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 MXenes are a large and rapidly expanding family of two-dimensional (2D) materials 

which, owing to their unique optoelectronic properties and tunable surface termination, find a 

wide range of applications including energy storage and energy conversion. In this work, 

Ti3C2Tx MXene nanosheets are applied as a novel type of electron transport layer (ETL) in 

low-temperature processed planar-structured perovskite solar cells (PSCs). Interestingly, 

simple UV-ozone treatment of the metallic Ti3C2Tx that increases the surface Ti-O bonds 

without any change in its bulk properties like high electron mobility improves its suitability 

as an ETL. Improved electron transfer and suppressed recombination at the ETL/perovskite 

interface results in augmentation of the power conversion efficiency (PCE) from 5.00% in the 

case of Ti3C2Tx without UV-ozone treatment to the champion PCE of 17.17%, achieved using 

the Ti3C2Tx film after 30 minutes of UV-ozone treatment. As the first report on the use of 

pure MXene layer as an ETL in PSCs, this work shows great potential of MXenes to be used 

in PSCs and displays their promises for applications in photovoltaic technology in general. 

1. Introduction 

Since methylammonium lead iodide (CH3NH3PbI3) was first reported by Miyasaka et al. 

in 2009 as a light absorbing material for emerging technology of the third generation 

photovoltaics,[1] organic-inorganic lead halide perovskite solar cells (PSCs) have gained  

enormous attention over the past decade.[2] Appropriate bandgap, high absorption coefficient, 

long carrier diffusion length, and high charge carrier mobility have made hybrid perovskites 

emerge as efficient and low-costmaterials for photovoltaic applications.[3] PSCs have 

witnessed a rapid development of the power conversion efficiency (PCE), rising from 3.8% 

to above 24%,[4] getting closer and closer to the theoretical efficiency of 33.5%.[5]  
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It’s well known that the ETL is an essential architectural component of efficient PSCs, 

which plays an important role in suppressing charge recombination and rectifying 

photocurrent.[6] Therefore, the exploration of efficient materials for ETLs remains one of the 

challenging issues.[7] There are highly efficient PSCs based on meso-superstructured TiO2, 

but high-temperature sintering above 450 °C limits their practical applications in scalable and 

flexible devices.[8] TiOx layers prepared by low-temperature methods have recently gained 

much attraction,[9] especially aiming at flexible PSCs. In general, efforts have been made to 

increase the conductivity metal oxide ETLs like TiO2 and SnO2 for efficient carrier transfer 

and thus, higher efficiency. Use of 2D materilas like graphene has been found to improve 

efficiency of PSCs. For example, graphene/TiO2 used as an ETL by Wang et al. has resulted 

in a PCE of 15.6%.[10] Reduced graphene oxide (rGO) has also been proven effective in 

improving the conductivity of GO and Jokar et al. have reported rGO-based inverted PSC 

with a PCE of 16%.[11] Singh et al. explored MoS2 as ETL and achieved a PCE of 13.14%.[12] 

Lu et al. delivered a successful synthesis of few-layered bismuthene, which exhibits great 

potential in photonics devices.[13] These studies have demonstrated the great potential of 

conductive 2D materials for application in PSCs. 

MXenes are 2D transition metal carbides and nitrides with a composition of Mn+1XnTx, 

where M represents an early transition metal, X indicates carbon and/or nitrogen, and Tx is 

the surface termination groups (usually -O, -OH and/or -F).[14] Ti3C2Tx as the first discovered 

and most widely studied MXene has shown outstanding performance in 

lithium-ion batteries,[15] supercapacitors,[16] sensors,[17] and antennas [18] due to its high 

electrical conductivity, flexibility, and hydrophilicity that enables processing from aqueous 
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solutions.[19] In addition, Ti3C2Tx has been applied in dye-sensitized solar cells [20] and as an 

additive in perovskite layer or SnO2 ETL for perovskite solar cells.[21] Zhou et al. presented a 

systematic computational study of interlayer-decoupled Sc-based MXene with carrier 

mobilities of about 1− 4.5 × 104 cm2 V−1 s−1 and strong light-harvesting ability.[22] Recently, 

Fu et al. demonstrated delaminated few layered Ti3C2Tx MXene contacted Si solar cells with 

a maximum PCE of ≈11.5%.[23] Yu et al. tried Ti3C2Tx as electron- and hole-transport layers 

in organic solar cells and achieved a PCE of 9.06%.[24] Yet, the applications of MXenes in 

solar cells remain almost unexplored. Ti3C2Tx has metallic character of conductivity, 

promising photonic properties, and oxide-like surface termination that can be tuned to exhibit 

suitable properties as ETL for PSCs.[25] The potential use of Ti3C2Tx as ETL to replace 

traditional semiconductor materials in PSCs greatly intrigued us. 

In this work, Ti3C2Tx nanosheets were prepared as ETL by spin-coating colloidal 

solutions onto indium tin oxide (ITO) substrates for the low-temperature processed planar 

PSCs. UV-ozone treatment was applied to the surface of Ti3C2Tx films, and devices with an 

architecture of ITO/Ti3C2Tx/CH3NH3PbI3/Spiro-OMeTAD/Ag were fabricated. The results 

reveal that the optimum time of UV-ozone treatment of the Ti3C2Tx film can generate 

oxide-like Ti-O bonds,[25b] rendering it suitable as ETL for PSCsby improving the interface 

properties of the Ti3C2Tx/perovskite junction.[26] The devices fabricated with the UV-ozone 

treated Ti3C2Tx showed an increase in short-circuit current density (Jsc), open-circuit voltage 

(Voc) and fill factor (FF), resulting in much higher PCE than those without the UV-ozone 

treatment. The pristine Ti3C2Tx-based device achieved a PCE of 5.00%, while the champion 

PCE of 17.17% was demonstrated by the device with 30 min UV-ozone-treated Ti3C2Tx film. 
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The improvement of PCE can be attributed to the additional Ti-O bonds in Ti3C2Tx induced 

by UV-ozone treatment, which facilitate electron transfer and prevent their recombination at 

the Ti3C2Tx /perovskite interface.  

2. Results and Discussion 

2.1. Characterization of Ti3C2Tx nanosheets and UV-ozone treated Ti3C2Tx films 

The Ti3C2Tx MXene nanosheets were synthesized by etching the Al layers from Ti3AlC2 

MAX phase and exfoliating the layers according to the minimally intensive layer 

delamination method (MILD),[14b] as represented in Figure 1a. Figure 1b shows the X-ray 

diffraction (XRD) patterns of Ti3AlC2 before and after 24 hours of etching. Disappearance of 

the most intense peak of Ti3AlC2 (104) at 38.9° (2) and the shift of the (002) peak from 9.5° 

to about 7°indicates the topochemical synthesis of Ti3C2Tx. The corresponding scanning 

electron microscopy (SEM) images (Figure 1c) show the compacted ceramic structure before 

etching Al layer and single/few layered nanosheets after etching. (Figure 1d) 
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Figure 1. (a) Schematic representation of Ti3C2Tx synthesis. (b) XRD patterns of Ti3AlC2 

powder and dried Ti3C2Tx film. Top-view SEM images of (c) Ti3AlC2 powder and (d) Ti3C2Tx 

nanosheets.  

As illustrated in Figure 2a, spin-coating of Ti3C2Tx colloidal dispersion (1 mg mL-1) 

onto ITO, then UV-ozone treatments for different times (0, 10, 30, or 60 min) were carried 

out for preparation of the ETLs. Figures 2b-2e show the SEM images of Ti3C2Tx nanosheets 

coated on the ITO substrates treated by UV-ozonation for different times. As can be seen in 

the figures, there was no noticeable difference between films before and after UV-ozone 

treatment. The XRD patterns (Figure 2f) and the UV-vis absorption spectra (Figure 2g) of 

these films are also in accordance with the SEM images, showing no difference in crystal 
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structure and morphology. Moreover, transmission electron microscopy (TEM) (Figure S1) 

and Raman spectroscopy (Figure S2) of Ti3C2Tx films before and after UV-ozone treatment 

also corresponded to it. These indicate that neither oxidization nor other reactions of Ti3C2Tx 

films occurred during UV-ozone treatment. Indeed, this is not surprising because the role of 

UV-ozone is supposed to only desorb functional groups, increase hydrophilicity of the film 

and improve the interface properties of Ti3C2Tx/perovskite.[26]  

In order to check the functionality of Ti3C2Tx as an ETL and effect of UV-ozone 

treatment of the film on photovoltaic performance of PSCs, devices of planar architecture 

(ITO/ETL/CH3NH3PbI3/Spiro-OMeTAD/Ag) were fabricated. The flatness and uniformity of 

the Ti3C2Tx films (shown in Figures S3a-3d) suggests that the PSCs are planar-heterojunction 

type solar cells. 
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Figure 2. (a) Schematic representation of UV-ozone treatment on Ti3C2Tx film fabricated by 

spin-coating, (b-e) SEM images, (f) XRD patterns and (g) UV-vis absorption spectra of 

pristine Ti3C2Tx film and Ti3C2Tx films treated by UV-ozone for 10, 30, and 60 min, 

respectively.  

Chemical changes of Ti3C2Tx MXene film arisen from UV-ozone treatment were studied 

by X-ray photoelectron spectroscopy (XPS), as shown in Figure 3 and Figure S4, which is a 

direct and powerful method to get insight into the bonding of samples. From Figures S4a-4d, 

the peaks belonging to Ti, C, O, F were clearly detected. In the high-resolution XPS spectrum 

of Ti 2p (Figure 3), the doublet at 454.8 eV and 460.8 eV stems from Ti-C bond (blue), and 

the doublet at 458.3 eV and 464.3 eV stems from Ti-O bond (green), while the doublet of 

Ti-Tx at 456.8 eV and 462.6 eV is the combinations of Ti-F bond and Ti-OH bond.[27] The 

changes in Ti-C bond, Ti-O bond and Ti-Tx bond suggest a change in the surface termination 

groups before and after UV-ozone treatment. By comparing the fitting results, a significant 

increase in the ratio of Ti-O bond at 458.3 eV and 464.4 eV was found, suggesting the 

UV-ozone treatment induced the film of Ti3C2Tx to form more Ti-O bond. With the 

increasing time of UV-ozone treatment, more Ti-O bonds were formed on the surface of 

Ti3C2Tx, achieving the maximum value after 30 min treatment. Then there was no more Ti-O 

bond addition with longer treatment of UV-ozone, as shown in Figures 3b-3d. As the SEM 

images and XRD patterns shown in Figures 2b-2f, there was no difference in the film 

morphology and structure before and after UV-ozone treatment, meaning no oxide formation 

occurred during the treatment. Thus, the newly formed Ti-O bond of Ti3C2Tx film did not 

arise from the oxide product (TiO2), it is just a kind of oxide-like surface termination formed 
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on the surface of the film.  

 

Figure 3. Ti 2p core level XPS spectra of (a) Ti3C2Tx film and (b-d) films treated with 

UV-ozone for 10, 30 and 60 min, respectively. 

2.2. Photovoltaic characterization 

In order to determine the performance of Ti3C2Tx MXene before and after UV-ozone 

treatment working as the ETL in PSCs, the devices with an architecture of 

ITO/ETL/CH3NH3PbI3/Spiro-OMeTAD/Ag were fabricated (Figure 4a). Figure 4b shows a 

typical cross-sectional SEM image of the planar PSC device made with a thin Ti3C2Tx layer 

as an ETL. The cross-sectional SEM image of Ti3C2Tx layer and perovskite is shown in 
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Figure S5, from which the thickness of Ti3C2Tx layer is obtained to be 18 ± 3 nm. Figure 4c 

shows the schematic energy-level diagram of each component in the PSC device, where the 

work functions are determined by extracting 25 points using a Kelvin probe system (see 

Figure S6). The work function of Ti3C2Tx has an obvious shift from -5.52eV to -5.62eV after 

UV-ozone treatment, making it more suitable for electron transporting. The current 

density-voltage (J-V) curves of PSCs based on Ti3C2Tx treated by UV-ozone for different 

times are given in Figure 4d and the Table 1 summarizes the corresponding photovoltaic 

parameters including Jsc, Voc, FF and PCE. As can be seen from the data, the PCEs, Jsc, Voc, 

and FF of the devices with UV-ozone treated Ti3C2Tx films were remarkably higher than that 

without UV-ozone treatment, and the device with 30 min of UV-treatment had the best PCE 

of 17.17%. Figure S7 shows the PCE histogram of PSCs based on Ti3C2Tx film treated by 

UV-ozone for different time periods, which displays small standard deviation, indicating 

good reproducibility of devices.  

Previously, Ti3C2Tx has been demonstrated to be a metallic material, it has also been 

reported that its properties are strongly dependent on the surface chemistry and intercalated 

species.[28] We believe that in the case where the Ti3C2Tx worked as ETL without UV-ozone 

treatment in PSCs, there would be significant current recombination , leading to low Jsc, FF. 

In fact, because of the metallic nature of Ti3C2Tx, it was expected that the cells might easily 

get short-circuited. However, it was interesting and surprising to find the Ti3C2Tx treated with 

UV-ozone worked so well as ETL, blocking the holes at its interface with perovskite, which 

resulted in PCE as 17.17%. This indicated that Ti3C2Tx after UV-ozone treatment, possesses 

more oxide-like surface termination, rendering it suitable as ETL and improving the interface 
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properties of Ti3C2Tx/perovskite. Moreover, because of the downward shift of the work 

function, the treatment made the layer of Ti3C2Tx more appropriate to transmit electrons and 

reduce current recombination, leading to the rise of Jsc from 15.87 to 22.99 mA cm-2 and FF 

from 0.40 to 0.70.  

The external quantum efficiency (EQE) spectra and integrated currents calculated for 

ETLs with different time of UV-ozone treatment (Figure 4e) are in line with the changes in 

Jsc. The integrated current density from EQE curves for the device of pristine Ti3C2Tx without 

UV-ozone treatment is 14.91 mA cm-2. A great increase of integrated current density is 

achieved by the UV-ozone treatment of the Ti3C2Tx film, specifically it was increased to 

19.29 mA cm-2 for the device after 10 min UV-ozone treatment and 20.40 mA cm-2 after 60 

min UV-ozone treatment, while that of the best device with 30 min UV-ozone treatment was 

20.22 mA cm-2. The deviation between integrated current from EQE patterns and the actual 

measured Jsc values (Table 1) is about 10%, indicating good accuracy of the J-V obtained 

values. Besides, the hysteresis of reverse and forward scans of J-V curves is reduced from 

49.6% for the device based on pristine Ti3C2Tx to 27.1% for that based on Ti3C2Tx with 30 

min UV-ozone treatment (Figure S8). 
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Figure 4. (a) Device architecture of ITO/ETL/CH3NH3PbI3/Spiro-OMeTAD/Ag based on 

Ti3C2Tx with/without UV-ozone treatment as ETL, (b) cross-sectional SEM image of the PSC 

device, (c) schematic energy-level diagram of each layer, (d) J-V curves of PSCs based on 

Ti3C2Tx with UV-ozone treatment for different time as ETL under AM 1.5 G simulated 

illumination, and (e) their EQE spectra and the corresponding integrated current densities. 

Table 1. The photovoltaic performance parameters of PSCs based on ETLs under different 
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conditions. 

ETL Voc (V) Jsc (mA cm-2) FF (%) PCE (%) 

Ti3C2Tx-UV-0 min 0.80 15.87 40 5.00 

Ti3C2Tx-UV-10 min 1.00 21.42 61 13.06 

Ti3C2Tx-UV-30 min 1.08 22.63 70 17.17 

Ti3C2Tx-UV-60 min 1.07 22.99 60 14.84 

 

To understand the variations in FF, which is related to charge collection and conductivity, 

determined by interfacial charge transfer, electrochemical impedance spectroscopy (EIS) 

characterization was applied to the devices with the architecture of ITO/ Ti3C2Tx (with or 

without UV-ozone)/CH3NH3PbI3/Spiro-OMeTAD/Ag, at 0 V relative to the open-circuit 

potential with the frequency ranging from 1 MHz to 10 Hz under the standard AM 1.5 G (100 

mW cm-2) simulated sunlight illumination. Figure 5a provides the Nyquist plots of the four 

devices and the equivalent circuit model that was used to fit the experimental data. The fitted 

parameters are listed in Table S1. R1 is the series resistance largely associated with external 

wires and the ITO substrate. The observed semi-circle represents the interfacial charge 

transfer resistance (R2) and interfacial capacitance (C) at the interface of ETL/perovskite. The 

values of R2 follow the order of Ti3C2Tx-UV-0 min > Ti3C2Tx-UV-10 min > Ti3C2Tx-UV-60 

min > Ti3C2Tx-UV-30 min. PSCs based on Ti3C2Tx with UV-ozone treatment have lower R2 

compared with that based on Ti3C2Tx without UV-ozone treatment. The device with 30 min 

UV-ozone treated Ti3C2Tx has the smallest R2 of 27.86 Ω, indicating the lowest charge 

transfer resistance and the highest electrons collection at the interface, thus leading to the best 



  

14 

 

FF, which is in good agreement with J-V results.  

Electron mobility values of the Ti3C2Tx with or without UV-ozone treatment were 

measured by the method of space charge-limited current (SCLC) on the devices with 

electron-only structure of ITO/SnO2/ETL/BCP/Ag under dark (Figure S9). There was no 

obvious change of SCLC with the processing time of UV-ozone treatment for Ti3C2Tx. The 

highest electron mobility was determined as 3.83×10-5 cm2 V-1 s-1 for Ti3C2Tx after 60 min 

UV-ozone treatment, while the pristine Ti3C2Tx was 2.35×10-5 cm2 V-1 s-1 and the Ti3C2Tx 

after 10 min UV-ozone treatment was 2.72×10-5 cm2 V-1 s-1. The electron mobility of Ti3C2Tx 

after 30 min UV-ozone treatment that gave the best PCE, was determined to be 3.03×10-5 cm2 

V-1 s-1, which is about twenty times higher than that of TiO2.[29] The mobility results 

effectively explain the improvement in Jsc and FF values in the device based on UV-ozone 

treated Ti3C2Tx compared to the one based on non-treated Ti3C2Tx. Moreover, although the 

mobility of Ti3C2Tx after 30 min UV-ozone treatment is a little lower than that after 60 min 

treatment, the resulting device performance is better. This could be explained by the lower 

series resistance and interfacial charge transfer resistance of the resulting device. 

In addition to enhancement in the device performance, UV-ozone treatment on Ti3C2Tx 

also contributed to the device stability, as displayed in Figure 5b. The devices were placed in 

ambient air (25 oC,  relative humidity≈20%) without encapsulation and tested under one 

sun illumination conditions (Figure 5b). The efficiency of pristine Ti3C2Tx -based PSC 

reduced to 30% of its initial value within 384 h, while the device based on Ti3C2Tx with 30 

min UV-ozone treatment exhibited good stability up to 800 h by retaining about 70% of the 
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initial PCE after 800 h of storage. This reveals that appropriate UV-ozone treatment of the 

Ti3C2Tx improves the device stability significantly. Although it is not very clear how the 

UV-ozone treated Ti3C2Tx ETL improves stability, such dependence of performance 

deterioration of cells on different ETLs have been observed in several independent studies.[30] 

For instance, 2D materials like MoS2 and WS2 based perovskite solar cells with PCEs of 

14.35 % and 15.00 % respectivelyhave been found to retain 78 % and 72 % of their PCEs up 

to 56 days in glovebox.[31] Yin et al. used TiS2 as an ETL for planar perovskite solar cells to 

obtain a PCE of 17.37 % , which was comparable to that of the TiO2 based reference device 

(17.07 %). Here, they found that TiS2 ETL retained about 90 % of PCE under UV irradiation 

(10 mW cm-2 ) in ambient atmosphere for 50 h while PCE of TiO2 ETL based cell degraded 

by 44 % under same conditions.[32] We believe, the mechanism by which stability of the cells 

varies with different ETLs is very specific to the kind of materials used as ETL. Nonetheless, 

in our case here, the UV-ozone tretaed Ti3C2Tx certainly shows improvement in stability. A 

detailed investigation of chemical and physical nature of the interface between perovskite and 

T3C2Tx is needed to understand how exactly the UV-ozone treatment contributes to enhanced 

stability. In addition, we are certain that the stability could be improved further by combining 

the present system with other techniques, such as insertion of organic crosslinkers into 

perovskites, passivation of perovskite layer, and by selecting all-inorganic perovskite instead 

of hybrid-perovskites, which are indeed included in our future studies.[33]  
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Figure 5. (a) Nyquist plots of the PSCs with Ti3C2Tx after UV-ozone treatment for 0, 10, 30, 

and 60 min as ETLs under one sun illumination, where the scattered points are experimental 

data and the solid lines are the fitted curves according to the equivalent circuit. (b) The 

stability results of PSCs based on pristine Ti3C2Tx and Ti3C2Tx after 30 min UV-ozone 

treatment as ETLs in ambient air (relative humidity≈20%) without encapsulation at 25 °C.  

3. Conclusion 

    2D Ti3C2Tx films with flat and uniform surface were prepared by spin-coating and 

employed as electron transport layers for low-temperature processed planar PSCs with an 

architecture of ITO/ETL/CH3NH3PbI3/Spiro-OMeTAD/Ag. UV-ozone treatment for different 

times were examined on the Ti3C2Tx films to take advantage of the tunable optoelectronic 

properties of MXenes. A high PCE of 17.17% was achieved using 30 min UV-ozone treated 

Ti3C2Tx as the ETL, highlighting the potential application of MXenes toward the 

development of low-cost and efficient solar cells. The greatly improved PCE originated from 

the additional oxide-like Ti-O bonds on the surface of Ti3C2Tx (Ti3C2O2) induced by 
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appropriate UV-ozone treatment, which improves the interface properties of 

Ti3C2Tx/perovskite and makes Ti3C2Tx suitable as ETL for PSCs, thus led to much better Jsc, 

Voc and FF, as evidenced by space charge-limited current and electrochemical impedance 

spectroscopy results. This work demonstrates the potential use of MXenes in solar cells. 

Moreover, the solution-processed MXene ETL can also be used in flexible photovoltaic 

devices. 

4. Experimental Section 

Materials: Lead iodide (PbI2, >99.99%), methylammonium iodide (CH3NH3I, >99.5%) and 

lithium-bis (trifluoromethanesulfonyl) imide (Li-TFSI, >99%) were purchased from Xian 

Polymer Light Technology Corp. 

2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenylamino)-9,9’-spirobifluorene 

(Spiro-OMeTAD, >99.8%), 4-tert-butyl pyridine (tBP, 96%) and ultra-dry anhydrous 

N,N-dimethylformamide (DMF, 99.8%) were purchased from Sigma Aldrich. Dimethyl 

sulfoxide (DMSO, 99.7%) was obtained from Beijing Infinity Scientific (INFI). For MAX 

phase synthesis, titanium powder and aluminum powder were purchased from Aladdin. 

Graphite was purchased from Sigma Aldrich. 

Preparation of Ti3C2Tx MXene hydrocolloid: First, 7.368 g of titanium powder, 1.523 g of 

aluminum powder and 1.109 g of graphite were mixed together uniformly, then sintered at 

1650°C for 2 hours under argon for preparing Ti3AlC2 MAX phase. The Ti3AlC2 MAX 

powder was grinded using mortar-pestle to pass through 400-mesh sieve and added into 12 M 

LiF/9 M HCl solution at room temperature. Briefly, 1.6 g LiF was added to 20 mL 9 M HCl 

under continuous stirring for several minutes. Then 1.0 g Ti3AlC2 MAX powder was 

gradually added (about 5 min) to the etchant solution and continuously etched for 24 h at 
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room temperature. When it was finished, the acidic mixture was washed with deionized water 

by repeated centrifugation (5 min per cycle at 8000 rpm). The supernatant was poured out 

and replaced by new deionized water after each cycle until the pH of mixture over 5. Finally, 

the slurry was placed in ultrasound for 10 min and centrifuged at 3500 rpm for 1 h. The 

colloid supernatant solution with Ti3C2Tx nanosheets was obtained. To confirm its 

concentration, 10 mL of Ti3C2Tx dispersion was filtered over a cellulose membrane (0.22 µm 

pore size). After drying and weighing the peeled-off Ti3C2Tx film, the concentration of 

Ti3C2Tx was determined to be 3 mg mL-1.  

Preparation of Ti3C2Tx MXene films: By adding deionized water to Ti3C2Tx dispersion (3 mg 

mL-1), the Ti3C2Tx colloid with lower concentration of 1 mg mL-1 was obtained. After softly 

shaking, the Ti3C2Tx nanosheets would disperse well. Ti3C2Tx MXene films were prepared by 

spin-coating 80 μL of colloids at 2500 rpm for 60 s onto the ITO substrates in air, followed 

by UV-ozone treatment of different time. 

Device fabrication: The pre-patterned ITO were cleaned by detergent, deionized water, 

acetone, alcohol, and isopropanol in ultrasonic bath for 30 min respectively, then treated with 

UV ozone for 30 min. The ETL was prepared via spin-coating Ti3C2Tx hydrocolloid onto the 

ITO substrates at 2500 rpm for 60 s in air, followed by the UV ozone treatment for 10, 30 and 

60 min in sequence. Then the samples were moved into a glovebox filled with argon, where a 

perovskite (CH3NH3PbI3) precursor solution was prepared by mixing 1.3 M (242 mg) PbI2 

and 1.3 M (83 mg) CH3NH3I in 408 μL DMF/DMSO (4:1 volume ratio) for more than 60 min. 

The perovskite layer was prepared by spin-coating its precursor solution (45 μL) at 5000 rpm 

for 30 s onto the ETL, and injecting chlorobenzene (350 μL) quickly onto the film in 5 s 

during the spin-coating process. The obtained film was then heated at 100 °C for 10 min. The 

hole transport material, Spiro-OMeTAD, was dissolved in chlorobenzene (80 mg mL-1) and 
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stirred for 20 min. Then 10.5 mL of tBP and 15.5 mL of a Li-TFSI solution (510 mg 

Li-TFSI/1 mL acetonitrile) were added into Spiro-OMeTAD solution. After 5 minutes of 

stirring, 25 μL of solution was spin-coated at 4000 rpm for 30 s onto the CH3NH3PbI3 layer. 

The samples were kept in the dark at room temperature overnight in dry air. Finally, the Ag 

electrode of 60 nm thickness was thermally evaporated on the top of Spiro-OMeTAD to 

assemble a complete PSC device. 

Thin film characterization: UV-ozone treatment was employed by BZS250GF-TS UV-ozone 

cleaner. UV/Vis absorption spectra of ETLs on the glass were recorded using a Shimadzu 

UV-1900 spectrophotometer over the 300–900 nm wavelength range. The XRD patterns of 

Ti3C2Tx with/without UV-ozone treatment coated on glass were recorded on Brucker D8 

X-ray diffractometer with CuKα radiation (λ = 1.5418 Å) at 25 °C. The data was collected 

with a 0.02° step size (2θ) for 0.2 s. XPS measurements were also performed using 

ThermoFischer ESCALAB 250Xi. A field emission scanning electron microscope (Hitachi 

SU8000) was used to acquire top-view and cross-sectional SEM images.  

Device characterization: The J-V characteristics of perovskite solar cells were measured by a 

Keithley 2400 source meter measurement system with an AM 1.5G filter at an illumination 

intensity of 100 mW cm-2, as calibrated by a reference monocrystalline silicon solar cell 

(91150 V Oriel Instruments). The effective area of the cells was confirmed to be 0.04 cm2 

using a non-reflective metal mask. The EQE spectra were measured in air under short-circuit 

conditions using SOFN 7-SCSpecIII equipped with a 100 W Xe arc lamp, a filter wheel, and 

a monochromator. Monochromatic light was chopped at a frequency of 80 Hz and 

photocurrents were measured using a lock-in amplifier. The setup was calibrated using a 

certified silicon reference diode of known spectral response. The EIS measurements on the 

devices were carried out by a VSP multi-channel potentiostat (Biologic, France), under the 
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standard AM 1.5G (100 mW cm-2) simulated sunlight illumination at open-circuit potential 

with the frequency ranging between 1 MHz and 10 Hz. Z-View Analyst software was used to 

model the Nyquist plots obtained from the impedance measurements. 

Supporting Information 

SEM images, XPS analysis, work functions results, optoelectronic parameters of Ti3C2Tx 

with or without UV-ozone treatment, device reproducibility results, SCLC results and EIS 

fitting parameters. This material is available from website at http://...... or from the author. 
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