors
highly relies on the intrinsic properties of the critical electrode
materials.7−13 In particular, MXenes have been proven to be a
kind of promising electrode material used in supercapaci-
tors.14−16 This electrode material is a class of two-dimensional
transition metal carbides, nitrides, and carbonitrides, namely,
described as Mn+1XnTx (n = 1, 2, 3), where M denotes the
transition metal, X is the carbon or nitrogen atoms, and Tx

refers to surface-terminating functional groups (−O, −OH,
−F).17−20 It exhibits extremely rich electrochemical active sites
that naturally originate from the rapid change of transition
metals with different valence states and fast redox reactions of
surface-terminating functional groups.17,21,22 A metallically
conductive carbide core of MXenes can efficiently facilitate a

rapid electron transfer, which is commonly limited for most
pseudocapacitive materials.
During last 8 years, some breakthroughs on realizing high

volumetric capacitance (1500 F cm−3),14,23−25 ultrahigh rate
capability,19 extremely rapid frequency response (0.12 ms at
120 Hz),26 as well as the energy storage mechanism22 of
MXene-based supercapacitors were witnessed. However, self-
discharge behavior and its mechanism, which are largely
overlooked yet highly detrimental issues in supercapaci-
tors,27−29 are still a remaining issue for MXenes. Self-discharge
behavior commonly refers to the spontaneously decreased
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potential with time under an open-circuit condition after
supercapacitors are in a high free energy state (charged
state).28−31 Generally, self-discharge mechanisms are classified
as four main categories: (i) the overpotential caused by
overcharging spontaneously decreases after being shelved for a
period of time, which is manifested by the activation-controlled
faradaic process;28,32 (ii) self-discharge is caused by the
“shuttle effect” of impurities (such as Fe2+/Fe3+, O2), which
belongs to diffusion-controlled faradaic process;28,31 (iii) there
is ohmic leakage between the electrodes;27,28 (iv) there is
charge redistribution, which is caused by the movement or loss
of charge ions adsorbed on the electrodes.31,33

However, the above-discussed self-discharge mechanisms of
supercapacitors mainly focus on electric double layer (EDL)
capacitance, whereas a small minority of studies are on
pseudocapacitance, which actually possesses the more complex
capacitance mechanism and certainly shares the more
complicated self-discharge behavior. In an early research,
Conway discussed the self-discharge behavior of RuO2

electrodes.28,34 In RuO2 electrodes, the near-surface region
discharged first, closely followed by a recovery phenomenon
that is attributed to redistribution of a high oxidation state
complemented by proton and electron transitions. Subse-
quently, Andreas demonstrated that the self-discharge of
MnO2 was influenced simultaneously by both an activation-
controlled process and a charge redistribution.35 As a kind of
pseudocapacitor material, MXene presents much more
complex surface structure and terminal groups, which will
result in more complicated self-discharge behavior. Undoubt-
edly, how to unravel and regulate the self-discharge behavior of
MXene-based pseudocapacitors will remain challenging. Also,
it is of great significance for further exploitation and utilization
of the expanded pseudocapacitor electrode materials.

In this work, we proved that the self-discharge mechanism of
Ti3C2Tx MXene-based supercapacitors should originate from a
mixed potential driving process by both experiment and
theoretical calculation. Experimentally, an interface chemistry
engineering strategy was proposed to highly increase the ratio
of tight-bonding ions corresponding to an individual slow self-
discharge process. As a result, the transition potential (VT)
between the mixed and individual potential driving process
dramatically increases by 50% (from 0.24 to 0.36 V). Also, it
exhibits a positive decline of ∼20% in self-discharge rate
compared to that of a-MXene (without interface chemistry
engineering). More importantly, X-ray absorption fine
structures (XAFS) and density functional theory (DFT)
results evidently proved that the improved self-discharge
behavior of Ti3C2Tx t-MXene (surface-tailored MXene) should
be ascribed to both the increase of the average oxidation state
and the adsorption energy between the electrode and
electrolyte ions. Obviously, this kind of unraveling of the
self-discharge mechanism and regulating its process provides a
deep insight into the self-discharge effect.

RESULTS AND DISCUSSION

Figure 1a schematically presents the close relationship among
self-discharge behavior of Ti3C2Tx MXene-based super-
capacitors and the formation mechanism of pseudocapacitance
as well as the surface chemistry of MXenes. When charged,
electrolyte ions are attracted to the oppositely charged
electrode/electrolyte interface and form different bonds in
the intercalated capacitance. Specifically, electrolyte ions
partially incorporated into the faradaic reaction will be
chemically bonded to different degrees. Actually, the
completely direct interaction between the ions and the
electrode surface leads to a tight-bonding model (as shown
in the top part of Figure 1a). Conversely, in the region where

Figure 1. Disclosing and regulating the self-discharge effect of Ti3C2Tx MXene-based supercapacitors. (a) Schematic illustration of the
different tight-bonding models. (b) Different bonding models result in the mixed self-discharge mechanism. (c) Strategy of a tunable self-
discharge process via regulating surface chemistry.
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functional groups exist, a loose-bonding model will form (as
shown in the bottom part of Figure 1a) as the increasing
distance will result in the weakening of attractive force between
the ions and the electrode surface. Accordingly, these two
different models lead to a mixed self-discharge behavior, as
shown in Figure 1b. First, both tight-bonding and loose-
bonding ions diffused out of the electrode surface, which can
be fitted by the mixed potential driving model as
follows:27,29,38

V V e V et t
1

/
2

/1 2∝ × + ×τ τ− −
(1)

where V is the supercapacitor potential during self-discharge,
V1 and V2 represent the initial potential of the self-discharge
process, t is the time, and τ1 and τ2 correspond to the time
constant of the self-discharge process. Once mostly loose-
bonding ions diffuse out of the electrode surface, the self-
discharge process transits into the individual potential driving
model as follows:

V V e t
1

/ 1∝ × τ−
(2)

Interestingly, the mixed self-discharge behavior can be finely
regulated through tailoring the surface chemistry of MXenes
(Supporting Information (SI) Figure S1). As displayed in
Figure 1c, Ti3C2Tx t-MXene after elaborately eliminating the
functional fluorine elements (∼0.65 atom %) shares a
positively apparent decline of 20% in the self-discharge rate
in comparison to that of the high fluorine-containing (∼8.09
atom % of XPS results) Ti3C2Tx a-MXene. Moreover, the time
of the mixed self-discharge process in t-MXene supercapacitors
is much shorter than that in a-MXene supercapacitors, as well

as the transition potential (VT), markedly increases by 50%
(from 0.24 to 0.36 V).
To further investigate the effect of surface chemistry on the

electrochemical behaviors, supercapacitors were built with a-
MXene and t-MXene and 6 M KOH as the electrolyte (Figure
2a). It should be noted that the areal capacitance of Ti3C2Tx t-
MXene is higher than that of a-MXene (SI, Figure S2). As
calculated by the galvanostatic charge−discharge curves, the
specific capacitance of a-MXene is 120.2 mF cm−2, whereas for
t-MXene, it is 138.3 mF cm−2 at the same current density of
0.5 mA cm−2. This increase is ascribed to the elimination of
surface termination, which blocks electrolyte ion transport and
decreases of the average oxidation state.39,40 Self-discharge
measurements are conducted as either leakage current
measurements or open-circuit potential measurements. As
shown in Figure 2b, the leakage currents were recorded for
MXene-based supercapacitors charged to 0.6 V at 0.5 mA
cm−2. In a short time, the leakage current is relatively high, but
it will decrease with the passage of time and eventually reach a
steady-state current, which is equal to the current associated
with self-discharge.30,41 It is clear that the steady-state current
of t-MXene is lower than that of a-MXene (34 μA vs 45 μA),
exhibiting a slower self-discharge rate. Figure 2c,d shows the
decays of open-circuit potential after charging at different
current densities. As expected, the current density shows an
effect not only on self-discharge but also on the initial voltage.
The initial voltage increases linearly as the current density
decreases (the inset of Figure 2c,d). A lower current density
allows more time for ions to distribute and form a more stable
bonding than when the ions stack together quickly to form an

Figure 2. Self-discharge performance of Ti3C2Tx MXene-based supercapacitors. (a) Schematic illustration of assembling the MXene-based
supercapacitors. (b) Variation of leakage current with time. Decay of open-circuit potential for the (c) a-MXene- and (d) t-MXene-based
supercapacitors after being charged with different charge current densities from 0.5 to 5 mA cm−2.
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unstable state at a high current density.27,29 The change in the
cumulative amount of ions near the surface causes the voltage
drop at the beginning of the self-discharge process, hence the
initial voltage at the beginning of the self-discharge process
should replace the nominal voltage (0.6 V) when calculating
the self-discharge rate.
We proved that the morphology, composition, structure, as

well as the valence state of MXene had been changed after
annealing treatment and hence affected the self-discharge
behavior. The macropores are abundantly present in free-
standing Ti3C2Tx a-MXene prepared by solution-based etching
and following vacuum filtration. Apparently, the macropores
are greatly eliminated for t-MXene (Figure 3a,b and SI, Figure
S3), which is probably due to the removal of water molecules
bonding between the MXene layers.42 On the other hand, the
interlayer spacing of Ti3C2Tx MXene was determined from the
X-ray diffraction characterization. As shown in SI, Figure S4,
the interlayer spacing of the a-MXene calculated from the 2θ
value of (0 0 2) is 13.6 Å, whereas it decreases to 12.4 Å for t-
MXene. Intriguingly, the appropriately lowered interlayer
spacing of MXenes will promote the stronger ion adsorption
effect in a much more confined space. As mentioned in the
previous works, folding of the walls significantly improved the
adsorption properties in comparison to ideal slit-like
systems.43,44 The narrower the slit, the closer the ions reside
to the slit wall so that the effective thickness inside the slits
becomes smaller, yielding a larger capacitance. Consequently,
the tight-bonding ions will be increased in t-MXene compared
to that with a-MXene, which is one of the critical factors to
cause the low self-discharge rate of the former. Notably, the
elimination of macropores is beneficial to enhance the areal
and volumetric properties for practical application as the
relative weight of the electrolyte in the whole supercapacitors
can be decreased greatly.

Energy-dispersive spectroscopy mapping was carried out to
elaborately analyze the change of compositions for heat-treated
Ti3C2Tx MXene films. All of these characterizations
unambiguously implied that the functional groups of F
elements were largely removed for t-MXene (only 0.65 atom
%) (Figure 3c). In contrast, both the surface and the inside of
a-MXene are terminated with F elements, as indicated by
energy-dispersive spectroscopy and X-ray photoelectron spec-
troscopy (XPS) results (SI, Figures S5 and S6). To specifically
get rid of F elements is especially important for MXene-based
2D materials. On one hand, the absence of −F could lead to a
predominant increase in ion storage capability, including both
surface and bulk ion intercalation, i.e., pseudocapacitance and
capacity; on the other hand, the sheet resistance of t-MXene
films was significantly decreased by 42.5% in comparison with
that of a-MXene films (SI, Figure S7). In addition, it can be
found that t-MXene has a better affinity for water than a-
MXene, which was determined from the contact angle test (SI,
Figure S8).
Further, we proved that the chemical bonding and the

valence state were changed as the MXene experienced
annealing treatment. According to XPS measurements (Figure
3d,e), the surface chemistry of MXene after annealing changes.
The Ti 2p3/2 peaks at 455.04 (Ti−C), 455.83 (Ti(II)), and
456.96 (Ti(III)) eV almost disappears, with an increase of
TiO2 for the Ti 2p spectrum as compared with a-MXene,
which may be attributed to the oxidation of Ti atoms on the
surface. Actually, the intensity of TiO2 in the inner XPS
spectrum is significantly weaker than the surface of t-MXene
(SI, Figure S9). Correspondingly, for the spectrum of C 1s, the
intensity of C−Ti centered at 281.45 eV decreases
substantially. From the spectrum of O 1s, the peaks at
533.80 (H2O) and 534.95 (O−F) almost disappear, whereas
the intensity of TiO2 centered at 206.88 eV increases sharply.
Additionally, the components in the F 1s region further

Figure 3. Morphology evolution and compositions of a-MXene and t-MXene freestanding films. Representative scanning electron
microscopy images of (a) a-MXene and (b) t-MXene freestanding films. (c) Energy-dispersive spectroscopy mapping of t-MXene films. High-
resolution X-ray photoelectron spectra of the (d) a-MXene and (e) t-MXene freestanding films.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c01056
ACS Nano 2020, 14, 4916−4924

4919

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01056/suppl_file/nn0c01056_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01056/suppl_file/nn0c01056_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01056/suppl_file/nn0c01056_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01056/suppl_file/nn0c01056_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01056/suppl_file/nn0c01056_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01056/suppl_file/nn0c01056_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01056/suppl_file/nn0c01056_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01056/suppl_file/nn0c01056_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01056?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01056?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01056?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c01056?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c01056?ref=pdf


indicate that fluorine elements have been greatly reduced.
Based on fitted results, the atomic percentages of Ti, C, O, and
F for a-MXene and t-MXene are summarized in SI, Table S1.
In order to investigate the influences of the changes of

structure and valence state on self-discharge behavior of
MXene after annealing treatment, X-ray absorption near-edge
structures (XANES) and extended X-ray absorption fine
structures (EXAFS) were measured to confirm the intrinsic
structure information at the atomic level. In Figure 4a, the
XANES curves of a-MXene and t-MXene show their edge
energy between those of Ti foil and TiO2, indicating that the
oxidation state of Ti is between the two references. As shown
in Figure 4b, the average oxidation state of Ti can be
quantitatively estimated on the basis of the measured edge
energy of a-MXene, t-MXene, the reference Ti foil, and TiO2
anatase, which is based on the fact that the edge energy is
directly proportional to the average oxidation state.45−47 The
inset of Figure 4b clearly shows that the average oxidation state
of Ti decreases from 2.51 to 2.39 after being surface-tailored,

which is responsible for the increases of pseudocapacitance in
t-MXene compared to that in a-MXene.46,47 Moreover, the
lower the average oxidation state of Ti atoms, the higher the
chemical potential drive to a higher oxidized state as charged,
thereby forming much more tight-bonding ions in t-MXene
than in a-MXene, which is one of the factors to alleviate the
self-discharge effect through chemically interface-tailored
regulation.
The change in local coordination information that can be

determined by EXAFS is another effect on self-discharge
behavior. As shown in the EXAFS curves (SI, Figure S10), the
Ti−Ti peak apparently appears at 2.5 Å in the Ti foil, and the
EXAFS curves of a-MXene and t-MXene show oscillations
similar to those of Ti foil. It should be noted that some other
peaks occur that are due to Ti−O(C) bonds.46,48 To obtain
quantitative structural information (SI, Table S2), the Ti−
O(C) and Ti−Ti peaks of the a-MXene, t-MXene, and Ti foil
were fitted in the R space (Figure 4c), k space (SI, Figure S11),
and wavelet transform (SI, Figure S12). Note that Ti atoms in

Figure 4. X-ray absorption fine structures of Ti. (a) Ti K-edge XANES spectra of a-MXene and t-MXene, together with those of Ti foil and
TiO2 anatase. (b) Average Ti oxidation state determination in a-MXene and t-MXene, using the Ti K-edge energy shift of the reference Ti
foil and TiO2 anatase. (c) Corresponding EXAFS R space fitting curves of a-MXene and t-MXene.

Figure 5. DFT calculations of MXene structures. (a) Schematic illustration of suppressing self-discharge via regulating surface functional
groups. (b) Top (upper row) views showing the different functionalized Ti3C2Tx structures (2 × 2 supercells) with K atoms adsorbed. (c)
Adsorption energy at different sites. The inset shows the different adsorbed sites from side views.
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the t-MXene display a coordination number higher than that in
a-MXene after eliminating F atoms. In fact, Ti−F bonds
formed on the surface of a-MXene cause an increase in the
distance between the ions and the electrode surface and hence
lead to a decline of the attractive force, which eventually
exacerbates the self-discharge effect.
To further understand the changes in adsorption energy of

MXene after chemically interface-tailored regulation, we
performed DFT calculations with the Ti3C2 monolayer
functionalized by O and F groups. As shown in Figure 5a, in
the region where F termination is present, a loose-bonding
model forms due to the lower absorption energy, whereas in
the region without F termination, a tight-bonding model forms.
Here, we mainly studied Ti3C2O2 and Ti3C2FxOy (x/y =

1:2.6, which is based on the results of XPS). After full
optimization, it is found that the K ions can locate at four kinds
of sites (Top, Bri, Hcp, Fcc) among the O atoms (Figure 5b),
and the valence electron localization function of the K−
Ti3C2FxOy is shown in SI, Figure S13. To explore the K
absorbed capability, different absorbed energy at four sites on
Ti3C2O2 and Ti3C2FxOy with a 2 × 2 supercell is studied. To
assess the stabilities of K−Ti3C2O2 and K−Ti3C2FxOy, the
absorption energy was calculated with Ea = Eslab‑K − Eslab −
EK‑bulk, where Eslab‑K is the total energy of K−Ti3C2O2 and K−
Ti3C2FxOy, Eslab denotes the total energy of bare MXene slab
model, and EK‑bulk is the chemical potential of K atom.21,37 As
shown in Figure 5c and SI, Table S3, the adsorption energy of
Ti3C2O2 at Hcp (−1.032 eV) and Top (−0.608 eV) sites are
higher than those of Ti3C2FxOy (−0.924 and −0.570 eV), and
the adsorption energy is close to that for Bri and Fcc sites. The
higher the adsorption energy is, the more stable the system is
after K ions are adsorbed. Consequently, in the region where F
exists, a loose bonding is formed due to the lower adsorption
energy, thus accelerating the self-discharge process of a
MXene-based supercapacitor.

CONCLUSION
In conclusion, the mixed potential driving process correlated
with the models of tight-bonding and loose-bonding ions were
proposed to shed light on the self-discharge mechanism of
Ti3C2Tx MXene-based supercapacitors. In this regard, a
chemically interface-tailored strategy was employed to
strengthen tight-bonding ions and hence to efficiently regulate
the self-discharge process. As a result, the self-discharge rate
positively decreases by ∼20% for Ti3C2Tx t-MXene with high
fluorine elements (∼0.65 atom %) compared to a-MXene with
high fluorine elements (∼8.09 atom %). Experimentally, the
XAFS and XPS results evidently revealed that the improved
self-discharge behavior of Ti3C2Tx t-MXene should be ascribed
to the decline of the average oxidation state. Theoretically, the
DFT results adequately uncover that its greatly improved self-
discharge performance should originate from the increase of
the adsorption energy between the electrode and electrolyte
ions. Hence, this work provides not only an open strategy to
tailor the self-discharge process of Ti3C2Tx MXene but also a
deep insight into the self-discharge mechanism.

EXPERIMENTAL SECTION
Preparation of Freestanding Ti3C2Tx MXene Films. The

freestanding Ti3C2Tx MXene films have been prepared according to
the previously reported work.36 First, Ti3AlC2 (400 mesh, purchased
from 11 Technology Co. Ltd.) powders were chemically etched by
hydrochloric acid (Kelong Chemical Reagent Corporation, Chengdu,

China) and lithium fluoride (Aladdin Industrial Corporation,
Shanghai, China), exfoliated, and further delaminated to prepare
Ti3C2Tx MXene colloidal solutions. Then, 0.2 g of Ti3C2Tx powders
was mixed with 20 mL of deionized water and kept under ultrasound
for 1 h to obtain few-layer Ti3C2Tx. After that, the dark green
supernatant was collected by centrifugation at 3500 rpm for 1 h.
Finally, freestanding Ti3C2Tx MXene films (named as a-MXene) can
be obtained by vacuum-assisted filtration of the as-prepared Ti3C2Tx
MXene colloidal solution.

Chemically Interface-Tailored Engineering of Freestanding
Ti3C2Tx MXene Films. Our previous work indicated that the surface
chemistry and the electrical conductivity of Ti3C2Tx MXene could be
finely tuned through a simple annealing treatment.37 In this work, for
tailoring surface functional groups and the electronic structure,
freestanding a-MXene films were carefully annealed at 400 °C under
the protection of N2/H2 gas with a flow rate of 40 sccm. In fact, the
Ti3C2Tx MXene prepared by the etching and delamination method
still contains some water molecules in the interlayer of MXenes.
These water molecules were proven to availably promote the transfer
of electrolyte ions. N2/H2 was used to heat-treat the MXenes, and
both the pseudocapacitance and the Li-ion storage capability became
stronger. After treatment, the composition changes of surface
chemistry led to a different structure and consequently influenced
the electrical and electrochemical properties, which we discuss in the
Results and Discussion. For convenience, the samples were named t-
MXene (treated MXene) according to the annealing temperature.
XPS (Thermo Scientific ESCALAB 250Xi) and X-ray energy
dispersive spectroscopy (JSM-7800F Prime) were performed to
characterize the composition change of t-MXene in comparison with
a-MXene. Field-emission scanning electron microscopy (JSM-7800F
Prime) and X-ray diffraction (PANalytical X’Pert powder diffrac-
tometer) were used for morphology and crystal structure detections.
The contact angle was measured using a Dataphysics DSA100
contact-angle system.

X-ray Absorption Fine Structure Measurements. The X-ray
absorption fine structures were collected on the beamline BL01C1 in
NSRRC and were provided for technical support by Ceshigo Research
Service (www.ceshigo.com). The radiation was monochromatized by
a Si(111) double-crystal monochromator. X-ray absorption near-edge
structure and extended X-ray absorption fine structure data reduction
and analysis of a-MXene and t-MXene were processed by Athena
software.

Density Functional Theory Computations. The density
functional theory calculations were performed with the Vienna Ab
Initio Simulation Package (VASP). The functional of choice was
Perdew−Burke−Ernzerhof, and the van der Waals contributions were
obtained through the DFT-D2 method. This setup has been proven
to predict the experimental adsorption energies of MXene and K. The
inner electrons were represented by projector-augmented wave
pseudopotentials, and the monoelectronic states were expanded in
plane waves with a kinetic energy cutoff of 450 eV. Surfaces of MXene
were modeled by a four-layer slab and at least p(2 × 2) supercells,
where the two uppermost layers were fully relaxed and the rest fixed
to the bulk distances. In the surface calculations, the Brillouin zone
was sampled by a Γ-centered k point mesh from the Monkhorst−Pack
method, and the k point samplings were denser than 30 Å−1. The
vacuum between the slabs was 15 Å, and the adsorbates were placed
only on one side of the slab, and thus a dipole correction was applied
to remove spurious contributions arising from this asymmetry. In all
cases, the nature of the saddle points was assessed by the
diagonalization of the numerical Hessian generated by 0.02 Å
displacements for each coordinate. All TS structures have a single
imaginary frequency. In all cases, the optimization thresholds were
10−5 eV and 0.02 eV Å−1 for electronic and ionic relaxations,
respectively. In addition, the F and O functional groups in MXene
were randomly distributed on the MXene surface with the atom ratio
of 2.6:1 according to the XPS measurements.

Electrochemical Measurements. Symmetric supercapacitors
were assembled using 2032-type coin cells. The a-MXene and t-
MXene films were punched into a 1.2 cm diameter and used as
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electrodes without the current collector. A cellulose membrane
(F4050, NKK) was sandwiched between two electrodes as the
separator, and 6 M KOH was employed as the electrolyte.
Cyclic voltammetry curves, galvanostatic charge−discharge process,

and electrochemical impedance spectra were carried out using the
electrochemical workstation (CHI660E). The self-discharge measure-
ment of the supercapacitors was conducted on an Arbin MSTAT4
multichannel galvanostat/potentiostat instrument. We mainly used
leakage current measurements and open-circuit potential measure-
ments to record the self-discharge process. In leakage current
measurements, the MXene-based supercapacitors were charged to
0.6 V at a current of 1.11 mA and then maintained at a constant
voltage (0.6 V) to record the change of current with time. In open-
circuit potential measurements, the MXene-based supercapacitors
were charged to 0.6 V at a current density of 0.5 mA cm−2

first and
then monitored for the change of potential with time under open-
circuit conditions.
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Zhang, Y.; Lin, Z.; Kröger, J.; Lei, Y. Nanoelectrode Design from
Microminiaturized Honeycomb Monolith with Ultrathin and Stiff
Nanoscaffold for High-Energy Micro-Supercapacitors. Nat. Commun.
2020, 11, 299.
(12) Zhang, H. T.; Su, H.; Zhang, L.; Zhang, B. B.; Chun, F. J.; Chu,
X.; He, W. D.; Yang, W. Q. Flexible Supercapacitors with High Areal
Capacitance Based on Hierarchical Carbon Tubular Nanostructures. J.
Power Sources 2016, 331, 332−339.
(13) Chu, X.; Huang, H. C.; Zhang, H. T.; Zhang, H. P.; Gu, B. B.;
Su, H.; Liu, F. Y.; Han, Y.; Wang, Z. X.; Chen, N. J.; Yan, C.; Deng,
W. L.; Deng, W.; Yang, W. Q. Electrochemically Building Three-
Dimensional Supramolecular Polymer Hydrogel for Flexible Solid-
State Micro-Supercapacitors. Electrochim. Acta 2019, 301, 136−144.
(14) Lukatskaya, M. L.; Mashtalir, O.; Ren, C. E.; Dall’Agnese, Y.;
Rozier, P.; Taberna, P. L.; Naguib, M.; Simon, P.; Barsoum, M. W.;
Gogotsi, Y. Cation Intercalation and High Volumetric Capacitance of
Two-Dimensional Titanium Carbide. Science 2013, 341, 1502−1505.
(15) Wang, D.; Li, F.; Lian, R.; Xu, J.; Kan, D.; Liu, Y.; Chen, G.;
Gogotsi, Y.; Wei, Y. A General Atomic Surface Modification Strategy
for Improving Anchoring and Electrocatalysis Behavior of Ti3C2T2
MXene in Lithium-Sulfur Batteries. ACS Nano 2019, 13, 11078−
11086.
(16) Yang, L.; Dall’Agnese, C.; Dall’Agnese, Y.; Chen, G.; Gao, Y.;
Sanehira, Y.; Jena, A. K.; Wang, X. F.; Gogotsi, Y.; Miyasaka, T.
Surface-Modified Metallic Ti3C2Tx MXene as Electron Transport
Layer for Planar Heterojunction Perovskite Solar Cells. Adv. Funct.
Mater. 2019, 29, 1905694.
(17) Shahzad, F.; Alhabeb, M.; Hatter, C. B.; Anasori, B.; Man
Hong, S.; Koo, C. M.; Gogotsi, Y. Electromagnetic Interference
Shielding with 2D Transition Metal Carbides (MXenes). Science
2016, 353, 1137−1140.
(18) Agresti, A.; Pazniak, A.; Pescetelli, S.; Di Vito, A.; Rossi, D.;
Pecchia, A.; Auf der Maur, M.; Liedl, A.; Larciprete, R.; Kuznetsov, D.
V.; Saranin, D.; Di Carlo, A. Titanium-Carbide MXenes for Work
Function and Interface Engineering in Perovskite Solar Cells. Nat.
Mater. 2019, 18, 1228−1234.
(19) Lukatskaya, M. R.; Kota, S.; Lin, Z.; Zhao, M. Q.; Shpigel, N.;
Levi, M. D.; Halim, J.; Taberna, P. L.; Barsoum, M. W.; Simon, P.;
Gogotsi, Y. Ultra-High-Rate Pseudocapacitive Energy Storage in Two-
Dimensional Transition Metal Carbides. Nat. Energy 2017, 2, 17105.
(20) Huang, H. C.; Chu, X.; Su, H.; Zhang, H. T.; Xie, Y. T.; Deng,
W.; Chen, N. J.; Liu, F. Y.; Zhang, H. P.; Gu, B. N.; Deng, W. L.;
Yang, W. L. Massively Manufactured Paper-Based All-Solid-State
Flexible Micro-Supercapacitors with Sprayable MXene Conductive
Inks. J. Power Sources 2019, 415, 1−7.
(21) Li, J.; Yuan, X.; Lin, C.; Yang, Y.; Xu, L.; Du, X.; Xie, J.; Lin, J.;
Sun, J. Achieving High Pseudocapacitance of 2D Titanium Carbide
(MXene) by Cation Intercalation and Surface Modification. Adv.
Energy Mater. 2017, 7, 1602725.

(22) Zhan, C.; Naguib, M.; Lukatskaya, M.; Kent, P. R. C.; Gogotsi,
Y.; Jiang, D. E. Understanding the MXene Pseudocapacitance. J. Phys.
Chem. Lett. 2018, 9, 1223−1228.
(23) Avireddy, H.; Byles, B. W.; Pinto, D.; Delgado Galindo, J. M.;
Biendicho, J. J.; Wang, X.; Flox, C.; Crosnier, O.; Brousse, T.;
Pomerantseva, E.; Morante, J. R.; Gogotsi, Y. Stable High-Voltage
Aqueous Pseudocapacitive Energy Storage Device with Slow Self-
Discharge. Nano Energy 2019, 64, 103961.
(24) Ghidiu, M.; Lukatskaya, M. R.; Zhao, M. Q.; Gogotsi, Y.;
Barsoum, M. W. Conductive Two-Dimensional Titanium Carbide
‘Clay’ with High Volumetric Capacitance. Nature 2014, 516, 78−81.
(25) Xia, Y.; Mathis, T. S.; Zhao, M. Q.; Anasori, B.; Dang, A.; Zhou,
Z.; Cho, H.; Gogotsi, Y.; Yang, S. Thickness-Independent
Capacitance of Vertically Aligned Liquid-Crystalline MXenes. Nature
2018, 557, 409−412.
(26) Gund, G. S.; Park, J. H.; Harpalsinh, R.; Kota, M.; Shin, J. H.;
Kim, T.-i.; Gogotsi, Y.; Park, H. S. MXene/Polymer Hybrid Materials
for Flexible AC-Filtering Electrochemical Capacitors. Joule 2019, 3,
164−176.
(27) Wang, Z. X.; Chu, X.; Xu, Z.; Su, H.; Yan, C.; Liu, F. Y.; Gu, B.
N.; Huang, H. C.; Xiong, D.; Zhang, H. P.; Deng, W. L.; Zhang, H.
T.; Yang, W. Q. Extremely Low Self-Discharge Solid-State Super-
capacitors via the Confinement Effect of Ion Transfer. J. Mater. Chem.
A 2019, 7, 8633−8640.
(28) Conway, B. E.; Pell, W. G.; Liu, T. C. Diagnostic Analyses for
Mechanisms of Self-Discharge of Electrochemical Capacitors and
Batteries. J. Power Sources 1997, 65, 53−59.
(29) Zhang, Q.; Rong, J. P.; Ma, D. S.; Wei, B. Q. The Governing
Self-Discharge Processes in Activated Carbon Fabric-Based Super-
capacitors with Different Organic Electrolytes. Energy Environ. Sci.
2011, 4, 2152−2159.
(30) Andreas, H. A. Self-Discharge in Electrochemical Capacitors. J.
Electrochem. Soc. 2015, 162, A5047.
(31) Xia, M.; Nie, J.; Zhang, Z.; Lu, X.; Wang, Z. L. Suppressing Self-
Discharge of Supercapacitors via Electrorheological Effect of Liquid
Crystals. Nano Energy 2018, 47, 43−50.
(32) Ike, I. S.; Sigalas, I.; Iyuke, S. Understanding Performance
Limitation and Suppression of Leakage Current or Self-Discharge in
Electrochemical Capacitors: A Review. Phys. Chem. Chem. Phys. 2016,
18, 661−680.
(33) Kaus, M.; Kowal, J.; Sauer, D. U. Modelling the Effects of
Charge Redistribution during Self-Discharge of Supercapacitors.
Electrochim. Acta 2010, 55, 7516−7523.
(34) Liu, T. C.; Pell, W. G.; Conway, B. E. Self-Discharge and
Potential Recovery Phenomena at Thermally and Electrochemically
Prepared RuO2 Supercapacitor Electrodes. Electrochim. Acta 1997, 42,
3541−3552.
(35) Paleo, A. J.; Staiti, P.; Rocha, A. M.; Squadrito, G.; Lufrano, F.
Lifetime Assessment of Solid-State Hybrid Supercapacitors Based on
Cotton Fabric Electrodes. J. Power Sources 2019, 434, 226735.
(36) Huang, H. C.; Su, H.; Zhang, H. T.; Xu, L. D.; Chu, X.; Hu, C.;
Liu, H.; Chen, N. J.; Liu, F. Y.; Deng, W.; Gu, B. N.; Zhang, H. P.;
Yang, W. Q. Extraordinary Areal and Volumetric Performance of
Flexible Solid-State Micro-Supercapacitors Based on Highly Con-
ductive Freestanding Ti3C2Tx Films. Advanced Electron. Mater. 2018,
4, 1800179.
(37) Zhang, H. T.; Xin, X.; Liu, H.; Huang, H. C.; Chen, N. J.; Xie,
Y. T.; Deng, W. L.; Guo, C.; Yang, W. Q. Enhancing Lithium
Adsorption and Diffusion toward Extraordinary Lithium Storage
Capability of Freestanding Ti3C2Tx MXene. J. Phys. Chem. C 2019,
123, 2792−2800.
(38) Zhang, Q.; Rong, J.; Wei, B. A Divided Potential Driving Self-
Discharge Process for Single-Walled Carbon Nanotube Based
Supercapacitors. RSC Adv. 2011, 1, 989−994.
(39) Hu, M.; Hu, T.; Li, Z.; Yang, Y.; Cheng, R.; Yang, J.; Cui, C.;
Wang, X. Surface Functional Groups and Interlayer Water Determine
the Electrochemical Capacitance of Ti3C2Tx MXene. ACS Nano 2018,
12, 3578−3586.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c01056
ACS Nano 2020, 14, 4916−4924

4923

https://dx.doi.org/10.1038/s41578-019-0142-z
https://dx.doi.org/10.1038/s41578-019-0142-z
https://dx.doi.org/10.1038/s41467-019-08320-z
https://dx.doi.org/10.1038/s41467-019-08320-z
https://dx.doi.org/10.1016/j.electacta.2019.03.227
https://dx.doi.org/10.1016/j.electacta.2019.03.227
https://dx.doi.org/10.1016/j.electacta.2019.03.227
https://dx.doi.org/10.1021/acsaem.8b00764
https://dx.doi.org/10.1021/acsaem.8b00764
https://dx.doi.org/10.1038/s41467-019-14170-6
https://dx.doi.org/10.1038/s41467-019-14170-6
https://dx.doi.org/10.1038/s41467-019-14170-6
https://dx.doi.org/10.1016/j.jpowsour.2016.09.064
https://dx.doi.org/10.1016/j.jpowsour.2016.09.064
https://dx.doi.org/10.1016/j.electacta.2019.01.165
https://dx.doi.org/10.1016/j.electacta.2019.01.165
https://dx.doi.org/10.1016/j.electacta.2019.01.165
https://dx.doi.org/10.1126/science.1241488
https://dx.doi.org/10.1126/science.1241488
https://dx.doi.org/10.1021/acsnano.9b03412
https://dx.doi.org/10.1021/acsnano.9b03412
https://dx.doi.org/10.1021/acsnano.9b03412
https://dx.doi.org/10.1002/adfm.201905694
https://dx.doi.org/10.1002/adfm.201905694
https://dx.doi.org/10.1126/science.aag2421
https://dx.doi.org/10.1126/science.aag2421
https://dx.doi.org/10.1038/s41563-019-0478-1
https://dx.doi.org/10.1038/s41563-019-0478-1
https://dx.doi.org/10.1038/nenergy.2017.105
https://dx.doi.org/10.1038/nenergy.2017.105
https://dx.doi.org/10.1016/j.jpowsour.2019.01.044
https://dx.doi.org/10.1016/j.jpowsour.2019.01.044
https://dx.doi.org/10.1016/j.jpowsour.2019.01.044
https://dx.doi.org/10.1002/aenm.201602725
https://dx.doi.org/10.1002/aenm.201602725
https://dx.doi.org/10.1021/acs.jpclett.8b00200
https://dx.doi.org/10.1016/j.nanoen.2019.103961
https://dx.doi.org/10.1016/j.nanoen.2019.103961
https://dx.doi.org/10.1016/j.nanoen.2019.103961
https://dx.doi.org/10.1038/nature13970
https://dx.doi.org/10.1038/nature13970
https://dx.doi.org/10.1038/s41586-018-0109-z
https://dx.doi.org/10.1038/s41586-018-0109-z
https://dx.doi.org/10.1016/j.joule.2018.10.017
https://dx.doi.org/10.1016/j.joule.2018.10.017
https://dx.doi.org/10.1039/C9TA01028A
https://dx.doi.org/10.1039/C9TA01028A
https://dx.doi.org/10.1016/S0378-7753(97)02468-3
https://dx.doi.org/10.1016/S0378-7753(97)02468-3
https://dx.doi.org/10.1016/S0378-7753(97)02468-3
https://dx.doi.org/10.1039/c0ee00773k
https://dx.doi.org/10.1039/c0ee00773k
https://dx.doi.org/10.1039/c0ee00773k
https://dx.doi.org/10.1149/2.0081505jes
https://dx.doi.org/10.1016/j.nanoen.2018.02.022
https://dx.doi.org/10.1016/j.nanoen.2018.02.022
https://dx.doi.org/10.1016/j.nanoen.2018.02.022
https://dx.doi.org/10.1039/C5CP05459A
https://dx.doi.org/10.1039/C5CP05459A
https://dx.doi.org/10.1039/C5CP05459A
https://dx.doi.org/10.1016/j.electacta.2010.01.002
https://dx.doi.org/10.1016/j.electacta.2010.01.002
https://dx.doi.org/10.1016/S0013-4686(97)81190-5
https://dx.doi.org/10.1016/S0013-4686(97)81190-5
https://dx.doi.org/10.1016/S0013-4686(97)81190-5
https://dx.doi.org/10.1016/j.jpowsour.2019.226735
https://dx.doi.org/10.1016/j.jpowsour.2019.226735
https://dx.doi.org/10.1002/aelm.201800179
https://dx.doi.org/10.1002/aelm.201800179
https://dx.doi.org/10.1002/aelm.201800179
https://dx.doi.org/10.1021/acs.jpcc.8b11255
https://dx.doi.org/10.1021/acs.jpcc.8b11255
https://dx.doi.org/10.1021/acs.jpcc.8b11255
https://dx.doi.org/10.1039/c1ra00318f
https://dx.doi.org/10.1039/c1ra00318f
https://dx.doi.org/10.1039/c1ra00318f
https://dx.doi.org/10.1021/acsnano.8b00676
https://dx.doi.org/10.1021/acsnano.8b00676
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c01056?ref=pdf


(40) Hart, J. L.; Hantanasirisakul, K.; Lang, A. C.; Anasori, B.; Pinto,
D.; Pivak, Y.; van Omme, J. T.; May, S. J.; Gogotsi, Y.; Taheri, M. L.
Control of MXenes’ Electronic Properties through Termination and
Intercalation. Nat. Commun. 2019, 10, 522.
(41) Sato, T.; Marukane, S.; Morinaga, T.; Kamijo, T.; Arafune, H.;
Tsujii, Y. High Voltage Electric Double Layer Capacitor Using a
Novel Solid-State Polymer Electrolyte. J. Power Sources 2015, 295,
108−116.
(42) Xie, Y.; Naguib, M.; Mochalin, V. N.; Barsoum, M. W.; Gogotsi,
Y.; Yu, X.; Nam, K. W.; Yang, X. Q.; Kolesnikov, A. I.; Kent, P. R.
Role of Surface Structure on Li-Ion Energy Storage Capacity of Two-
Dimensional Transition-Metal Carbides. J. Am. Chem. Soc. 2014, 136,
6385−6394.
(43) Huang, J.; Sumpter, B. G.; Meunier, V. A Universal Model for
Nanoporous Carbon Supercapacitors Applicable to Diverse Pore
Regimes, Carbon Materials, and Electrolytes. Chem. - Eur. J. 2008, 14,
6614−6626.
(44) Feng, G.; Cummings, P. T. Supercapacitor Capacitance
Exhibits Oscillatory Behavior as a Function of Nanopore Size. J.
Phys. Chem. Lett. 2011, 2, 2859−2864.
(45) Croft, M.; Sills, D.; Greenblatt, M.; Lee, C.; Cheong, S.-W.;
Ramanujachary, K. V.; Tran, D. Systematic Mn D-Configuration
Change in the La1‑xCaxMnO3 System: A Mn K-Edge XAS Study. Phys.
Rev. B: Condens. Matter Mater. Phys. 1997, 55, 8726.
(46) Lukatskaya, M. R.; Bak, S.-M.; Yu, X.; Yang, X. Q.; Barsoum, M.
W.; Gogotsi, Y. Probing the Mechanism of High Capacitance in 2D
Titanium Carbide Using In Situ X-ray Absorption Spectroscopy. Adv.
Energy Mater. 2015, 5, 1500589.
(47) Bak, S. M.; Qiao, R.; Yang, W.; Lee, S.; Yu, X.; Anasori, B.; Lee,
H.; Gogotsi, Y.; Yang, X. Q. Na-Ion Intercalation and Charge Storage
Mechanism in 2D Vanadium Carbide. Adv. Energy Mater. 2017, 7,
1700959.
(48) Meng, R.; Huang, J.; Feng, Y.; Zu, L.; Peng, C.; Zheng, L.;
Zheng, L.; Chen, Z.; Liu, G.; Chen, B.; Mi, Y.; Yang, J. Black
Phosphorus Quantum Dot/Ti3C2 MXene Nanosheet Composites for
Efficient Electrochemical Lithium/Sodium-Ion Storage. Adv. Energy
Mater. 2018, 8, 1801514.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c01056
ACS Nano 2020, 14, 4916−4924

4924

https://dx.doi.org/10.1038/s41467-018-08169-8
https://dx.doi.org/10.1038/s41467-018-08169-8
https://dx.doi.org/10.1016/j.jpowsour.2015.06.116
https://dx.doi.org/10.1016/j.jpowsour.2015.06.116
https://dx.doi.org/10.1021/ja501520b
https://dx.doi.org/10.1021/ja501520b
https://dx.doi.org/10.1002/chem.200800639
https://dx.doi.org/10.1002/chem.200800639
https://dx.doi.org/10.1002/chem.200800639
https://dx.doi.org/10.1021/jz201312e
https://dx.doi.org/10.1021/jz201312e
https://dx.doi.org/10.1103/PhysRevB.55.8726
https://dx.doi.org/10.1103/PhysRevB.55.8726
https://dx.doi.org/10.1002/aenm.201500589
https://dx.doi.org/10.1002/aenm.201500589
https://dx.doi.org/10.1002/aenm.201700959
https://dx.doi.org/10.1002/aenm.201700959
https://dx.doi.org/10.1002/aenm.201801514
https://dx.doi.org/10.1002/aenm.201801514
https://dx.doi.org/10.1002/aenm.201801514
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c01056?ref=pdf

