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A B S T R A C T

Titanium carbide MXene (Ti3C2Tx, where Tx refers to -Cl, –F, –OH and ¼ O) shows ultrahigh electronic con-
ductivity but restricted rate performance for supercapacitors due to prolonged ion transport caused by the
restacking of 2D materials. In this work, an ultrafast laser writing technique is used for alleviating the restacking
issue by opening up the restacked layers and creating pores through instantaneous photothermal gasification of
interlayer water and partial surface groups. The rate performance of Ti3C2Tx film is effectively improved after
laser writing. By tuning the line density of laser scanning path, the electrochemical performance can be well
controlled and an optimized high capacitance of 322 F g�1 at 10 mV s�1 is obtained at relative high rate per-
formance, showing a high capacitance retention of 48% as the scan rate increased by 200-fold. As a result, the
symmetric microsupercapacitor with laser written Ti3C2Tx electrodes exhibits a high areal capacitance of 15.03
mF cm�2 at 10 mV s�1 with ultrahigh capacitance retention of 33% at 2000 mV s�1. Moreover, the laser writing
process takes only ~1 s for an 1 cm � 1 cm square film, showing superior advantages over other methods and
potentials in scale-up production.
1. Introduction

The rapid growing demands for high performance power-supplies
require energy storage devices to deliver high energy density at rela-
tively high charge/discharge rates. Pseudocapacitors are capable to store
more charge via fast redox reaction compared to that of electrical double
layer capacitors (EDLCs) which relies on the electrostatic ion adsorption
[1–5]. Typical electrode materials for pseudocapacitors such as RuO2 [6,
7], MnO2 [8,9], VN [10,11] and conductive polymers [12,13] have
shown high capacitances (for example, up to 1585 F g�1 was achieved by
RuO2 [14]). Most of these materials exhibit high ion accessibility with
nanostructured architecture and opened channels [15–17]. But the low
electronic conductivity of these pseudocapacitor materials always result
in undesirable performances.

As a rapidly expanding class of two-dimensional (2D) materials,
MXenes (transition metal carbides, nitrides and carbonitrides) have
), xubm@sustech.edu.cn (B. Xu).
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shown a great potential in electrochemical energy storage applications
[18–27]. As the mostly studied MXene, titanium carbide Ti3C2Tx (Tx
refers to the surface groups such as -Cl, –F, –OH and –O) exhibits
excellent pseudocapacitive performance due to the high electronic con-
ductivity (up to 15000 S cm�1) and high proton-induced pseudocapaci-
tance in acid-based aqueous electrolytes [28–30]. High packing density
(up to 4 g cm�3, close to the density of metals), along with high pseu-
docapacitance endow Ti3C2Tx with ultrahigh volumetric capacitance (up
to 1500 F cm�3) [31]. However, the rate performance is still relatively
unsatisfactory for high conductive Ti3C2Tx-based electrodes because of
the restacking issue of 2D materials. The severe restacking phenomenon
of Ti3C2Tx nanosheets hinders the out-of-plane electron transport and
largely prolongs the electrolyte ion transport distance inside the film
electrode [32].

Numerous efforts have been made to address the restacking issue of
Ti3C2Tx nanosheets. Central to these endeavors are opening the
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interlayer channels of the dense stacked films (such as intercalation of
nanomaterials, constructing 3D architecture, pillared structure design)
and shortening the ion transport pathway (such as reducing the flake
size, etching holes) [33–38], etc. An ideal method should be effective,
facile, easily scalable, environmental friendly, low-cost and compatible
with manufacturing process for Ti3C2Tx-based devices. However, few of
the reported methods satisfies all the requirements. Intercalation of
nanomaterials is an widely used facile method but degrades the inherent
high performance of Ti3C2Tx. For example, a 5 wt% intercalation of
graphene results into a decrease of ~15% in volumetric capacitance due
to the lower packing density of graphene [35]. Some methods are time
consuming such as frozen-drying for opened 3D channels, which usually
take hours to days. Template sacrifice method is an effective method for
building 3D structured Ti3C2Tx film, as reported by Lukatskaya et al. for
example, but the synthesized process is complicated with lots of steps
[31]. Overall, most of the methods need a mix of Ti3C2Tx suspension with
other chemicals or nanomaterials, which will inevitably affect the sta-
bility of the colloid since the dispersion of Ti3C2Tx nanosheets is based on
the electrostatic repulsion. In other words, it is quite a challenge to
develop a facile and effective way without affecting the dispersity of
Ti3C2Tx colloid (up to 100 mg mL�1 in water) unless the treatment is
introduced post film formation.

Herein, an ultrafast laser writing treatment is reported for alleviating
the restacking issue of Ti3C2Tx film. The ion channels between dense
Fig. 1. Schematic illustration of the synthesis process. The flow shows the synthes
photographic image shows the color change of Ti3C2Tx film before and after laser wri
interpretation of the references to color in this figure legend, the reader is referred
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stacked Ti3C2Tx nanosheets can be effectively opened up by laser as a
result of photothermal gasification of adsorbed H2O molecules and some
oxygen-containing terminations. Moreover, plenty of holes are generated
after laser writing due to the oxidation induced by the photothermal
effect. The modified structure after laser greatly facilitates the ion
transport inside the Ti3C2Tx film and significantly improves the rate
performance. Compared with other methods for the restacking issues,
contactless and chemical-free laser writing is an ultrafast and facile post-
treatment which takes only seconds for improving the rate performance
of Ti3C2Tx for supercapacitors. Since the laser writing is a local high
temperature treatment, it is even compatible with flexible devices with
plastic substrates, which shows great potential in scale-up fabrication of
high performance power supply for wearable electronics.

2. Results and discussions

Single-layer Ti3C2Tx nanoflakes are generally synthesized by selec-
tively etching the Al atoms from its MAX precursor (Ti3AlC2) followed by
the delamination process as shown in Fig. 1. The as-obtained Ti3C2Tx
aqueous suspension can be vacuum filtrated into freestanding films
which can be directly used as electrodes for supercapacitors. During the
filtration process, the Ti3C2Tx nanoflakes restack layer by layer, which
greatly hinders the electrolyte ion transport inside the film electrodes.
Inspired by the laser reduction technique which is widely used for
is process of a laser written Ti3C2Tx film starting from Ti3AlC2 precursor. The
ting and the schematic in center shows the line-by-line laser scanning path. (For
to the Web version of this article.)
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reducing graphene oxides (GO) and alleviating the restacking of
graphene-based electrodes, we successfully opened the restacked chan-
nels of Ti3C2Tx nanosheets without damaging the integrity of the free-
standing film by carefully tuning the laser output power density (by
defocusing, as shown in Fig. S1, S2 and Table S1). Different from the
reduction of GO after laser, the Ti3C2Tx film can be oxidized with a color
change from metallic purple to blue gray as shown in the photographic
image of Fig. 1. The interlayer adsorbed H2O molecular are expected to
be gasified by the fast photothermal process induced by laser and thus,
opened structure of Ti3C2Tx film is achieved. Actually, the bubbles
evolved on the surface of laser written area is an evidence for the gasi-
fication (photographic image of Fig. 1). The schematic illustration shown
in the center of Fig. 1 displays the line-by-line laser scanning path. Loose
line gaps inevitably results in pristine Ti3C2Tx as gaps left in the treated
area. Therefore, in this section, the line gap is controlled to be 20 μm
which is far smaller than the laser spot size so that all the Ti3C2Tx can be
covered.

By comparing the cross-sectional scanning electronic microscopy
(SEM) images of Ti3C2Tx free-standing films before and after laser
writing, the restacked nanosheets are successfully opened up and the film
thickness is increased to ~32 μm from ~2 μm (Fig. 2a and 2b). This
mesoporous structure is alike to the expanded GO film after laser
reduction [39].

Moreover, plenty of holes were created due to the photothermal
oxidation of Ti3C2Tx after laser writing (Fig. S3). The opened up porous
structure induced by laser is expected to largely facilitate the ion trans-
port inside the film and improve the rate performance thereby, as will be
discussed below. The opening up of restacked Ti3C2Tx nanosheets after
laser writing can be possibly attributed to the gas evolution caused by the
photothermal gasification of the interlayer trapped water molecular and
part of surface groups. This may be also the reason for the “bubble”
surface (photographic image of Fig. 1) and the decreased interlayer
spacing (Fig. 2c) after laser writing. The new peaks after laser treatment
shown in the X-ray diffraction (XRD) patterns are all shifted towards
higher diffraction angles which means a decrease in the interlayer
Fig. 2. Morphology and structure change induced by the laser writing. (a) cross-sec
(Laser-Ti3C2Tx). Comparison of (c) XRD patterns, (d) Raman spectra, (e) Ti 2p and (
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spacing. Such an opened-up structure and decreased interlayer spacing
are schematically illustrated in Fig. 1. The centers of new peaks shown in
Fig. 2c are increased almost linearly which satisfies the Bragg diffraction
equation at small angles, indicating the 2D nature of the Ti3C2Tx nano-
flakes was well kept after laser writing. The Ti3C2Tx was oxidized after
laser which can be clearly observed from the Raman and X-ray photo-
electronic spectroscopy (XPS) as shown in Fig. 2d and 2e. The peaks of
the Raman spectra in the range of 200 cm�1 to 800 cm�1 can be assigned
to the vibrations of Ti3C2Tx and the peaks at 1350 cm�1 and 1600 cm�1

are related to the D and G band of carbon, respectively. The decrease of
Ti3C2Tx related peaks and the raise of carbon peaks after laser writing
indicate that part of the Ti3C2Tx were oxidized and converted into
disordered carbon. TiO2 is another oxidation product which is verified by
the XPS results of Ti 2p orbit (centered at 459.0 eV) as shown in Fig. 2e.
The peaks assigned to Ti in Ti3C2Tx are still kept after laser, indicating
that Ti3C2Tx is only partially oxidized during the ultrafast photothermal
process. To identify the changes of surface groups induced by laser, the
XPS spectra of O 1s orbit are also analyzed as shown in Fig. 2f. The peaks
at 529.8 eV, 531.1 eV, 532.2 eV and 533.3 eV can be assigned to the
bonds of Ti–O, C–Ti-Ox, C–Ti-OHx and adsorbed H2O, respectively [40].
It is obvious that the peaks of C–Ti-OHx and adsorbed H2O were rela-
tively reduced after laser writing, an indicative of the removal of the –OH
surface groups and adsorbed H2O molecular. In summary, the laser
writing treatment of Ti3C2Tx results in the formation of TiO2 and carbons
while maintaining the main conductive Ti3C2Tx skeleton. Meanwhile, the
–OH surface groups and adsorbed H2O molecular can be removed by
laser, which resulted in the decrease in interlayer spacing and opening-up
of the freestanding film due to the gas evolution during the writing
process.

The cyclic voltammetry (CV) curves at 10 mV s�1 show a pair of redox
peaks which represents typical pseudocapacitive behavior of Ti3C2Tx in
H2SO4 aqueous electrolyte (Fig. 3a). The equation of this reversible redox
reaction was reported to be as follows [41]:

Ti3C2Ox(OH)yFz þ δe þ δHþ ⇌ Ti3C2Ox-δ(OH)yþδFz
tional SEM image of pristine Ti3C2Tx (Pri-Ti3C2Tx) and (b) laser written Ti3C2Tx
f) O1s XPS results before and after laser writing.



Fig. 3. Comparison of electrochemical performances before and after laser
writing. comparison of CV curves (a) at 10 mV s�1 and (b) 2000 mV s�1, (c) rate
performance and (d) EIS results.
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The shape of the CV curve is not significantly changed after laser but
with a decrease in the area of the curve, indicating a loss of specific
capacitance. The capacitance loss can be ascribed to the partial oxidation
of active Ti3C2Tx into inactive TiO2 and carbons. Nevertheless, the CV
curve of laser written Ti3C2Tx (Laser-Ti3C2Tx) at 2000 mV s�1 shows a
Fig. 4. Optimizing the electrochemical performance of laser written Ti3C2Tx. (a) Sch
standing film written by laser written with different line densities. Comparison of (c)
(f) EIS of Ti3C2Tx film electrode before and after laser writing with different line den
Hg2SO4. (g) Charge/discharge curves at different current densities and (h) cycling per
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larger area than Pri-Ti3C2Tx, indicating higher capacitance of Laser-
Ti3C2Tx at high scan rates (Fig. 3b). The comparison of CV curves at
different scan rates are displayed in Fig. S6. For better comparison, the
discharge capacitances of Ti3C2Tx before and after laser at different scan
rates were calculated and displayed in Fig. 3c. The capacitance of Ti3C2Tx
at 10 mV s�1 decreases rapidly to 182 F g�1 after laser treatment from
290 F g�1 in the Pri-Ti3C2Tx. However, the Laser-Ti3C2Tx shows much
improved rate performance with a capacitance retention of 69% at 2000
mV s�1, the value of which is only 31% for Pri-Ti3C2Tx. Actually, Laser-
Ti3C2Tx shows an advantage in capacitance when the scan rate gets
higher than 200 mV s�1. The increase in rate performance can be
ascribed to the porous and opened-up structure induced by laser where
electrolyte ions are more accessible into the film electrode. From the
electrochemical impedance spectra (EIS), it is obvious that the line at low
frequencies turns more vertical (Fig. 3d) and the intercept on the x-axis
keeps unchanged (inset of Fig. 3d), indicating again that the electrolyte
ions became more accessible inside the Ti3C2Tx film after laser without
increasing the equivalent series resistance (ESR). The electronic con-
ductivity of Ti3C2Tx is still high after laser (~920 S cm�1, Fig. S5) so that
the rate performance will not be dominantly restricted by the electron
transport process. As a result, the rate performance of Ti3C2Tx can be
effectively improved by the increased ion accessibility.

The laser writing process is further optimized in the pursuit of higher
capacitance without compromising the rate performance, through con-
trolling the laser line density, as shown in Fig. 4a. Since the gap between
two adjacent laser scanning lines can be adjusted by software, it is
convenient to adjust the effective area of laser scanning on Ti3C2Tx film
by controlling the line density (the line gap and line density are
ematic showing the laser scanning path. (b) Photographic image of Ti3C2Tx free-
rate performance, (d) CV curves at 10 mV s�1, (e) CV curves at 2000 mV s�1 and
sities in the frequency range from 105 to 0.1 Hz at a potential of �0.2 V vs. Hg/
formance tested at 50 A g�1 of Laser-Ti3C2Tx with a line density of 50 Lines/cm.
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reciprocal). Fig. 4b shows the photographic images of Ti3C2Tx film
treated by laser with different line densities. The line of laser scanning
path can be clearly observed at a line density of 20 Lines/cm and more
bubbles were formed on the surface with increase of line density (as
shown in Fig. 4b), indicating more trapped water was gasified and more
Ti3C2Tx was oxidized. The line-line gaps determined by the SEM images
are consistent with the line density as shown in Fig. S10. As a result, the
electrochemical performance was successfully tuned by controlling the
line density (Fig. 4c). The capacitance retention at 2000 mV s�1 is 31%,
32%, 48%, 56%, 71% and 69% for Ti3C2Tx films treated by laser with line
density of 0 (pristine), 20, 50, 100, 200 and 500 Lines/cm, respectively.
In general, the rate performance increases with line density, but the
capacitance increases first and then decreases. It can be seen from Fig. 4c,
when the line density increased to 50 Lines/cm, the capacitance at 10
mV s�1 slightly increases and then drops rapidly when the line density
further increased. As a result, the Laser-Ti3C2Tx with a line density of 50
Lines/cm (~29 μm thick as shown in Fig. S11) shows highest capacitance
at all scan rate range from 10 mV s�1 to 2000 mV s�1, even though the
rate performance is not the best. However, the capacitance retention of
laser-Ti3C2Tx (50 Lines/cm) at 2000 mV s�1 increased to 48% from 31%
of the pristine one. By comparing with the anodic oxidized Ti3C2Tx with
an increased capacitance retention of 66% at 2000mV s�1 from 38%, it is
reasonable to conclude that the rate performance improvement induced
by the laser writing is comparable to the anodic oxidation, taking into
account of the mass loading difference (~0.8 mg cm�2 in this work and
~0.4 mg cm�2 in the work of anodic oxidation) [32]. The Ti3C2Tx films
treated by laser with line density of 0 (pristine), 20, 50, 100, 200 and 500
Lines/cm show a capacitance of 289, 322, 302, 199, 181, 245 and 302 F
g�1 at 10 mV s�1, respectively. The increase in capacitance at 10 mV s�1

for Laser-Ti3C2Tx with low line densities is a result of rate performance
improvement instead of the intrinsic capacitance increase which has
been discussed in our previous work [32].

It is very interesting that the capacitance of most laser treated Ti3C2Tx
at 20 mV s�1 is slightly higher than that at 10 mV s�1, which is abnormal.
For the CV curves at cathodic process, we noticed that the current density
abnormally increased from�1.1 V to�1.2 V for most of the laser written
Ti3C2Tx (Fig. 4d), which are generally ascribed to the hydrogen evolu-
tion. Part of Hþ ions that bonded to the Ti3C2Tx surface in the pseudo-
capacitive reduction reaction may be consumed in the abnormal
Fig. 5. Electrochemical performance of Ti3C2Tx-based symmetric micro-supercapac
tween pristine and laser treated Ti3C2Tx micro-supercapacitors. The Ti3C2Tx micro-su
direction are named as Laser-Ti3C2Tx(?) and Laser-Ti3C2Tx(k), respectively. (b) CV
parison of rate performance and (f) areal energy density vs. areal power density for
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hydrogen evolution process and thus reduces the discharge capacitance
at low scan rates. This may be the reason for the abnormal increase of
capacitance from 10 mV s�1 to 20 mV s�1, but the insight mechanism
needs to be further discovered. The CV curves at 2000 mV s�1 are shown
in Fig. 4e. The increased area of the curves after laser writing indicates
higher capacitance, which is consistence with the results in the rate
performance (Fig. 4c). The diffusion-controlled and capacitive contri-
butions to the total charge storage were calculated and displayed in
Fig. S8 by using the CV results of Pri-Ti3C2Tx and Laser-Ti3C2Tx (50
Lines/cm) at the scan rates from 10 to 100 mV s�1 (Fig. S7). The methods
for the calculations are presented in the Experiment details in the Sup-
porting Information. It is obvious that the capacitive contributions are
significantly increased after laser writing at various scan rates, showing
high consistence with the results of rate performance evaluations. The
slope of the line at low frequencies of the EIS results increases with the
increase of the laser scanning line density (Fig. 4f), indicating higher ion
accessibility and better rate capability. The calculated time constants
(based on the EIS data) of Ti3C2Tx films treated by laser with line density
of 0 (pristine), 20, 50, 100, 200 and 500 Lines/cm are 3.23, 3.23, 0.38,
0.31, 0.21 and 0.24 s, respectively (Fig. S9). Since the Laser-Ti3C2Tx with
a line density of 50 Lines/cm shows the best optimized electrochemical
performance, the galvanostatic charge and discharge (GCD) rate perfor-
mance and cycle life were further tested with this sample. The charge/
discharge curves are displayed in Fig. 4g. The capacitance retention at
100 A g�1 is as high as 70% by comparing the value at 2 A g�1, indicating
high rate performance, which is consistent with the CV results. This film
electrode also showed excellent cyclic stability which showed a 105%
capacitance retention after 10000 cycles (Fig. 4h). The slightly increase
in capacitance after cycles may be a result of room temperature change.
The charge/discharge curve after cycles keeps almost intact, showing
great cycle performance.

To evaluate the practical performance of Laser-Ti3C2Tx (50 Lines/cm),
the electrochemical performance of Ti3C2Tx-based symmetric micro-
supercapacitors (MSC) are further compared as shown in Fig. 5. The pro-
cess for MSC fabrication is given in the experimental details in the Sup-
porting Information. The Laser-Ti3C2Tx-based MSCs with interdigital
fingers vertical or parallel to the laser scanning direction are abbreviated as
Laser-Ti3C2Tx(?) and Laser-Ti3C2Tx(k), respectively. The photographic
images and schematic illustrations of Ti3C2Tx-based MSCs are shown in
itors. (a) Photographic images and schematic illustrations of the difference be-
percapacitors with interdigital fingers vertical and parallel to the laser scanning
curves of Pri-Ti3C2Tx, (c) Laser-Ti3C2Tx(?) and (d) Laser-Ti3C2Tx(k). (e) com-
different micro-supercapacitors.
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Fig. 5a. The shadow area with red lines (laser scanning lines) refers to the
laser written area. CV curves were tested at different scan rates within a
voltage window of 0.6 V in 3 M H2SO4 electrolyte (Fig. 5b–d). The voltage
windowof the symmetricMSCdevices is only 0.6 Vwhich ismainly limited
by the upper potential limit of the Ti3C2Tx in H2SO4 electrolyte. When the
voltage goes higher than 0.6V, the oxidation of the Ti3C2Tx takes place
before the electrolyte decomposition. All the CV curves at low scan rates
show a rectangular-like shape, indicating EDL capacitive behavior in this
voltage window. The MSCs with laser written Ti3C2Tx electrodes shows
larger area in CV curves at 2000 mV s�1, exhibiting rate capability advan-
tages over pristine one. For better comparison, the rate performance of
differentMSCs are compared inFig. 5e.Thepri-Ti3C2TxMSCshowsanareal
capacitance of 11.75 mF cm�2 at 10 mV s�1 and a capacitance retention of
only 15% at 2000 mV s�1. The Laser-Ti3C2Tx(?) shows relative lower
capacitance (11.75 mF cm�2) at 10.

mV s�1 but a highest capacitance retention of 36% at 2000 mV s�1,
which can be ascribed to the more optimal structure for electrolyte ion
penetration. The Laser-Ti3C2Tx(k) shows a highest areal capacitance of
15.03 mF cm�2 at 10 mV s�1 with comparable retention of 33% at 2000
mV s�1. The high areal capacitances at such high scan rates enables
Ti3C2Tx-based MSCs to deliver high areal energy densities at high power
densities (Fig. 5f). The energy density of Laser-Ti3C2Tx(k) is as high as
0.25 μWh cm�2 at an ultrahigh power density of 2.94 mW cm�2, while
the Pri-Ti3C2Tx MSC can deliver only 0.09 μWh cm�2 at 1.05 mW cm�2.
Both the areal energy density and areal power density of Ti3C2Tx-based
MSCs in this work are much higher than the performance of inkjet-
printed graphene [42]. For a typical laser reduced graphene MSC in
aqueous electrolyte, the energy density is only 0.02 μWh cm�2 at similar
high power density of 1.89 mW cm�2 [39]. By comparing with other
symmetric MSCs with additive-free Ti3C2Tx-based electrodes (without
any current collectors), the energy density and power density obtained in
our work are very close to the values of the reported ones (Ti3C2Tx--
graphene aerogel [43], stamping Ti3C2Tx [44], FAT-Ti3C2Tx [45] and
All-MXene Ti3C2Tx [46]). It is expected that the laser writing technique
may be applicable to the Ti3C2Tx-based MSCs with other configurations
as well and further improves the already reported performance.

3. Conclusions

The laser writing technique was successfully applied to alleviate the
restacking of Ti3C2Tx by opening up the channels of restacked nanosheets
and creating holes. As a result, the rate performance of Ti3C2Tx was
effectively improved. By tuning the line density of laser scanning path,
the best optimized electrochemical performance was obtained, showing
both high capacitance and high rate capability. The laser writing is an
ultrafast, contactless and chemical free technique for alleviating the
restacking of Ti3C2Tx, showing incomparable advantage among all the
reported methods. This work highlights the importance of restructured
ion channels and indicates a great promise of laser writing strategy in
achieving high-performance supercapacitors at much reduced time and
cost.
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