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Experimental Details  

1. Synthesis of delaminated Ti3C2Tx  

Layered ternary carbide Ti3AlC2 (MAX phase) powder was procured from Carbon-

Ukraine ltd. (particle size < 40 µm). Ti3C2Tx MXene was synthesized by selective etching of 

aluminum from Ti3AlC2 using HF/HCl etchant as previously reported.[1] Briefly, the etching 

solution was prepared by mixing 12 mL of 12 M hydrochloric acid (HCl, Fisher Scientific, 

technical grade, 35-38%), 2 mL hydroflouric acid (Sigma Aldrich, 49%) and 6 mL of DI water. 

1 g of Ti3AlC2 powder was slowly added to the etchant solution at room temperature followed 

by stirring at 400 rpm for 24 h. The as-obtained multi-layer MXene suspension was washed 

with deionized (DI) water via centrifugation at 3500 rpm (5 min per cycle) until the supernatant 

reached pH  6. The sediment was collected and re-dispersed into 10 mL of water by shaking, 

then added to the delamination solution which contained 1 g LiCl dissolved in 50 mL DI water, 

followed by stirring for 4 h at 400 rpm. The delaminated Ti3C2Tx MXene dispersion was washed 

using DI water via centrifugation at 3500 rpm until pH reached above 6. Further, the supernatant 

containing delaminated single- and few-layer Ti3C2Tx MXene flakes was collected. The 

concentration of Ti3C2Tx dispersion was measured by filtering a specific amount of colloidal 

solution through a polypropylene filter (3501 Coated PP, Celgard LLC, Charlotte, NC), 

followed by drying under vacuum at 70 °C overnight and measuring the weight of the solid 

residue.  
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2. Preparation of freestanding Ti3C2Tx films 

The freestanding MXene films were prepared by vacuum assisted filtration. The films were 

dried in a desiccator overnight. Typical thicknesses of the electrode films were around 3 µm 

(mass loading ~0.4 mg/cm2). These are thin electrodes, but the goal of this study was to gain 

fundamental understanding of the effect of anodic oxidation rather than produce large-size 

devices. 

3. Material Characterization  

The X-ray diffraction (XRD) patterns were recorded by a powder diffractometer (Miniflex 

Rigaku, USA) with Cu Kα radiation at a step size of 0.04° with 0.5 s dwelling time. Raman 

spectra were recorded using a Renishaw Raman microscope with LEICA CTR6000 setup with 

633 nm laser, 1200 lines mm-1 grating at 10% laser power and a 50X objective. Spectra were 

acquired with a dwell time of 60 s with 2 accumulations. The morphology and microstructure 

of the samples were characterized by a scanning electron microscope (SEM) (Zeiss Supra 50VP, 

Germany). The porous MXene sheets were analyzed using transmission electron microscopy 

(TEM) (JEOL-2100, Japan) at an accelerating voltage of 120 kV.  

The chemical composition of the samples was analyzed using high resolution X-ray 

photoelectron spectroscopy (XPS). XPS studies were carried out in a Kratos Axis Supra DLD 

spectrometer equipped with a monochromatic Al Kα X-ray source (hν=1486.6 eV) operating 

at 150 W, a multichannel plate and a delay line detector under a vacuum of 1×10−9 mbar. The 

survey and high-resolution spectra were collected at fixed analyzer pass energies of 160 eV and 

20 eV, respectively and quantified using empirically derived relative sensitivity factors 

provided by Kratos analytical. Samples were mounted in floating mode in order to avoid 
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differential charging. Charge neutralization was required for all samples. Binding energies were 

referenced to the C 1s peak of (C-C, C-H) bond which was set at 284.8 eV. The data were 

analyzed with commercially available software, CasaXPS.  

The Ti 2p core level was fitted with six doublets (Ti 2p 2p3/2 – Ti 2p1/2) with a fixed area ratio 

of 2:1 and a doublet separation of 5.7 eV (except for Ti-C where the doublet separation is equal 

to 6.2 eV). The Ti 2p3/2 components are located at 455.0 eV, 455.8 eV, 457.1 eV, 458.5 eV, 

459.4 eV, and 460.3 eV respectively. The Ti 2p3/2 component centered at 455.0 eV and 458.5 

eV is associated with Ti bound to C [2,3]and to TiO2, respectively.[4,5] While the Ti 2p3/2 

components centered at 455.8 eV and 457.1 eV are attributed to Ti ions with valence states of 

+2 and +3, respectively.[2,5] The Ti2+ and Ti3+ ions are related to Ti3C2(OH)x and Ti3C2Ox 

species.[5] The Ti 2p3/2 component centered at 459.4 eV is associated to Ti from TiO2-xFx species 

while the Ti 2p3/2 component centered at 460.1 eV is attributed to C-Ti-Fx bonds.[5] The C 1s 

core level was fitted using six components located at 282.0 eV, 282.8 eV, 284.4, 284.8 eV, 

286.3, 288.2 and 289.5 corresponding to C-Ti,[3,5] C-Ti-O, C=C (sp2), C-C/C-H (sp3), C-O, C=O, 

respectively, [6,7] and (O-C=O and C-F) bonds.[7–9] 

4. Electrochemical measurements 

The electrochemical tests (cyclic voltammetry (CV), galvanostatic charge–discharge 

(GCD) and electrochemical impedance spectroscopy (EIS)) were conducted at room 

temperature using a VMP3 electrochemical workstation (BioLogic, France). EIS measurements 

were performed in the frequency range from 100 kHz to 0.1 Hz at open circuit potential by 

applying a small sinusoidal signal with an amplitude of 10 mV. The Swagelok cell was used 

for the electrochemical test, with two glass carbon electrodes as current collectors and a 
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Hg/Hg2SO4 reference electrode. The 3-electrode measurements were performed in 1 M Li2SO4, 

1 M KOH, 1M H2SO4 and 3M H2SO4 electrolytes, in which Ti3C2Tx freestanding electrodes 

were employed as the working electrodes with over-capacitive activated carbon as the counter 

electrode.  

For in situ electrochemical Raman tests, we assembled a simple custom cell using a plastic 

cap as the cell body (~2 cm in diameter). First, a ~6 mm hole was drilled into the cap. A piece 

of double sided Kapton tape with a hole of the same size was then placed on the inner side of 

the cap followed by a small glass slide covering the hole area to act as a window for the Raman 

laser. Then the Ti3C2Tx film, graphite paper with several pin-holes (current collector), separator, 

activated carbon counter electrode, graphite paper (second current collector) and finally another 

piece of glass slide were stacked layer-by-layer into the cap. The cap-cell was then placed up-

side down and a small glass vial was screwed into the cap to apply pressure to stacked layers 

and assure good contact between the layers. Finally, 1 M H2SO4 electrolyte was filled into the 

cap and a Hg/Hg2SO4 reference electrode was immersed into the electrolyte and fixed by 

KaptonTM tape. 

Anodic oxidation was conducted using potentiodynamic technique at a scan rate of 100 mV/s 

at various anodic potentials vs. Hg/Hg2SO4 for multiple cycles, while keeping the lower 

potential limit at the same value of -1.2 V vs. Hg/Hg2SO4 for each cycle. Specifically, the partial 

oxidation was conducted by reaching 0.1 V from 1 to 9 cycles, and deeper oxidation was 

achieved by reaching 0.3-0.9 V.  

5. Fabrication of activated carbon (AC) films 



5 

 

Activated carbon (YP50F) films were prepared by adding 5 wt% polytetrafluoroethylene (60 

wt% in water, Sigma Aldrich) to 95 wt% of YP50F (Kuraray, Japan). The above slurry was 

rolled into 100 µm thick films followed by drying in a vacuum oven at 70 °C overnight. These 

films were used as over-capacitive counter electrodes for 3-electrode tests. 

6. Electrochemical calculations 

Gravimetric specific capacitance 𝐶𝑚 (F/g) of electrode materials was calculated from 

the CV curves by integrating the discharge portion using the following equation: 

𝐶𝑚 =
1

V𝑚𝑣
∫ 𝑖𝑑𝑉        (1) 

where i is the current (mA), V is the potential (V), 𝑣 is the scan rate (mV/s) and m is the mass 

of the electrode (mg). 

Specific energy density: 

𝐸𝑚 =
1

𝑚
∫ 𝑖𝑉𝑑𝑡        (2) 

Specific power density: 

𝑃𝑚 =
𝐸𝑚

Δ𝑡
          (3) 

where m is the mass of the electrode and 𝛥t is the discharge time. 

The real capacitance C′ and imaginary capacitance C″ were calculated according to the 

following formula: 

𝐶′ = −
𝑍′′

2𝜋𝑓|𝑍|2        (4) 

𝐶′′ =
𝑍′

2𝜋𝑓|𝑍|2         (5) 

where |Z| is the absolute value of impedance (Ω), Z′ and Z″ are the real and imaginary 

components of impedance, and f is frequency (Hz). 
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Supporting Figures 

 

 

Fig. S1. SEM images of Ti3C2Tx films (a) before and after anodic oxidation at a potential of  

(b) 0.1 V for 9 cycles (0.1 V-9oxi) and (b) at 0.8 V for 1 cycle (0.8 V-oxi); TEM images of (d) 

pristine, (e) 0.1 V-9oxi and (f) 0.8 V-oxi Ti3C2Tx sheets.  

 

 

 

 

 

 

 

 

Fig. S2. CV curves of (a) pristine Ti3C2Tx and (b) Ti3C2Tx after 9 partial oxidation 

cycles (0.1V-9oxi) at scan rates from 5 to 2000 mV/s. 
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Fig. S3. Capacitance (at 5 mV/s) variation of Ti3C2Tx with respect to the anodic oxidation degree 

via partial oxidation at 0.1 V (vs. Hg/Hg2SO4). 

 

 

 

 

 

 

 

Fig. S4. CV profiles of Ti3C2Tx (a) partially oxidized at 0.1V in 3M H2SO4 for 9 cycles and (b) in the 

standard potential window before and after 9-sweeps of oxidation; Comparisons of CVs of (c) pristine 

and (d) 9-times partially oxidized Ti3C2Tx at scan rates from 5 to 2000 mV/s. (e) capacitance vs. scan 

rate and (f) EIS spectra of Ti3C2Tx after each cycle of partial oxidation. 
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Fig. S5. CVs of Ti3C2Tx (a) oxidized in 1M H2SO4 at different potentials and (b) in the stable potential 

window after each oxidation cycle; (c) capacitance vs. scan rate and (d) EIS spectra of Ti3C2Tx after 

each potential anodic oxidation at different potentials. The same electrode was used for all tests in this 

figure. 

 

 

 

 

 

 

 

 

Fig. S6. In situ photographs displaying the surface morphology of Ti3C2Tx at different states of oxidation 

by anodic potentials applied to the MXene/1M H2SO4 interface where the dots indicate TiO2 formation. 

Scale bar: 20 μm. 
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Fig. S7. In situ Raman spectra of Ti3C2Tx oxidized at different potentials at a scan rate of 100 mV/s 

in 1M H2SO4. No peaks of crystalline TiO2 phases have been observed. 

 

 

 

 

 

 

 
 

Fig. S8. CV profiles of Ti3C2Tx oxidized in different electrolytes at a scan rate of 100 mV/s. The 

potentials of -0.47 V and 0.19 V in KOH and Li2SO4 were selected as oxidation potentials, respectively, 

to keep the oxidation current equal to the current recorded at 100 mV/s in 1M H2SO4. 
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Fig. S9. Raman spectra of Ti3C2 after high potential oxidation in different electrolytes. Only the Ti3C2Tx 

oxidized in 1M H2SO4 shows a broad peak from 1100 to 1700 cm-1. Ti3C2 MXene oxidized in 1M Li2SO4 

and 1M KOH both show D and G peaks. This result may indicate that the Ti3C2 oxidized in 1M H2SO4 

forms amorphous carbon and disordered graphitic carbon forms when oxidized in both, 1M Li2SO4 and 

1M KOH.  

 

 

 

 

 

 

 
Fig. S10. Capacitance vs. scan rate of Ti3C2Tx after each cycle of oxidation in (a) 1M KOH and (d) 1M 

Li2SO4; CVs of (b) pristine and (c) partially oxidized Ti3C2Tx in 1M KOH; CVs of (e) pristine and (f) 

partially oxidized Ti3C2Tx in 1M Li2SO4; 
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Fig. S11. EIS spectra of Ti3C2Tx after each cycle of partial oxidation in (a) 1M KOH and (b) 1M Li2SO4 . 

 

 

 

 

 

 

 

 

 

Fig.S12. Rate performance vs. partial oxidation cycle of Ti3C2Tx MXene in different electrolytes. 

 

 

 



12 

 

 
Fig.S13. Cycling performance of Ti3C2Tx after nine cycles of partial anodic oxidation in different 

electrolytes. 

 

 

 

 

Fig.S14. Rate performance of partially oxidized Ti3C2Tx in comparison with literature reports [10-16]. 
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