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Tunable Electrochromic Behavior in Titanium-based MXenes

Geetha Valurouthu, Kathleen Maleski, Narendra Kurra, Meikang Han, Kanit Hantanasirisakul, Asia 

Sarycheva and Yury Gogotsi*

Two-dimensional transition metal carbides, nitrides and carbonitrides, popular by the name MXenes, are a promising class 

of materials as they exhibit intriguing optical, optoelectronic and electrochemical properties. Taking advantage of their 

metallic conductivity and hydrophilicity, titanium carbide MXenes (Ti3C2Tx) enable solution processable transparent 

conducting electrodes (TCE) for the design of three-electrode electrochromic cell. However, the tunable electrochromic 

behavior of various titanium-based MXene compositions across the entire visible spectrum has not yet been 

demonstrated. Here, we investigate the intrinsic electrochromic properties of titanium-based MXenes, Ti3C2Tx, Ti3CNTx, 

Ti2CTx, and Ti1.6Nb0.4CTx, where individual MXenes serve as a transparent conducting, electrochromic, and plasmonic 

material layer. Plasmonic extinction bands for Ti3C2Tx, Ti2CTx and Ti1.6Nb0.4CTx are centered at 800, 550 and 480 nm, which 

are electrochemically tunable to 630, 470 and 410 nm, respectively, whereas Ti3CNTx shows a reversible change in 

transmittance in the wide visible range. Additionally, the switching rates of MXene electrodes with no additional 

transparent conductor electrodes are estimated and correlated to the respective electrical figure of merit values. This 

study demonstrates that MXene-based electrochromic cells are tunable in the entire visible spectrum and suggests 

potential for this family of materials in optoelectronic, plasmonic, and photonic applications, such as tunable visible optical 

filters and modulators, to name a few.

Introduction

Recent technological trends towards development of smart 

windows, flat panel displays, and wearable textiles have 

advanced the field of electrochromic energy storage.1,2 

Electrochromism is a phenomenon that involves dynamic 

change of colors or optical properties of materials in response 

to applied electric charge.3,4 However, poor electronic 

conductivity and degradation associated with reversible ion 

intercalation have been the major issues with conventional 

electrochromic materials.5 Therefore, efforts are being made, 

focusing on developing new types of electrochromic devices 

that can exploit the plasmonic properties of materials.5�8 

Specifically, plasmonic materials with reversible redox 

capability offer electrochemically tunable optical properties. 

Plasmonic electrochromic devices in the near infrared (NIR) 

have been demonstrated by employing transparent 

conducting oxide nanocrystals or combining with plasmonic 

metal nanoparticles.3,9 Tunable electrochromic behavior in the 

visible spectrum of wavelengths is appealing due to its 

implications in developing flat panel displays and smart 

windows.10 Conventional electrochromic materials, WxOy 

combined with polyoxometalates have been demonstrated for 

visible electrochromic devices.11 However, it is challenging to 

develop active electrodes that combine various properties 

such as optoelectronic, plasmonic, and redox type 

characteristics in a single material. Moreover, there is a 

stringent requirement focused on having the redox processes 

occur within the electrochemical stable potential window, 

while simultaneously tuning the plasmonic behavior reversibly 

without electrochemical corrosion effects.

Transition metal carbides, nitrides and carbonitrides 

(MXenes) are a rapidly growing class of conductive two-

dimensional (2D) materials, suitable for a wide range of 

applications including electrochemical energy storage, gas 

sensors and electronics.12,13 For instance, the representative 

member of the MXene family, Ti3C2Tx, with excellent 

optoelectronic properties and metal-like free electron density, 

opened doors for new types of applications such as 

plasmonics, photonic diodes, electromagnetic interference 

shielding and spray-on antennas.14�18 The available 2D MXene 

galleries with wide interlayer spacing and redox active sites of 

transition metal oxide-like surface are key for high rate 

pseudocapacitive energy storage.19,20 Surface plasmon 

extinction properties, combined with optical transparency, 

conductivity and redox properties, make MXene materials an 

attractive platform for plasmonic electrochromic devices.21,22 

Salles et al. demonstrated the electrochromic effect in Ti3C2Tx 

MXene through reversible change of the redox state of 

titanium by (de) protonation of oxygen containing functional 

groups (=O and �OH).15 El-Demellawi et al. investigated the 

change of surface plasmon energies of Ti3C2Tx by controlling 

surface terminations through thermal desorption of fluorine 

functional groups.22 In recent systematic studies on optical 
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properties with respect to MXene compositions, a wide range 

of optical signatures are noticed.23�25 This motivated us to 

investigate different titanium-based MXenes for 

electrochromic studies and to probe how composition can be 

used to tailor light absorption to specific wavelengths of 

interest, especially in the visible range. 

In this study, we used four different titanium-based MXene 

thin films to study the dependence of the transition metal 

composition, stoichiometry, and optoelectronic characteristics 

on the resulting electrochromic performance. Among the 

dozens of available MXenes, as a proof concept, we have 

chosen Ti3C2Tx, Ti3CNTx, Ti2CTx and Ti1.6Nb0.4CTx for studying the 

electrochromic effect. Due to the difference in the optical 

properties of MXenes, we were able to demonstrate tunable 

electrochromic behavior over the entire visible spectrum. The 

electrochromic effect is primarily governed by the surface 

redox reactions of titanium (transition metal) surface, while 

the switching rates of the proposed three-electrode cells are 

mostly dependent on the optoelectronic quality (electrical 

figure of merit) of the films. 

Results and discussion

The unique combination of metallic conductivity and 

hydrophilicity makes MXenes a versatile class of materials for 

emerging optical and optoelectronic applications.14,25 Spray-

coated MXene thin films appear to be visually distinct as 

shown in Fig. 1a (pale greenish - Ti3C2Tx, dim grayish - Ti3CNTx, 

pale magenta - Ti2CTx, and tan brown - Ti1.6Nb0.4CTx). The 

inherent surface functionality (=O, -F, -OH, -Cl) results from the 

etching and delamination of MAX precursor, which imparts 

negative surface charges (zeta potential of less than -30 mV at 

a neutral pH of 6-7), enabling stable dispersions in water 

without additional surfactants (Fig. S1a and b, Electronic 

Supplementary Information, ESI). Such kind of stable colloidal 

dispersions of MXenes can be solution-processed to make 

conductive films or coatings via vacuum-assisted filtration, 

spray, spin and dip-coating methods.26 As shown in Fig. 1a, 

four different titanium-based MXene compositions (Ti3C2Tx, 

Ti3CNTx, Ti2CTx and Ti1.6Nb0.4CTx) were processed in the form of 

transparent thin films by a spray coating method. Typical 

lateral dimensions of MXene flakes were estimated using DLS, 

which are found to be ~ 1 µm (Fig. S1c and d, ESI). 

To study the optical properties of MXene thin films, UV-vis-

NIR spectra were recorded in the range of 300-1000 nm (Fig. 

1b). MXene thin films have broad extinction peaks at different 

wavelengths in the visible range, specific to the MXene 

composition. The extinction characteristics are governed by 

the composition and stoichiometry of transition metal, carbon 

and/or nitrogen. However, based on synthesis and processing 

conditions, the given MXene composition may have slight 

variations in the optical properties. The extinction peaks for 

Ti3C2Tx, Ti2CTx and Ti1.6Nb0.4CTx are observed at ~ 800 nm, ~ 

550 and 480 nm, respectively; while an inflection is observed 

for Ti3CNTx at 670 nm. Therefore, the composition-dependent 

extinction characteristics of titanium-based MXenes can be 

utilized to cover the entire visible spectrum. The optical 

extinction peak at ~800 nm for Ti3C2Tx has been attributed to 

the surface plasmon resonance, in particular � transverse 

plasmon resonance in the visible region of electromagnetic 

spectrum.22,27 Assuming the same mechanism holds true for 

the optical extinction peak in other MXenes, the position of 

the transverse plasmon resonance is highly dependent on the 

MXene composition as their peak positions are observed at 

the different wavelengths when the composition changes.  

 The optoelectronic properties of MXene thin films were 

estimated by electrical figure of merit (FoMe), a dimensionless 

quantity correlating optical transparency and sheet resistance 

(Rs) values. FoMe is often used to quantify the optoelectronic 

quality of transparent conducting electrodes (TCEs) and is 

defined by the ratio of DC electrical conductivity (  to �DC)

optical conductivity ( of the TCEs.21 Here, the FoMe is an �op) 

average of the values obtained from equation (1) by measuring 

the transmittance at 550 nm (T550nm) and the sheet resistance 

(Rs) of MXene thin films of different thicknesses (5-120 nm) for 

each composition.

	550nm = (1 +
188.5

�s

�op

�DC

)

�2

(1)

FoMe for the MXene thin films is highly dependent on several 

parameters, such as MXene composition, synthesis and 

processing conditions. Since a spray-coating technique was 

used to fabricate all MXene thin films, the effect of film 

processing on the difference of FoMe was ruled out. Therefore, 

FoMe is mostly governed by the intrinsic electrical conductivity 

and optical properties.27 MXene thin films followed a common 

trend of percolative electrical transport (decrease in sheet 

resistance with decrease in transparency) at low sheet 

resistance value regime and then bulk-like electrical transport 

(sheet resistance is nearly constant with decrease in 
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Fig. 1 Optical and optoelectronic properties of titanium-based MXene thin films 

(Ti3C2Tx, Ti3CNTx, Ti2CTx, Ti1.6Nb0.4CTx). (a) Digital photographs showing a visual contrast 

among transparent MXene thin films processed by spray coating and (b) 

corresponding UV-vis spectra showing extinction characteristics over the entire visible 

range, relevant extinction band positions are marked. (c) Relationship between 

transmittance at 550 nm (T550nm) versus sheet resistance (RS). (d) Estimated electrical 

figure of merit (FoMe) values for MXene thin films, and (e) their XRD patterns showing 

(002) reflection.
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oxygen functionalities with subsequent reduction of Ti 

oxidation state, as confirmed by previous studies.30 In order to 

probe the mechanism of electrochromic behavior, XPS may be 

helpful, but it is limited by the ex-situ nature of those 

measurements. Protonated oxygen surface termination is only 

maintained under imposing cathodic potentials to the MXene 

electrodes. Since we observed a spontaneous extinction peak 

shift to its original value (at OCV) as soon as the potential was 

removed from the electrodes (Fig. S3, ESI), ex-situ XPS 

measurements were futile. With the reversal of polarization 

from -1 V (vs. Ag wire) to OCV, the extinction peak red-shifted 

back towards its original position, confirming the highly 

reversible nature of Ti-redox state. At anodic potentials within 

the stable regime, no shift of extinction peak was observed 

(Fig. S3c, ESI). This is due to electrostatic (de)sorption of ions 

(from) onto Ti3C2Tx without a change of Ti oxidation state. 

Visual color change from pale green (at OCV) to blue (at -1 

V vs. Ag wire) is clear from the digital video taken during 

cathodic sweeps (Fig. S4 and Video V1, ESI). The reversible 

electrochromic behavior of Ti3C2Tx was also further confirmed 

by relaxing the system to equilibrium state after imposing the 

potentials (insets of Fig. S3a and c, ESI). The improved 

electrochromic behavior in our case can be attributed to the 

variations in the synthesis, processing and cell-design 

engineering parameters. For instance, Salles et al. reported an 

optical shift from 670 to 770 nm (optical shift of 100 nm) for 

Ti3C2Tx films processed by a dip-coating method, when MILD 

(HCl and LiF) method was employed to prepare Ti3C2Tx.
15 

Probably, differences in the synthesis protocol resulted in 

different amounts of surface functional groups, such as an 

increase in active redox sites (increased amount of oxy 

functional groups compared to fluorine), or changes in the 

carrier concentration of the thin film investigated, which 

influenced the plasmonic peak position. Various classes of 

materials showed tunable maximum plasmonic shifts in the 

range of 17-192 nm; Ag NPs (17 nm),31 PANI-Au/ITO (70 nm),32 

PEDOT-Au/ITO (192 nm),33 WO3/Ag NPs (30 nm),34 

polythiophenes/Au NPs (12 nm),35 Au nanocubes/PANI (25 

nm)36 and Au nanobypyramids/PANI (150 nm).37 Plasmonic 

nanoparticles typically exhibit double layer charging 

mechanism, however, coupling with redox active conductive 

polymers and metal oxides enhanced the plasmonic spectral 

shifts as is evident from the above examples.38 In this scenario, 

MXenes stand as a unique class of materials which 

simultaneously exhibit plasmonic and conducting redox 

charging properties, hence circumvents the use of a 

transparent current collector, like ITO.

To study the effect of transition metal composition and 

stoichiometry on electrochromic behavior, three different 

titanium-based MXenes were compared. A reversible onset of 

extinction (inflection point) at 670 nm (OCV) gradually 

disappears during cathodic sweep (-1 V vs. Ag wire) for Ti3CNTx 

(Fig. 2d). The broad reversible transmittance changes of 6.3-

10% at 600-400 nm are observed during cathodic sweep (OCV 

to -1V vs. Ag wire). The gradual damping of the onset at 670 

nm of Ti3CNTx driven by small increments in applied cathodic 

potentials is shown in Fig. S3d, ESI. The dim grayish MXene 

thin film became slightly transparent with violet tint (Fig. S4, 

ESI), as shown in Video V2, ESI captured under cathodic 

polarization.

In the case of Ti2CTx thin films, a shift from 550 nm (OCV) to 

470 nm (-1V vs. Ag wire) is observed, supporting the change of 

Ti oxidation state (Fig. 2d). Interestingly, the UV transmittance 

increased by 10% during the cathodic polarization of Ti2CTx 

thin films at 550 nm. Similarly, for Ti1.6Nb0.4CTx thin films, a 

shift from 480 nm (OCV) to 420 nm (-1 V vs. Ag wire) is 

observed and 8.5% change in transmittance (optical contrast) 

at 480 nm is displayed (Fig. 2d). The visual change in optical 

properties is more significant in Ti1.6Nb0.4CTx than Ti2CTx thin 

films, going from wine brownish or magenta at OCV to a 

transparent film with a green tint at -1V vs. Ag wire during 

cycling, as shown in Fig. S4, Video V3 and V4, ESI. It is clear 

that there is a change in optical properties of MXene thin films 

based on spectral shift, but the color switching is not clearly 

distinguishable by the naked eye. This could be attributed to 

the high electrical resistance of the Ti2CTx thin films or the 

wavelength, which is approaching the limit of what the human 

eye can distinguish (~400 nm). Similar to the M3X2Tx phase, 

there is no significant shift observed during anodic polarization 

when cycled within the electrochemical stability window. To 

confirm that the reversible color change is due to change of 

redox state of Ti, we anodically oxidized a Ti3C2Tx thin film by 

sweeping to 0.8 V (vs. Ag wire) (Fig. S5, ESI). At this stage, Ti 

was irreversibly oxidized to +4 state (TiO2) with loss of 

spectroelectrochemical activity on further cathodic 

polarization.39 It is evident from the observations that the 

MXenes studied are cathodic coloring materials and exhibit 

plasmonic electrochromic effects. The blue shift in the 

extinction properties of titanium-based MXenes can be 

attributed to an increased electronic density of titanium atoms 

(in the reduced state) under cathodic polarization. It is 

hypothesized that the reduction of the titanium surface at 

cathodic potentials increases the electron density on titanium 

atoms causes the blue shift in the extinction peak.

Since we are using acidic electrolytes, protons, being the 

smallest cations, can get intercalated even into the compacted 

MXene films causing redox reactions. However, wider 

interlayer spacing offers faster access to the electrochemically 

active surface area. It was shown that the origin of optical 

peak shift is not because of change of interlayer spacing due to 

intercalation/de-intercalation of H+ ions.22 Therefore, even the 

compact MXene thin films can show electrochromic behavior 

in as long as redox reactions are possible. 

In addition to the shift in the optical extinction band, we 

have also observed transmittance changes in the MXene thin 

films under applied cathodic potentials. The specific 

wavelengths were chosen (for each type of MXene) where a 

maximum change of transmittance was observed. As evident 

from Fig. 2c, Ti3C2Tx, Ti3CNTx, Ti2CTx, and Ti1.6Nb0.4CTx thin film 

electrodes showed maximum change in the transmittance 

values at 500, 480, 380 and 350 nm, respectively. In the case 

of Ti3C2Tx, reversible transmittance change of up to 8% was 

observed for more than 2000 cycles as shown in Fig. 3a. 

Similarly, for Ti3CNTx, reversible transmittance changes up to 
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This study greatly expands the electrochromic spectral window 

for MXene thin films and opens opportunities for transition 

metal carbides and/or nitrides in optoelectronic applications. 

Conclusions

Electrochromic effects in titanium-based MXene thin films 

were studied by employing Ti3C2Tx, Ti3CNTx, Ti2CTx, and 

Ti1.6Nb0.4CTx thin films of optoelectronic quality. The optical 

extinction properties of titanium-based MXene thin films were 

reversibly tuned under cathodic potentials, where surface 

redox reactions are prominent and dominate over 

conventional double layer charging. The maximum electro-

optical shifts were 170, 80 and 70 nm for Ti3C2Tx, Ti2CTx and 

Ti1.6Nb0.4CTx, respectively. The switching rates of the MXene 

electrochromic cells were in the range of 0.7 to 14 s, which are 

governed by their corresponding electrical figure of merit as 

there was no external TCE employed. Thus, titanium-based 

MXenes are capable of exhibiting tunable plasmonic properties 

in the visible range of wavelengths.    

Experimental

Synthesis of MXene colloidal suspensions

The detailed procedure for MAX phase synthesis is provided in 

the Electronic Supplementary Information, ESI.

Ti3C2Tx MXene: Minimal amount of hydrofluoric acid (HF, 

Fisher, technical grade, 48-51 wt.%), ca. 5 wt.%, was used in 

etching Ti3AlC2 MAX phase as reported previously.18 The 

etching solution contain 12 mL concentrated hydrochloric acid 

(HCl, Fisher, technical grade, 35-38%), 6 mL deionized (DI) 

water and 2 mL of concentrated HF. While stirring at 340 rpm, 

1 g of Ti3AlC2 powder was slowly added into the vial and stirred 

continuously for 24 h at room temperature. After the etching 

reaction, washing was conducted with DI water several times 

via centrifugation for 5 min each at 3500 rpm, followed by 

decantation of the clear, acidic supernatant. This step was 

repeated until neutral pH of 6-7 was achieved. 

The wet slurry containing multilayer Ti3C2Tx was added into 

a solution of 1 g lithium chloride (LiCl, Alfa Aesar, 98+ %) in 50 

mL of DI water followed by manual shaking for 5 min and 

constant stirring (200 rpm) for 4 h at room temperature.18 

During this intercalation process, hydrated Li-ions intercalate 

between multilayer lamellas, weakening the out-of-plane 

nanosheet interactions delaminating into individual MXene 

flakes. The suspension was washed with DI water (300 mL) by 

centrifuging and decanting the supernatant until a dark 

supernatant was obtained. Swelling behavior of MXene (clay-

like behavior) was observed due to intercalation of Li-ions and 

water molecules. After redispersion of the swollen sediment, a 

stable dark supernatant of Ti3C2Tx was collected after 30 min 

of centrifugation at 3500 rpm. The concentration of Ti3C2Tx 

colloidal suspension was measured by filtering the solution 

through a polypropylene filter (3501 Coated PP, Celgard LLC, 

Charlotte, NC), followed by drying under vacuum at 70 °C 

overnight. 

Ti2CTx MXene: Ti2CTx MXene colloid was prepared similarly to 

Ti3C2Tx MXene colloid with slight modifications in the etching 

and delamination protocol. Addition of Ti2AlC MAX phase to 

the etching media is highly exothermic so to prevent 

overheating during the addition, the vial is placed in an ice 

bath. Ti2AlC MAX phase was added carefully in small quantities 

to the etching solution placed in an ice bath. Stirring time for 

etching was reduced to 20 h at room temperature as it is 

easier to etch Ti2AlC MAX phase compared to Ti3AlC2. 

Delaminating Ti2CTx MXene is also usually faster, so after the 

addition of 1 g of LiCl, 30 min of handshaking was enough to 

obtain delaminated Ti2CTx MXene. The washing and collection 

of dark colloidal Ti2CTx dispersion steps remained the same as 

Ti3C2Tx. 

Ti3CNTx and Ti1.6Nb0.4CTx MXenes: Ti3CNTx and Ti1.6 Nb0.4CTx 

MXene colloids were individually prepared by selective etching 

of Al from Ti3AlCN and Ti1.6Nb0.4AlC MAX phases following the 

minimally intensive layer delamination (MILD) approach 

reported by Alhabeb et al. with slight modifications in the 

etching duration as reported elsewhere.26,43 In short, 1g of 

MAX phase was added to the etching media comprising of 

lithium fluoride salt (1.5 g) (LiF, Alfa Aesar, >98%) dissolved in 

hydrochloric acid (10 mL) (HCl, Fisher, technical grade, 35�

38%) and DI water (10 mL) under continuous stirring for 24 h 

and 48 at 35 o C to obtain Ti3CNTx and Ti1.6Nb0.4CTx MXenes, 

respectively. The resulting acidic media was washed with DI 

water by successive centrifuging for 5 min at 3500 rpm and 

decanting supernatant until the supernatant became dark 

followed by centrifuging for 5 min at 9000 rpm and decanted 

supernatant until pH 6 is reached. Meanwhile, expansion in 

MXene sediment was observed as an indication of 

delamination. After 6-7 washing steps (total of 500 mL), the 

resulting neutral media was centrifuged for 10 min at 3500 

rpm and dark supernatant of MXene colloid was collected and 

used for spray coating. 

Spray-coating of MXene thin films

 Microscopic glass slides of 25 × 75 × 1 mm (Fisher Scientific) 

were cleaned by sequential bath sonication (Branson 2510 

Ultrasonic Cleaner, 100 W) in detergent solution (Hellmanex 

III, Fisher Scientific) to remove any residue followed by DI 

water and ethanol successively for 15 minutes each and then 

dried by blowing compressed air. The cleaned glass substrates 

were then plasma treated (Tergeo Plus, Pie Scientific) at 150 W 

with O2 flow at 4 sccm for 5 minutes to make the glass surface 

hydrophilic. A spray coating technique was adopted to process 

MXene colloids into thin films, due to the ease of controlling 

thickness by varying concentration of the colloid and number 

of coatings. The pre-treated glass substrates were spray-

coated with MXene colloids followed by air drying after every 

layer of coating by blowing through a hair dryer (Conair brand 

- 1875). The amount of colloids used in spray-coating was 
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varied to produce films with thicknesses ranging from 15-160 

nm keeping the MXene dispersion concentration to 2 mg/mL. 

MXene thin films were kept in a vacuum desiccator overnight 

before performing characterization. 

Electrolytes

The electrolytes used were 1 M phosphoric acid in polyvinyl 

alcohol gel (H3PO4/PVA gel) and 1 M phosphoric acid (H3PO4). 

*T� of polyvinyl alcohol (PVA, Alfa Aesar, 98%) was dissolved in 

*!T�� of DI water at =>TP� under stirring for ,T" at 340 rpm 

after which the transparent gel was obtained.44 1 g �!+;T��� of 

concentrated H3PO4 (Alfa Aesar) was added to *!T8�+M PVA gel 

and stirred for ,!T��� to obtain *T2 H3PO4/PVA gel electrolyte. 

Encapsulation of electrochemical cells

 For opto-electrochemical characterization, a three-electrode 

configuration was employed. Semi-transparent MXene thin 

films with different compositions (~30-50% transparency at 

550 nm, thickness ~40-50 nm) were used as working 

electrodes (WE), silver wire as a pseudo-reference electrode 

(RE) and a Ti3C2Tx thick film (~100 nm) as a counter electrode 

(CE). Electrochromic cell (2.5 cm 2.5 cm) is designed in such ×  

a way that it fits in the sample-holder of UV-Vis 

spectrophotometer to carry out in-situ measurements. In 

order to avoid optical contribution from the counter electrode, 

the thick Ti3C2Tx electrode film was gently scratched in the 

center (creating a hole/gap in the thin film) to allow the UV-vis 

incident beam to only pass through the working electrode.44 

3M Double sided tape (3MTM VHBTM Tape 4910) was used as a 

spacer to hold the electrolyte and attach to the electrodes to 

provide mechanical robustness to the electrochromic three-

electrode set-up. We used 2 mm wide graphite foil-strips (0.13 

mm thick, Alfa Aesar) to extend the MXene contacts for 

electrical connection with the electrochemical workstation. 

MXene thin films of similar transparencies (measured at 550 

nm) exhibited variable sheet resistance values depending on 

their composition and intrinsic electronic conductivity (see 

table S1, ESI). To further minimize the contact resistance 

between the MXene thin film and the graphite foil, mini binder 

clips (Office Depot brand) were used as shown in the Video V1, 

ESI.

Characterization

Dynamic light scattering (DLS) was performed by pipetting 1 

mL of diluted colloid solution into a polystyrene cuvette 

(Zetasizer Nano ZS, Malvern Instruments, USA). Dynamic light 

scattering (DLS) average was taken over a total of five 

measurements from each sample. Structural analysis of MXene 

films was performed by X-ray diffraction (XRD) using a Rigaku 

Smart Lab (Tokyo, Japan) diffractometer with Cu K+ radiation 

(voltage and current settings were 40 kV and 44 mA, 

respectively) with a step scan of 0.04º, $W range of 3-20º and a 

dwell time of 0.5 s. The lateral dimensions of MXene flakes and 

cross-sectional views of the MXene thin films were imaged 

using a scanning electron microscope (SEM, Zeiss Supra 50VP, 

Germany). The optical properties of MXene thin films were 

studied by UV-vis spectroscopy (Evolution 201 UV�vis�NIR 

spectrophotometer, Thermo-Fischer Scientific).  The electrical 

conductivity and sheet resistance (at an applied current of 0.5 

mA) of MXene thin films were measured by taking the average 

of sheet resistance measured at five different locations of the 

film on four corners and center using a four-point probe 

conductivity meter (ResTest v1, Jandel Engineering Ltd., 

Bedfordshire, UK) with a probe distance of 1 mm. 

Electrochemical Testing: The electrochemical tests (cyclic 

voltammetry (CV) and chronoamperometry) were performed 

at room temperature using a VMP3 electrochemical 

workstation (BioLogic, France). Electrochromic MXene three-

electrode cells were pre-cycled by performing CV in a stable 

potential window of -1 to 0 V (vs. Ag wire) for Ti3C2Tx, Ti3CNTx, 

Ti2CTx and -1 to -0.2 V (vs. Ag wire) for Ti1.6Nb0.4CTx at a scan 

rate of 20 mV/s for 5 cycles. 

In-situ UV-vis and Electrochemical Studies: Cells made 

with glass substrates filled with electrolyte (1 M H3PO4 or 

H3PO4/PVA gel) were used as a blank to correct for background 

before running UV-vis tests. To avoid leaks associated with 

liquid electrolytes during long-term UV-vis tests (in situ UV-vis 

combined with chronoamperometry and cyclic voltammetry), 

we employed protic gel electrolytes, while liquid electrolyte 

was used for short-time tests (switching rate studies). The 

transmittance of MXene thin films and electrochromic cells 

were recorded from 300 to 1000 nm with 1 nm step using 

deuterium and tungsten lamps. In-situ UV�vis spectra were 

recorded by synchronous measurements of the UV�

vis spectrophotometer with a Biologic SP 150 potentiostat. The 

electrochromic cell was placed in the spectrophotometer in 

such a way that the scratched area in the counter electrode 

aligned with the light path. In this case, the light only probes 

the MXene in the working electrode. The UV�vis spectra under 

different potentials (vs. Ag wire) were recorded at the end of 

each chronoamperometry cycle (holding at a fixed potential 

for 10 min) and during relaxation at open circuit voltage (OCV) 

after each potential step. These measurements were repeated 

with 100 mV increments until reaching �1 V (vs. Ag wire) from 

OCV during cathodic polarization and OCV to 0.1 V (vs. Ag 

wire) during anodic polarization. OCV is the condition of the 

electrochemical cell without application of voltage or current 

but having interfacial contact of electrolyte with the MXene 

thin film. To monitor the change in transparency of the 

electrochromic system with cycling, while CV was performed in 

a stable window at a scan rate of 50 mV/s, transmittance at a 

particular wavelength (where there was a maximum 

transmittance change) was recorded. Similarly, switching rates 

were calculated by recording the transmittance change with 

alternative 0 and -1 V potential perturbations vs. Ag wire 

(chronoamperometry) for 20 s each. Switching time of MXene 

electrodes was calculated by estimating the time taken to 

attain 90% of transmittance peak shift of OT.15
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