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All-MXene (2D titanium carbide) Solid-State Microsupercapacitors 

for On-Chip Energy Storage  

You-Yu Penga,b,e, Bilen Akuzumb,c, Narendra Kurrab,d, Meng-Qiang Zhaob, Mohamed Alhabebb, 

Babak Anasorib, Emin Caglan Kumburc, Husam N. Alshareefd, Ming-Der Gere, Yury Gogotsi*b 

On-chip energy storage is a rapidly evolving research topic, opening doors for integration of batteries and supercapacitors 

at microscales on rigid and flexible platforms. Recently, a new class of two-dimensional (2D) transition metal carbides and 

nitrides (so-called MXenes) has shown great promise in electrochemical energy storage applications. Here, we report the 

farbication of all-MXene (Ti3C2Tx) solid-state interdigital microsupercapacitors by employing a solution spray-coating, 

followed by a photoresist-free direct laser cutting method. Our prototype devices consisted of two layes of Ti3C2Tx with two 

different flake sizes. The bottom layer was stacked large-size MXene flakes (lateral dimensions of 3-6 μm) serving mainly as 

current collectors. The top layer was made of small-size MXene flakes (~1 μm) with a large number of defects and edges as 

the electroactive layer responsible for energy storage. Compared to Ti3C2Tx micro-supercapacitors with platinum current 

collectors, the all-MXene devices exhibited much lower contact resistance, higher capacitances and better rate-capabilities. 

The areal and volumetric capacitances of ~27 mF cm-2 and ~357 F cm-3, respectively, at a scan rate of 20 mV s-1 were achieved. 

The devices also demonstrated their excellent cyclic stability, with 100 % capacitance retention after 10,000 cycles at a scan 

rate of 50 mV s-1. This study opens up a plethora of possible designs for high-performance on-chip devices employing 

different chemistries, flake sizes and morphologies of MXenes and their heterostructures. 

Broader context 
The continuous development and further miniaturization of portable electronic devices and microelectromechanical systems has led to the increasing demands for micro 

or nanoscale power sources and energy storage units. Supercapacitors, also called electrochemical capacitors, are energy storage devices with long service life and high 

power densities that can be fully charged and discharged in seconds. Small-scale supercapacitors, or micro-supercapacitors (MSCs), can be integrated with self-powered 

microscale devices and provide the required power for a long duration of time without maintenance, serving as ideal stand-alone power sources. The intrinsic properties 

of electrode materials play a crucially important role in the performance of MSCs. Here, a novel MSC is fabricated by employing a new material, two-dimensional titanium 

carbide (MXene). The MXene MSCs offer long lifetime and higher areal and volumetric capacities compared to most of the previously reported devices. This work opens 

up a door for the design of on-chip devices with high energy storage capability by employing a large family (~ 20 members) of 2D MXenes and their heterostructures. 

Introduction 

The rapid progress in the field of miniaturized portable 

electronic devices has stimulated an immense interest for 

developing micro-scale power sources such as thin film 

batteries and micro-supercapacitors.1-3 Micro-supercapacitors 

(MSCs) are capable of powering up microelectronic devices such 

as portable personal electronics, micro-electromechanical 

systems (MEMS), microsensors, and nanorobots. MSCs with 

interdigitated electrode architectures rely on free movement of 

electrolyte ions and tend to exhibit superior power density and 

rate capability over their sandwich counterparts, and a longer 

cycle life when compared to micro-batteries.4-6 Thus, 

interdigitated MSC seems to be a better design option for 

micro-scale power sources in comparison to the conventional 

sandwich configuration, as the latter may have issues with ion 

diffusion across the separator/membrane.1, 6-8 

 Most of the MSCs were fabricated by employing traditional 

micro-fabrication techniques starting with patterning of the 

current collectors as the bottom layer, followed by deposition 

of electro-active materials using techniques such as sputtering, 

electrophoretic deposition, electrochemical deposition, etc.1 

The intrinsic properties of electrode materials are crucially 

important for the performance of MSCs. In most cases, 

carbonaceous materials that store charge through electrical 

double layer, such as activated carbon,9 onion-like carbon,10 

carbon nanotubes,11, 12 carbide-derived carbon,5, 7 graphene or 

graphene oxide,8, 13-17 and their composites,18, 19 were explored 

in MSCs. In addition, pseudocapacitive materials involving 

surface redox reactions, such as transition metal 

oxides/hydroxides,20, 21 sulphides (MoS2,22 CoNi2S4,23 VS2
24), and 
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even conductive polymers,25, 26 have been used to fabricate 

high-capacity MSCs. However, the areal and volumetric 

capacitances, which are two important performance metrics for 

MSCs, achieved in these MSCs are always limited either due to 

the low packing density or the poor electrical conductivity of the 

electrode materials.1 The high packing density of MoS2 

rendered it as a promising electrode material for energy storage 

devices with high volumetric energy and power densities.27 

Besides, a new class of two-dimensional (2D) transition metal 

carbides, carbonitrides and nitrides called MXenes were 

discovered recently.28-30 They are synthesized by etching the ‘A’ 
layers from their ternary carbides precursors, the MAX 

phases.31-34 MXenes have a formula Mn+1XnTx, where M is an 

early transition metal, X is carbon or nitrogen, n = 1 to 3, and Tx 

refers to surface functionalities, such as OH, O, and F. They have 

already shown great promise as potential electrode materials 

for various energy storage devices, inclding supercapacitors,35-

39 sodium-ion capacitors,40, 41 lithium-ion,42, 43 and lithium-sulfur 

batteries.44 In general, MXenes’ rich chemistry and tuneable 
surface termination, metallic conductivity, surface 

hydrophilicity, and high packing densities make them attractive 

candidates for practical, especially high volumetric energy 

storage applications.45  

MXenes could be potential candidate materials for high-

performance MSCs due to the following merits: 1) MXenes 

show high gravimetric capacitances comparable to graphene, 

while have a much larger packing density (~4.0 g cm-3),29, 36, 45 

which helps to improve the volumetric characteristics. For 

instance, stable specific volumetric capacitance close to 1000 F 

cm-3 was reported for Ti3C2Tx MXenes in a conventional 3-

electrode configuration,36 exceeding all of the carbon-based 

supercapacitors46-48. 2) Most MXenes are metallic conductors 

with an electrical conductivity up to 6500 S cm-1,49 this enables 

the fast transfer of electrons and eliminates the need for noble 

metal current collectors. However, rare study on MXene 

microsupercapacitors has been reported, in spite the fact that 

for aligned 2D layers, ion transport is much facile for interdigital 

architectures compared to stacked electrodes.50 The only report 

from Shen et al. demonstrated the fabrication of MXene-based 

MSC through a filtration and subsequent oxidative etching 

method. However, a quite low volumetric capacitance of 14.4 F 

cm-3 was obtained. 50  

Herein, we propose a simple yet elegant solution processing 

approach to fabricate all-MXene-based solid state MSCs. In 

contrast to most of MSCs reported in the literature, which 

usually rely on noble metal (gold, platinum, or other alloy) 

layers as current collectors, we use Ti3C2Tx MXenes both as the 

current collector and active materials. The all-MXene solid-state 

MSCs exhibited excellent areal and volumetric capacitances and 

offered great cyclic performance benefited from their 

homogeneous structures and the excellent electrochemical 

properties of Ti3C2Tx MXene. 

Results and discussion 

The steps for the fabrication of the on-chip, all-MXene solid-

state MSCs is shown in Fig. 1. We employed a spray-coating 

method to deposit highly conductive large-size Ti3C2Tx (L-Ti3C2Tx) 

flakes on a glass substrate as the current collector at the bottom 

(Fig. 1a). It was followed by spray-coating of small-size Ti3C2Tx 

flakes (s-Ti3C2Tx) on top as an electroactive layer (Fig. 1b). The 

interdigital pattern was carved by direct laser cutting of a 

specific centre area of 8 × 6 mm2 on the stacked MXene film (Fig. 

1c). A PVA/H2SO4 gel electrolyte was carefully dropped onto the 

interdigital pattern area and left in air overnight at room 

temperature to evaporate excess water (Fig. 1d). The final 

outcome resulted in the “all-MXene-based solid-state MSCs (L-

s-Ti3C2Tx)”. For the sake of comparison, we also prepared all s-

Ti3C2Tx, all L-Ti3C2Tx, and Pt/s-Ti3C2Tx MSCs with a Pt layer as the 

current collector, as shown in Fig. S1 in Electronic 

Supplementary Information (ESI). 

 

 
Fig. 1 Schematic illustrating the fabrication process of the all-Ti3C2Tx 

MXene MSC. (a) Spray-coating of a thin L-Ti3C2Tx layer at the bottom as 

the current collector, (b) followed by coating of an electroactive s-

Ti3C2Tx film. (c) Laser cutting of the L-s-Ti3C2Tx film to obtain interdigital 

electrodes with an area of 8 x 6 mm2. (d) Painting of a PVA/H2SO4 gel 

electrolyte on the interdigital electrodes to fabricate the MSC device. 

 

Typical transmission electron microscope (TEM) 

micrographs for individual Ti3C2Tx MXene flakes with diverse 

lateral sizes are shown in Fig. 2a and b. The L-Ti3C2Tx flakes are 

flat and transparent under TEM (Fig. 2a). In contrast, the s-

Ti3C2Tx flakes (Fig. 2b) are relatively smaller and contain more 

defects. The lateral size distribution of L-Ti3C2Tx is concentrated 

in the range of 3-6 μm (Fig. 2c), but majority of the s-Ti3C2Tx 

flakes are smaller than 1 μm (Fig. 1d). The differences in lateral 

dimensions and number of defects of these two MXenes could 

be governed by their delamination process. The L-Ti3C2Tx flakes 

were obtained by a mild delamination (5-min hand shaking) of 

the as-etched multi-layer Ti3C2Tx particles. The s-Ti3C2Tx flakes 

were prepared by 30-min probe sonication of an L-Ti3C2Tx 

solution, which has fragmented the large flakes into smaller 

ones and resulted in more structural defects.  

The overall crystallinity of these two types of Ti3C2Tx MXenes 

was investigated via x-ray diffraction (XRD), as shown in Fig. 2e. 

Similar to the previously reported Ti3C2Tx MXenes,38 the (002) 

peaks for both of the two MXenes are located at ~ 7 o, which is 

due to the intercalation of single layer of water molecules 

between MXene flakes. Also, there is a small peak at lower 2θ 

(~6 o), which possibly is due to the presence of two layers of 
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water molecules between some flakes.33, 35 Water intercalation 

into MXenes is common and has been previously observed in 

other MXenes such as Nb2CTx, V2CTx, Mo2CTx and Nb4C3Tx.51-53 

Moreover, the (002) peak of s-Ti3C2Tx is broader than that of L-

Ti3C2TX. The full width at half maximums (FWHMs) of s-Ti3C2Tx 

and L-Ti3C2Tx were 0.45º and 0.31º, respectively, which can be 

attributed to the higher degree of MXene layers alignment 

along the c-axis for the latter. The electrical conductivity of 

these two MXene films with similar thicknesses was estimated 

by measuring the generated currents upon applying small bias 

voltages, as shown in Fig. 2f. It was observed that the L-Ti3C2Tx 

film has lower resistance compared to the s-Ti3C2Tx film. 

Electrical conductivity values of L-Ti3C2Tx and s-Ti3C2Tx films 

were measured by a four-point probe as 2508 and 778 S cm-1, 

respectively. This could be attributed to two effects: (1) The L-

Ti3C2Tx film had less flake-to-flake contact resistance compared 

to s-Ti3C2Tx due to their large MXene flake size; (2) The s-Ti3C2Tx 

flakes were more defective causing more electrical resistivity. 

Moreover, having more defects makes s-Ti3C2Tx more prone to 

oxidation in air than L-Ti3C2Tx, resulting in higher overall 

resistance.54 

Fig. 3a shows a digital photograph of an as-fabricated L-s-

Ti3C2Tx MSC device on a glass substrate, with a United States (US) 

Dime coin alongside for size comparison. The patterned L-s-

Ti3C2Tx MXene film electrode was imaged using scanning 

electron microscopy (SEM).  Typical width of the MXene finger 

electrode was measured to be around 600 µm (Fig. 3b). We 

have optimized the laser cutting conditions to ensure clear 

isolation of electrode fingers to avoid any electrical short-

circuits while maintaining the minimum spacing between the 

electrode fingers, as shown in Fig. S2 (ESI). In general, laser head 

movement is done through electric motors, and there are 

always some vibrations during the laser cutting process.  

In addition, the local heat generated by laser may not be 

dissipated completely and fast enough through the underneath 

glass. All these facts result in the uneven nature of laser cutting 

routes. This is especially true at the corners of the pattern 

where laser dwell time laser is longer (Fig. 3b). A straight and 

clean channel of ~110 μm wide was obtained after the 

optimization (Fig. 3c). The cross-sectional SEM image of the L-s-

Ti3C2Tx film clearly shows the restacking of the MXene flakes 

with good alignment after the spray-coating process (Fig. 3d). 

Thickness of the L-s-Ti3C2Tx film was measured by a profilometer 

(Fig. 3e), and found to be ~1.3 μm as shown in Fig. 3f, which is 

consistent with the cross-sectional SEM image (as shown in Fig. 

3d). 

Electrochemical performance of the L-s-Ti3C2Tx MSCs was 

investigated in a two-electrode configuration using PVA/H2SO4 

gel electrolyte. MXene-based MSCs with other configurations, 

including Pt/s-Ti3C2Tx, all L-Ti3C2Tx, and all s-Ti3C2Tx MSCs, were 

also tested for comparison. Cyclic voltammograms (CVs) of the 

four kinds of MXene-based MSCs at a scan rate of 50 mV s-1 

were shown in Fig. 4a. Typical rectangle-like CV curves were 

obtained for all of them. The CV curves of all these MSC devices 

at different scan rates were are shown in Fig. S3, ESI.  In general, 

the s-Ti3C2Tx MSC has higher areal capacitance when compared 

to the L-Ti3C2Tx MSC. This could be attributed to the small flake 

size and high concentration of defects of s-Ti3C2Tx flakes, leading 

to more electroactive sites that helped increase the 

capacitance.55 In contrast, the L-Ti3C2Tx MSC shows better rate-

capabilities and faster responsive time compared to the s-

Ti3C2Tx MSC, possibly due to the superior electrical conductivity 

of the former. Similar results were obtained by the 

galvanostatic charge-discharge testing, as shown in Fig. S4, ESI. 

A typical isosceles triangle shape for the L-Ti3C2Tx MSC and 

obviously IR drop for the s-Ti3C2Tx MSC were obtained, 

respectively, at various current density. At the same current 

density of 1.0 mA cm-2, a longer discharge time with a serious IR 

drop for the s-Ti3C2Tx MSC was observed compared to the L-

Ti3C2Tx one (Fig. 4b). 

 

 
Fig. 2 TEM micrographs showing individual (a) L-Ti3C2Tx, and (b) s-Ti3C2Tx 

flakes. Flake size distribution of (c) L-Ti3C2Tx, and (d) s-Ti3C2Tx. (e) XRD 

patterns and (f) I-V curves of L-Ti3C2Tx, and s-Ti3C2Tx MXene films. 
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Fig. 3 (a) Digital photograph showing an as-fabricated interdigital L-s-Ti3C2Tx MSC on a glass substrate (a Dime coin is shown alongside for size 

comparison). SEM images showing (b) a laser cut MXene finger electrode (width, ~600 µm) and (c) an interspace region (~110 µm), (d) Cross-

sectional SEM image of an entire L-s-Ti3C2Tx MXene film on the glass substrate. (e, f) Optical profilometer image used to determine the thickness 

of an L-s-Ti3C2Tx MXene stack film. 

 

  The performance of s-Ti3C2Tx MSC was improved by using a 

Pt layer as the current collector and making a Pt/s-Ti3C2Tx MSC 

(Fig. 4a and b). However, by using L-Ti3C2Tx instead of Pt as the 

current collector and making the L-s-Ti3C2Tx MSC, not only the 

highest capacitances and best rectangle shaped CV curves, but 

also the lowest IR drop were achieved. This benefit came from 

the combination of the advantages of high capacitance of s-

Ti3C2Tx and high conductivity of L-Ti3C2Tx.  

Moreover, compared to the devices with a Pt current 

collector, a uniform interface formed between the current 

collector (L-Ti3C2Tx) and the active material (s-Ti3C2Tx) films in L-

s-Ti3C2Tx MSC considering their quite similar chemistry. Typical 

CV curves of the L-s-Ti3C2Tx MSC at different scan rates are 

shown in Fig. 4c, which exhibit good rectangular shape up to 100 

mV s-1. Isosceles triangle charge-discharge curves at different 

current densities are obtained in Fig. 4d, which indicates good 

Coulombic efficiency of the L-s-Ti3C2Tx MSC.  

The areal capacitances versus scan rates for the four MXene-

based MSC kinds are calculated and shown in Fig. 4e. The 

significant performance differences between the s-Ti3C2Tx and 

L-Ti3C2Tx MSCs are observed again. The s-Ti3C2Tx MSC exhibits an 

areal capacitance of 19.6 mF cm-2 at 20 mV s-1, which decreases 

drastically to 1.0 mF cm-2 at 2 V s-1, with only 5% retention. In 

contrast, the L-Ti3C2Tx MSC shows 12.5 mF cm-2 of capacitance 

at 20 mV s-1, but 24% (3.0 mF cm-2) retention at 2 V s-1. Although 

the capacitance of s-Ti3C2Tx is increased from 19.6 to 23.6 mF 

cm-2 by using the Pt current collector in Pt/s-Ti3C2Tx MSC, its 

capacitance retention is only 14%, from 20 to 2000 mV s-1. For 

the L-s-Ti3C2Tx MSC, areal capacitance values as high as 27.3 mF 

cm-2 at a scan rate of 20 mV s-1 are observed, with a good 24% 

capacitance retention at the high scan rate of 2 V s-1. The 

volumetric capacitances of these four MXene-based MSC 

devices are also calculated and compared in Fig. S5 (ESI). High 

volumetric capacitances of 356.8 F cm-3 at a current density of 

0.2 mA cm-2 and 337.5 F cm-3 at 20 mV s-1 were achieved for the 

L-s-Ti3C2Tx MSC. At 4 mA cm-2 and 2 V s-1, these values were 

retained as ~250 and ~100 F cm-3, respectively.  

The areal capacitance of the L-s-Ti3C2Tx MSC achieved here 

is superior to most of carbon-based MSCs such as activated 

carbon (2.3 mF cm-2),9 onion-like carbon (1.7 mF cm-2),10 carbon 

nanotubes (0.4 mF cm-2),11 reduced graphene oxide (rGO), 

graphene, porous graphene, and exfoliated graphene (0.1 – 5.4 

mF cm-2),8, 14-17, 56 graphene/carbon nanotubes composites (2.1 

– 6.1 mF cm-2),18, 57 cobalt hydroxide/reduced graphene oxide 

(Co(OH)2/rGO) (6 mF cm-2),25  and comparable to carbon coating 

of vertically Si nanowire (C@SiNWs) (25.6 mF cm-2).58 

The electrochemical capacitive behaviour of the four MSCs 

was further investigated by electrochemical impedance 

spectroscopy, as shown in Fig. 4f. The different solution 

resistance between the L-Ti3C2Tx and s-Ti3C2Tx MSCs at high 

frequency can be attributed to difference in electrical 

conductivity of the films. The contact resistances for Pt/s-Ti3C2Tx 

and L-s-Ti3C2Tx MSC devices were calculated to be 20.4 and 7.1 

Ω.cm2, respectively. This indicates that the unique combination 

of L- and s-Ti3C2Tx flakes eliminates the large contact resistance 

between the current collector and active materials, facilitates 
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the efficient charge transfer across the interface, and in turn, 

enhances the overall electrochemical performance. The higher 

45o slope of the L-Ti3C2Tx MSC at middle frequency portion 

indicated longer ion transport path during the charge-discharge 

process possibly due to its larger flake sizes. In the case, more 

ion channels were available in the structure set up by smaller 

flakes (s-Ti3C2Tx). By combing the small and large flakes MXenes, 

the lowest resistance and best capacitive behaviour were 

obtained for the L-s-Ti3C2Tx MSC, indicating a perfect synergy of 

the s-Ti3C2Tx and L-Ti3C2Tx flakes. 

 

 
Fig. 4 Electrochemical performance of MXene-based MSC devices. (a) 

CVs at a scan rate of 50 mV s-1 and (b) charge-discharge curves at a 

current density of 1 mA cm-2 of various MSC devices; (c) CV curves of 

the L-s-Ti3C2Tx MSC at different scan rates; (d) Charge-discharge profiles 

of the L-s-Ti3C2Tx MSC at different current densities; (e) Variation in areal 

capacitances with scan rates and (f) the Nyquist plots for the four 

MXene-based MSC devices.   

 

Note that the Ti3C2Tx MXene can be oxidized in aqueous 

electrolytes with oxygen and positive potentials,45 which will 

result in capacitance decay during the cyclic tests and increase 

of resistance (Fig. S6a-c, ESI). As a result, a colour change from 

black to yellow grey occurred for the positive electrode, 

indicating the transformation of Ti3C2Tx to titania after the tests 

(Fig. S6b, ESI). In order to improve the cycling stability of the all-

MXene-based MSCs, we performed a simple sonication-assisted 

degassing process to remove the trapped oxygen in the 

electrolyte. After this step, upon 100% capacitance retention 

was observed for L-s-Ti3C2Tx MSC over 10,000 cycles at a scan 

rate of 50 mV s-1 (Fig. S6d, ESI). The fluctuations of the cycling 

stability can be attributed to the competition of Ti3C2Tx 

oxidation by residual oxygen in the electrolyte (decrease) and 

the improved electrolyte accessibility into the electrodes 

(increase), as well as the temperature changes during the long-

tern cycling tests. It is believed that the cycling stability of the 

MXene-based MSCs can be further improved by conducting the 

electrochemical tests in a completely oxygen-free, isothermal 

environment.  

In order to demonstrate its flexible nature, the interdigital 

L-s-Ti3C2Tx MSC on glass substrate was glued to a scotch tape 

followed by careful peeling off. This led to transfer of the entire 

architecture onto the scotch tape substrate. As shown in Fig. 5a, 

the transferred MXene device shows good flexibility with no 

obvious cracks after repeated bending for 100 times with a 

bending angle of 60o. After coating with a PVA/H2SO4 gel 

electrolyte, the electrochemical performance of the flexible L-s-

Ti3C2Tx MSC was tested by recording CVs and charge-discharge 

profiles (Fig. 5b and c). This flexible device exhibited 

comparable areal capacitances to its original rigid architecture 

on glass substrate before transfer, with only 7-12% lower values 

(Fig. 5d). This is a good demonstration that MXene-based MSCs 

can be easily transferred and made into flexible devices.     

 

 
Fig. 5 (a) Digital photograph showing the transferred L-s-Ti3C2Tx MXene 

MSC on to a flexible scotch tape, and the corresponding (b) CVs, (c) 

charge-discharge curves, and (d) variation in areal capacitances with 

scan rates. 

   

The volumetric energy and power densities of the all-MXene 

(L-s-Ti3C2Tx) MSCs were compared with the state-of-the-art 

performance metrics, as shown in Fig. 6. The all-MXene MSC 

exhibited energy density values in the range of 11-18 mWh cm-

3 with corresponding power densities in the range of 0.7-15 W 

cm-3. These values are comparable to those of Li-based thin-film 

batteries (10 mWh cm-3),8, 10 and superior to those of MSCs 

based on other classes of materials including carbon (E = 0.15-9 

mWh cm-3),7-10, 13, 16-18, 25, 57 metal oxides (1-5 mWh cm-3) 20, 21, 25, 
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59 and conducting polymers (5-11 mWh cm-3) 60, 61 fabricated by 

various techniques. The outstanding performance of the all-

MXene MSCs originates from the electrochemical 

characteristics of Ti3C2Tx, including its high electrical 

conductivity, rapid intercalation between the sheets, fast 

pseudocapacitive contribution, and hydrophilic surface of 

MXene helping electrolyte infiltration.29 Further improvement 

in MSC performance can be reached upon optimization of 

MXene flake size, thickness, composition, and the architecture 

of MXene-based MSC devices. 

 

 
Fig. 6 (a) Ragone plot displaying the volumetric energy and power 

densities achieved by the all-MXene MSCs in this work with comparison 

to that of Li thin-film batteries8, 10, and carbon7-10, 13, 16-18, 25, 57, metal 

oxide20, 21, 25, 59, or conducting polymer-based60, 61 MSCs. 

Conclusions 

We have demonstrated the fabrication of novel, noble-metal-

free, solid-state all-Ti3C2Tx MXene MSC devices. The large-flake 

L-Ti3C2Tx layer was used as the current collector and small-flake 

s-Ti3C2Tx as the active material. The devices exhibited high 

capacitances and excellent rate-capability. A high areal 

capacitance of 27.3 mF cm-2 at 20 mV s-1 and a volumetric 

capacitance of 356.8 F cm-3 at 0.2 mA cm-2 were achieved. The 

L-s-Ti3C2Tx MSC also displayed good cycling stability of over 100% 

capacitance retention after 10,000 cycles at a scan rate of 50 

mV s-1 after removing oxygen in the electrolyte. The L-s-Ti3C2Tx 

MSC manufactured on a glass substrate can be easily 

transferred to a flexible substrate while preserving its excellent 

electrochemical performance. This study opens up a plethora of 

possible designs of on-chip devices employing a large family of 

MXenes and their heterostructures. 

Experimental 

Preparation of L-Ti3C2Tx 

Synthesis of Ti3AlC2 MAX phase has been described in previous 

studies.39 Ti3C2Tx MXene powder was prepared by the following 

etching procedures: 1 g of Ti3AlC2 powder was slowly added into 

a mixture solution of 1 g lithium fluoride (LiF, Alfa Aesar, 98+ %) 

in 20 ml 6 M hydrochloric acid (HCl, Fisher, technical grade, 35-

38%), and followed by stirring at 35 °C for 24 h. The acidic 

suspension was washed with 100 ml of deionized (DI) water and 

centrifuged until pH  6 is reached and stable dark green 

supernatant of L-Ti3C2Tx was collected after 30 min 

centrifugation at 3500 rpm. The concentration of L-Ti3C2Tx 

solution was measured by filtering specific amounts of colloidal 

solution through a polypropylene filter (3501 Coated PP, 

Celgard LLC, Charlotte, NC), followed by drying at room 

temperature for two days under vacuum. 

Preparation of s-Ti3C2Tx 

The s-Ti3C2Tx was simply prepared by further sonicating L-Ti3C2Tx 

colloidal solution using probe sonication (power: 250 W, and 50% 

amplitude) in a cold bath (-10 oC) for 30 min followed by 

centrifugation at 3500 rpm for another 30 min. The supernatant 

was collected as the s-Ti3C2Tx colloidal solution. 

Fabrication of on-chip MXene micro-supercapacitors 

Glass slides of 1.5 × 2 cm2 size (Fischer) were cleaned with a 

soap solution to remove the dirt followed by ultrasonication in 

acetone, isopropanol and DI water sequentially for 5 min each 

and then dried by blowing nitrogen (N2) gas. Furthermore, the 

organic matter that may be present on the glass slides was 

removed by treating them in piranha solution for 1 h. The 

solution was prepared by mixing sulfuric acid (H2SO4, Alfa Aesar, 

American Chemical Society grade, 95-98%) and hydrogen 

peroxide (H2O2, ACS, 29-32% w/w aqueous solution) in a 3:1 

volume ratio. DI water was used to wash the glass slides at the 

final stage followed by drying by blowing N2 gas. 

 All-MXene-based MSCs were fabricated by spray-coating of 

300 nm L-Ti3C2Tx film directly onto a glass slide as the current 

collector followed by spray-coating of a s-Ti3C2Tx layer as the 

active material on the area 6 mm in width and 1.5 cm in length. 

An airbrush and a hot air gun were turned on simultaneously in 

order to dry each coated layer immediately. Interdigital 

patterns were produced by utilizing direct laser machining using 

a 10.6 µm CO2 laser (Epilog Mini/Helix 8000, Epilog Laser, USA) 

with pulse duration of 14 µs. Laser power and speed were set 

to 3% and 30%, respectively. Z-distance between laser and the 

sample was 5.1 cm. AutoCAD technical drawing software was 

used to design the interdigital patterns. The laser beam size was 

100 µm. Laser power was varied from 0.4 to 3.2 W with 

increments of 0.4 W. The laser system offers the option of 

controlling the laser scan rates up to 7.6 cm/s. As depicted in 

the schematic of Fig. 1, laser patterning was employed at 

optimum conditions determined by a parametric study. All of 

the laser experiments were performed under ambient 

conditions. 

 We also fabricated devices by using Pt as the current 

collector, instead of L-Ti3C2Tx. First, an 80-nm Pt metal film was 

deposited on a glass substrate by sputtering. MXene film with a 

thickness of 1 µm was sprayed from the s-Ti3C2Tx solution on the 

device area (6 mm of width and 1.5 cm of length) as described 

above. MXene patterned films were obtained using the above 

mentioned laser cutting procedure. This film will henceforth be 

referred to as Pt/s-Ti3C2Tx. 

 The polyvinyl alcohol (PVA)/H2SO4 gel electrolyte was 

prepared by continuously stirring 1g H2SO4 (1 g) in 10 ml of 10% 

wt. aqueous PVA gel (polyvinyl alcohol, Mr, 115,000; Scientific 
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Polymer Products). The latter was made by dissolving 1 g of PVA 

powder in 10 ml DI water at 90 °C for 3 hours under continuous 

stirring until obtaining a clear solution, and then allowed to cool 

down. The gel electrolyte was carefully dropped onto the 

interdigital pattern area of the films. After vaporizing the excess 

water overnight, MXene-based solid-state MSCs were obtained. 

Structural Characterization 

The morphology of MXene sample was characterized by 

transmission electron microscope (TEM) (JEOL JEM-2100, Japan) 

using an accelerating voltage of 200 kV. The TEM samples were 

prepared by dropping several drops of the solutions onto a 

copper grid and dried in air overnight. The morphology of the 

MXene sheets was imaged using a scanning electron 

microscope (SEM) (Zeiss Supra 50VP, Germany). The electrical 

conductivities of the samples were measured using a four-point 

probe (ResTest v1, Jandel Engineering Ltd., Bedfordshire, UK) 

with a probe distance of 1 mm. The X-ray diffraction (XRD) 

patterns were measured by a powder diffractometer (Rigaku 

Smart Lab, USA) with Cu Kα radiation at a step size of 0.02° with 

0.5 s dwelling time. The thickness of electrodes was measured 

by an Optical Profilometer (Zygo NewView 6000). 

Electrochemical measurements 

The symmetrical MXene MSCs were connected to instrument 

cables by silver adhesive (Fast drying Ag paint, SPI supplies) in 

two-electrode configuration. All the electrochemical 

measurements were done using VMP3 potentiostat (Biologic, 

France). The cyclic voltammetry tests were performed using a 

scan rate ranging from 20 to 500 mV/s in the potential window 

of 0 to 0.6 V to avoid material oxidation.45 The capacitances 

were calculated by integrating the discharge portion of the CVs.  

Galvanostatic cycling was carried out using a current density of 

0.2, 0.5, 1, 2, and 4 mA cm-2 in the same potential window. The 

capacitances were calculated from the slopes of the discharge 

curves. The electrochemical impedance spectroscopy was 

performed at open circuit potential (OCP), with small sinusoidal 

amplitude of 5 mV, and frequencies of 50 mHz to 10 kHz. Since 

the weight of the electrode material is almost negligible in MSCs, 

the areal and volumetric capacitances were used to evaluate 

the electrochemical performance of microsupercapacitors.1  
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