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S1 Synthesis of MXene

2D Ti3C2Tx-MXene was obtained by etching of Al layer from the commercially available 

MAX phase Ti3AlC2 using hydrogen fluoride (HF).1  Concisely, commercial MAX phase was 

dispersed in a HF diluted solution (50%) and agitated slowly for 24 h at 60°C for the complete 

elimination of Al layers. The remnant solution was centrifuged and pounded with deionized (DI) 

water and absolute ethanol several times to separate residues until neutralize the pH. The final 

product was dehydrated under vacuum at 80 °C for 12 h. 

S2 Synthesis of ZnO nanoparticles

Zinc acetate dihydrate (Zn(O2CCH3)2(H2O)2) and sodium hydroxide (NaOH) were 

blended in the 25 mL of ethanol under the constant stirring and then placed on the hot plate at 

80 °C for 5h. After the solution reached to room temperature slowly, the residues were separated 

and was with ethanol and de-ionized (DI) water multiple times using centrifugation. The final 

residues were annealed at 200oC for 4 hours to form the ZnO powders

S3 Synthesis of Fe3O4 nanoparticles

Firstly, ferrous chloride (FeCl3·6H2O) was dissolved in the 100 mL of DI water for 2h 

under the constant magnetic agitation. Next, sodium hydroxide (NaOH) was slowly mixed with 

the presence of nitrogen gas and solution bath was transferred on hot plate for 5 h at 80 °C. The 

final suspensions were washed multiple times with ethanol and DI water using centrifugation, 

dried at 200oC vacuum oven. 

S4 Characterization

The current density-voltage (J-V) measurements were evaluated in an electrometer (Keithley 

6571B) and a solar simulator (San Ei Elec. XES 40S2-CE) using an AM 1.5G-filtered Xe lamp 



exposure with an intensity of 100 mW/cm2. The active area of the device is 4mm2. External 

quantum efficiency (EQE) measurement was taken using Keithley (model 2400) with a 

monochromator (CS260-USB-1-MC-D) by ranging the wavelength from 300 to 800 nm. the 

suggested detector was combined with CsI (Tl) scintillators (Hamamatsu J13113) to convert 

incident X-ray photons into visible photons and the produced charge carriers during exposure were 

measured with the electrometer. The scintillator-coupled detector J-V characteristics were verified 

using an X-ray generator (AJEX 2000H). The distance between the X-ray source and the 

scintillator-coupled detector was approximately 30 cm, and the exposure X-ray dose was measured 

using an ion chamber (Capintec CII50) at the same distance. The operating conditions of X-ray 

generator were fixed at 1.57 sec, 80 kVp and 63 mAÂus for X-ray exposure time, tube voltage and 

tube current, respectively for all the experiments. The constant 3.34 mGy of dose rate and -0.6 V 

of applied bias voltage for X-ray source were used for the all the measurement. To tune the charge-

carrier collection, the bias voltage to the detector from -0.2 to -1.0V and dose rate from 1.19 to 

5.56 mGy were applied. The CCD during X-ray exposure and sensitivity were computed from the 

measured charge amount. The sensitivity, related to X-ray photon-to-charge conversion efficiency, 

was calculated using the following equation.

 
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 (𝑚𝐴

𝐺𝑦 ∙ 𝑐𝑚2) =  
𝐶ℎ𝑎𝑟𝑔𝑒𝑠 𝑑𝑢𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑋 ‒ 𝑟𝑎𝑦 𝑂𝑁[𝑚𝐴] ‒  𝐶ℎ𝑎𝑟𝑔𝑒𝑠 𝑑𝑢𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑋 ‒ 𝑟𝑎𝑦 𝑂𝐹𝐹 [𝑚𝐴]

𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑑𝑜𝑠𝑒 [𝐺𝑦]·𝐷𝑒𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝐴𝑟𝑒𝑎 [𝑐𝑚2]

The absorbed doses from the exposure was measured using the ion chamber. 

The electronic structure of ZnO, Fe3O4, MXene, MXene/ZnO or MXene/Fe3O4 were examined 

by Raman spectroscope (Renishaw inVia RE04). X-ray diffraction measurements were achieved 

by a Rigaku D/max-2500 diffractometer with Cu-Kα radiation as the X-ray source. Energy 

dispersive by X-ray combined JEOL JSM-6700F FESEM was utilized to analyze the surface 

morphology of the nanostructures. Atomic force microscopy (Park Systems XE-150) was 



conducted to measure the roughness in non-contact mode with 10 μm × 10 μm scan size. The 

atomic structure of MXene/ZnO or MXene/Fe3O4 was characterized by transmission electron 

microscope (JEOL-2010F TEM) with 200k eV accelerating voltage. Gatan Digital Micrograph 

software (version - 3.21) was used to process the TEM images. X-ray photoelectron spectroscopy 

analysis was performed using PHI 5000 Versa Probe equipped with a monochromatic Al Kα 

radiation source (25W, 6.7×10-8 Pa). UV-vis optical spectroscopy (Optizen 2120UV) was used to 

measure the absorption spectra of HTLs. Theta Probe (Thermo) X-ray photoelectron spectrometer 

was used to measure ultraviolet photoelectron spectra using He1 (21.2 eV) source with a step size 

of 0.05 eV. 



Figure S1. XRD pattern of Ti3C2Tx MXene sheets.



Figure S2. XPS survey spectrum: (a) MXene/ZnO and (b) MXene/Fe3O4.



Figure S3. MXene/ZnO nanocomposites: (a) EDS-FESEM image and (b) composition; (c) 

elemental mapping and their elements distribution (d) Ti, (e) O, (f) C and (g) Zn atoms.



Figure S4. MXene/Fe3O4 nanocomposites: (a) EDS-FESEM image and (b) composition; (c) 

elemental mapping and their elements distribution (d) Fe, (e) O, (f) Ti and (g) C atoms.



Figure S5. FESEM images of Fe3O4 nanoparticles.



Figure S6. FESEM images of ZnO nanoparticles.



Figure S7. FESEM images of MXene nanoparticles.



Figure S8. Optical band gap plot of prepared (a) ZnO and (b) Fe3O4 nanoparticles



Figure S9. UPS profiles for the prepared (a) ZnO and (b) Fe3O4 based nanostructures, Ecut-off 

region for the (c) ZnO and (d) Fe3O4 based nanostructures and Fermi (EF) level positions of 

(e) ZnO and (f) Fe3O4 based nanostructures.



Figure S10. Energy level of (a) ITO/PEDOT:PSS/Cs0.1MA0.9PbI3/ZnO@PCBM/LiF/Al and 

(b) ITO/PEDOT:PSS/Cs0.1MA0.9PbI3/Fe3O4@PCBM/LiF/Al.



Figure S11. J−V curves of perovskite solar cells using different concentration of ZnO with 

different concentration (1, 1.5, 2 and 2.5 wt%) blended with PCBM ETL.

Table S1. Photovoltaic performances of prepared perovskite devices with different 

concentrations of ZnO nanoparticles blended ETL.

ZnO@PCBM
VOC
[V]

JSC

[mA/cm2]
FF
[%]

PCE
[%]

RS

[Ω·cm2]

1 wt.% 0.881 20.247 57.79 10.31 172.16
1.5 wt.% 0.891 21.198 59.45 11.23 163.41

2 wt.% 0.897 21.623 60.16 11.67 158.42
2.5 wt.% 0.884 20.793 59.20 10.88 167.23



Figure S12. J−V curves of perovskite solar cells using different concentration of MXene with 

different concentration (1, 1.5, 2 and 2.5 wt%) blended with PCBM ETL.

Table S2. Photovoltaic performances of prepared perovskite devices with different concentrations 

of MXene blended ETL.

MXene@PCBM
VOC
[V]

JSC

[mA/cm2]
FF
[%]

PCE
[%]

RS

[Ω·cm2]

1 wt.% 0.895 21.076 59.42 11.21 164.87

1.5 wt.% 0.893 22.114 61.37 12.12 151.36

2 wt.% 0.905 22.598 62.78 12.84 143.18

2.5 wt.% 0.893 21.698 60.53 11.73 157.23



Figure S13. J−V curves of perovskite solar cells using different concentration of Fe3O4 with 

different concentration (1, 1.5, 2 and 2.5 wt%) blended with PCBM ETL.

Table S3. Photovoltaic performances of prepared perovskite devices with different concentrations 

of Fe3O4 blended ETL.

Fe3O4@PCBM
VOC
[V]

JSC

[mA/cm2]
FF
[%]

PCE
[%]

RS

[Ω·cm2]

1 wt.% 0.880 20.685 59.38 10.81 168.24

1.5 wt.% 0.905 21.529 60.46 11.78 157.43

2 wt.% 0.907 22.037 61.18 12.23 150.17

2.5 wt.% 0.893 21.186 59.23 11.26 164.91



Table S4. Photovoltaic performances of prepared perovskite devices using MXene/Fe3O4 hybrid 

nanoparticles as ETL.

Device
VOC

[V]

JSC

[mA/cm2]

FF

[%]

PCE

[%]

RS

[Ω·cm2]

1 wt.% 0.901 22.187 61.22 12.24 149.16

1.5 wt.% 0.906 22.945 63.73 13.25 139.24

2 wt.% 0.902 23.421 65.27 13.79 132.65

2.5 wt.% 0.906 22.478 62.65 12.76 145.38

Table S5. Photovoltaic performances of prepared perovskite devices with different concentrations 

of MXene/ZnO hybrid nanoparticles blended ETL.

MXene/ZnO@PCBM
VOC 
[V]

JSC 

[mA/cm2]
FF [%] PCE 

[%]
RS 

[Ω·cm2]
1 wt.% 0.884 21.389 62.72 11.86 156.34

1.5 wt.% 0.908 22.416 62.98 12.82 143.29

2 wt.% 0.904 22.987 64.05 13.31 138.76

2.5 wt.% 0.900 21.932 62.51 12.34 149.58



Table S6. Comparison of photovoltaic parameters with different materials doping ETL 

Sample PCE
(%) Reference Improvement (%)

Pure PCBM (ETL) 8.15
ETL doping with DMBI 12.53

7
53.74

Pure PCBM (ETL) 10.05
ETL doping with oleamide 12.69

8
26.26

Pure PCBM (ETL) 10.8
ETL doping with graphdiyne 13.9

9
28.70

Pure PCBM (ETL) 11.22
ETL doping with CdSe quantum 

dot
13.73 10

22.37

Pure PCBM (ETL) 11.27
ETL doping with graphene oxide 12.82

11
13.75

Pure PCBM (ETL) 11.43
ETL doping with CoSe 14.91

12
30.44

Pure PCBM (ETL) 12.1
ETL doping with carbon nanodots 13.4

13
10.74

Pure PCBM (ETL) 12.79
ETL doping with GQDs 16.41

14
28.30

Pure PCBM (ETL)
ETL doping with ZnO

12.72
14.17 15 11.39

Pure PCBM (ETL)
ETL doping with α-Fe2O3

7.6
14.2 16 86.84

Pure PCBM (ETL)
ETL doping with MXene

15.16
17.95 17 18.40

Pure PCBM (ETL) 10.58
ETL doping with MXene/Fe3O4 13.79 30.34
ETL doping with MXene/ZnO 13.31

This work
25.80



Table S7. X-ray detector performance for different concentrations of MXene nanoparticles 

blended in ETL.

ETL CCD-DCD [μA/cm2] Sensitivity [mA/Gy•cm2]

MXene -1% 11.42 3.42

MXene -1.5% 12.66 3.79

MXene -2 % 13.89 4.16

MXene -2.5 12.22 3.66

Table S8. X-ray detector performance for different concentrations of ZnO blended in ETL.

ETL CCD-DCD [μA/cm2] Sensitivity [mA/Gy•cm2]

ZnO -1% 9.92 2.97

ZnO -1.5% 11.56 3.46

ZnO -2 % 12.16 3.64

ZnO -2.5 10.72 3.21

Table S9. X-ray detector performance for different concentrations of Fe3O4 blended in ETL.

ETL CCD-DCD [μA/cm2] Sensitivity [mA/Gy•cm2]

Fe3O4 -1% 10.59 3.17

Fe3O4 -1.5% 12.32 3.69

Fe3O4 -2 % 12.93 3.87

Fe3O4-2.5 11.62 3.48



Table S10. X-ray detector performance for different concentrations of MXene/ZnO blended in 

ETL.

ETL CCD-DCD [μA/cm2] Sensitivity [mA/Gy•cm2]

MXene/ZnO -1% 12.32 3.69

MXene/ZnO -1.5% 13.83 4.14

MXene/ZnO -2 % 14.73 4.41

MXene/ZnO -2.5 13.09 3.92

Table S11. X-ray detector performance for different concentrations of MXene/Fe3O4 blended in 

ETL.

ETL CCD-DCD [μA/cm2] Sensitivity [mA/Gy•cm2]

MXene/Fe3O4 -1% 12.86 3.85

MXene/Fe3O4 -1.5% 14.63 4.38

MXene/Fe3O4 -2 % 15.46 4.63

MXene/Fe3O4-2.5 13.73 4.11
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