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A B S T R A C T   

In this study, two-dimensional (2D) material-MXene has been utilized as an additive in perovskite (MAPbI3) from 
0 to 20 vol.% with an increment of 5 vol.%. The effect of different vol.% of 2D-MXene on monolithic perovskite 
solar cells (mPSCs) has been investigated in detail through various characterization techniques such as X-ray 
diffraction (XRD), Raman Spectroscopy, and Field emission scanning electron microscopy (FE-SEM). The best 
device, perovskite with 5 vol.% 2D-MXene has shown a 13.62% power conversion efficiency (PCE) compared to 
the perovskite without 2D-MXene PCE of 11.35%.   

1. Introduction 

Perovskite solar cells (PSCs) have received a lot of attention due to 
their high-power conversion efficiency (PCE) and low fabrication cost. 
Different methods like composition engineering [1,2], charge carriers 
transport layers modification [3] and heterostructure [4] have been 
adopted for enhancing the PCE and stability of PSCs. Recently, carbon- 
based monolithic perovskite solar cells (mPSCs) with novel architecture 
have emerged as one of the most promising designs for commercializing 
large-area perovskite solar cells (PSCs) at reasonable costs. Furthermore, 
the carbon-based design eliminates the need for hole-transporting ma-
terials (HTMs) like Spiro-OMeTAD. Since manufacturing costs are also 
less, low-cost photovoltaic systems can be developed. To further in-
crease the performance, the additive engineering method is adapted. 
mPSCs are made up of four successive layers, as shown in Fig.S1 (Sup-
porting Information), which includes glass/FTO/compact-TiO2/meso-
porous-TiO2/mesoporous-ZrO2/carbon. These mPSCs are filled with 
perovskite, thereby acting as the light-absorbing layer respectively. In 
this design, perovskite behaves as a hole transport layer (HTL) as well as 
an absorber layer at the same time [5]. To enhance the performance of 
mPSCs, different techniques have been explored, including antisolvent 
optimization [6], post-treatment [7], and additive engineering [8]. 
From the methods mentioned above, additive engineering is extremely 
promising and simple to use, and it has played a key role in numerous 

mPSCs for creating breakthroughs. In addition, various 2D materials like 
WS2, MoS2, and black phosphorous have been used as additives to 
improve the performance of PSCs [9]. It has been observed that the 
addition of 2D materials with perovskite blocks the unrequired ion 
movements, which has been the major bottleneck towards the PSCs 
stability [5]. MXene (Ti3C2) is a new 2D material with the general for-
mula Mn+1XnTx (n = 1,2,3), where M represents an early transition 
metal, X represents carbon or nitrogen, and T represents surface func-
tionalization groups (-F,-O,–OH). High electrical conductivity, mobility, 
charge carrier density, and hydrophilicity are all the unique character-
istics of a typical MXene, which allows it to be processed from aqueous 
solutions. MXene is also utilized as an additive in the layers of PSCs [10]. 
However, in this work, we used 2D-MXene material as an additive with 
varying vol.% in the range of 0 to 20 vol%, into a 3D MAPbI3 perovskite 
for infiltration. The impact of varying vol.% on the structural, 
morphological, and electrical characteristics of the mPSCs has been 
studied. 

2. Experimental 

Solaronix SA (Aubonee, Switzerland) produced printed electrodes 
(glass/FTO/compact-TiO2/mesoporous-TiO2/mesoporous-ZrO2/mono-
lithic carbon) were annealed at 400◦C for 30 min and cooled down. 0.1 
M of 2D-MXene (vol.% from 0 to 20) was dispersed in 500 µL DMF (N, N- 
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Dimethylformamide) solvent and was added to the perovskite solution; 
MAPbI3 (mixture of lead iodide, methylammonium iodide and 5-amin-
novaleric acid hydroiodide in Ƴ-butyrolactone). 0.5 µL of the prepared 
precursor solution was infiltrated into the mesoporous structure. The 
prepared films were annealed at 100◦C for 30 min in ambient 
conditions. 

3. Results and discussion 

To evaluate the crystallinity of samples, XRD (Model No; EMPY-
REAN) plots were obtained for pure perovskite and different vol.% of 
2D-MXene added perovskite films. Fig. 1(a) depicts the XRD patterns of 

the perovskite and 2D-MXene perovskite films with various vol.% of 0, 
5, 10, 15, and 20. Irrespective of the additive vol.%, all the samples 
apprehend a sharp peak at an angle of 14.2◦, representing (1 1 0) crystal 
plane of MAPbI3 phase, indicating the cubic phase of the perovskite. A 
sharp diffraction peak detected in all samples at 2θ = 26.2◦ corresponds 
to (0 0 2) plane of carbon. The characteristic diffraction peaks observed 
at an angle (2θ) of 28.3◦, 31.6◦, 40.5o, and 43.1◦, which are indexed to 
the (0 0 4), (2 2 0), (3 1 0), (2 2 4), and (3 1 4) reflections, of MAPbI3, 
respectively. The effect of adding different vol.% of the 2D-MXene as an 
additive can be observed by analyzing the main perovskite peak at 2θ =
14.2◦. Fig. S2 shows the magnified view of the peak centered at 2θ =
14.2◦

. From Fig. S2 it can be observed that with an increase in the vol.% 

Fig. 1. (a and b) XRD and Raman Spectra of perovskite films containing various vol.% of 2D-MXene additive.  

Fig. 2. Cross-sectional FE-SEM images and EDX elemental mapping of perovskites with (a and b) 0 vol.% of 2D-MXene additive, (c and d) 5 vol.% of 2D- 
MXene additive. 
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of 2D-MXene as an additive in perovskite, the peak at 2θ = 14.2◦ exhibits 
a slight shift towards the lower angle. The consistent shift in the peak 
position indicates the stress induced by the 2D-MXene additive and at-
tributes to the homogenous distribution of the strain during the growth 
of perovskite crystals. Further characterization was done by Raman 
spectra (Model No; Jobin-Yvon HR800) as shown in Fig. 1(b). Table S1 
summarizes the estimated ID/IG ratio of the perovskite film with 
different vol.% 2D-MXene. And it is observed that perovskite film with 
2D-MXene additive of 5 vol.% apprehends the highest ID/IG (~0.91), 
which suggests a significantly lower degree of disorder in the film than 
other samples. Moreover, when 2D-MXene in perovskite is above 5 vol. 
%, a decrease in the ID/IG value is observed, indicating increasing dis-
orders during the film growth process. From the results, it can be 
inferred that the 5 vol.% 2D-MXene additive perovskite film offers fewer 
defects and helps in improving the photoresponse of the solar cell. 

To elucidate the perovskite infiltration and investigate the change in 
morphology after adding 2D-MXene, FE-SEM (Model No; JEOL 7600) 
analysis was carried out. Fig. 2(a) represents cross-sectional FE-SEM 
images of mPSCs fabricated, and it is evident that the perovskite is 
successfully infiltrated across multilayers. The corresponding energy 
dispersive X-ray (EDX) elemental mapping (Fig. 2(b)) confirms the 
presence of elements such as Ti, O, Zr, Pb, I, and C. Fig. 2(c), represents 
the cross-sectional FE-SEM image of the mPSCs fabricated by infiltrating 
perovskite with 5 vol.% of 2D-MXene additive. The bright flake-like 
structure represents 2D-MXene. The corresponding EDX elemental 
mapping is shown in Fig. 2(d) and confirms the presence of Ti, O, Zr, Pb, 
I, and C elements. In comparison to Fig. 2(b), a significant increase in the 
count of the Ti element across the length of the mPSCs can be observed 
in Fig. 2(d). These additional Ti elements correspond to the Ti present in 
the 2D-MXene. Further increase in the vol.% of 2D-MXene results in 
stacking of the 2D-MXene flakes in the perovskite photo-absorbing layer. 
The related cross-sectional FE-SEM images and the corresponding EDX 
results were shown in Fig. S3 (f, h and i) and Fig. S3 (g, i and k), 
respectively. The above investigation suggests that adding 2D-MXene 
above 5 vol.% leads to stacking of the 2D-MXene flakes. The origin of 
stacking morphology may hinder the light propagation across the 
complete length of the perovskite layer and decrease the photo-
generation of charge carriers. 

The photocurrent density–voltage (J-V) features were measured by 
Abet sunlight solar simulator (Oriel 3A) using Air Mass (AM) 1.5G filter 

at an illumination intensity of 100 mW/cm2. The active area of the cell 
was accurately regulated by using a 0.16 cm2 black metal mask. Fig. 3(a) 
displays the current density–voltage (J-V) characteristic of the devices 
fabricated with pure perovskite and perovskite with various vol.% of 2D- 
Mxene additive. The highest PCE of 13.62% for the 5 vol.% 2D-MXene 
devices was achieved with open-circuit voltage (Voc) ~ 0.81 V, cur-
rent–density (Jsc) ~ 27.64 mA/cm2, and fill factor (FF) ~ 61.12. Adding 
2D-MXene beyond 5 vol.%, the Jsc of the devices were below the pristine 
perovskite device and continuously kept on decreasing. The devices with 
2D-MXene additive with 10, 15, and 20 vol.% displayed a limited Jsc of 
21.04, 17.36, and 15.27 mA/cm2, resulting in PCE of 10.85, 9.41, and 
8.11%, respectively. The remarkable improvement of PCE by the addi-
tion of 2D-MXene is attributed to the relevant improvement in the device 
Jsc. Notably, 2D-MXene additive flakes serve as a conductive link at the 
perovskite/electron transport layer (ETL) interface and offer an 
improved electron transport path, resulting in efficient electron collec-
tion. The results clearly show that when the appropriate amount of 
additive was added to the perovskite film, the PCE of the device was 
improved. The detailed statics of device parameters are presented in 
Table 1. The statistical distribution (Voc, Jsc, FF and PCE) of devices with 
various vol.% of 2D-MXene additive is reported in Fig. 3(b, c, d and e). 
The devices with 5 vol.% of 2D-MXene additive displayed good 
repeatability. The high electrical conductivity of the 2D-MXene additive 
significantly improves the charge transfer and reduces the charge 

Fig. 3. (a) J-V characteristics of the fabricated mPSCs devices. (b-e) The statistical distribution of Voc, Jsc, FF, and PCE of mPSCs with various vol.% of 2D- 
MXene additive. 

Table 1 
Photovoltaic parameter champion device fabricated from mPSCs with perov-
skite precursor solution with various vol.% of 2D-MXene additive.  

Device Voc 

(V) 
Jsc (mA/ 
cm2) 

FF (%) PCE 
(%) 

0 vol%-2D-MXene Average 
Best 

0.79 
0.80 

21.45 
23.03 

64.54 
61.81 

10.82 
11.35 

5 vol%-2D-MXene Average 
Best 

0.78 
0.81 

25.48 
27.64 

63.60 
61.12 

12.24 
13.62 

10 vol%-2D- 
MXene 

Average 
Best 

0.75 
0.78 

19.31 
21.04 

66.18 
65.49 

9.49 
10.85 

15 vol%-2D- 
MXene 

Average 
Best 

0.76 
0.79 

16.11 
17.36 

68.17 
69.43 

8.55 
9.41 

20 vol%-2D- 
MXene 

Average 
Best 

0.76 
0.78 

14.26 
15.27 

66.87 
68.17 

7.32 
8.11  
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transfer resistance. Therefore, 5 vol.% 2D-MXene added in the perov-
skite effectively improved the power conversion efficiency in mPSCs. 

4. Conclusion 

In summary, we elucidated the promising role of 2D-MXene as an 
additive for the MAPbI3 perovskite structure to improve the perfor-
mance of mPSCs. The addition of 5 vol.% 2D-MXene in perovskite 
improved the crystallinity of the fabricated perovskite layer. The facile 
strategy resulted in obtaining high-quality photoactive films with fewer 
defect states. Such a high-quality film formation is a missing achieve-
ment in most research based on mPSCs. Through additive engineering, a 
champion efficiency of 13.62% was obtained for the 5 vol.% 2D-MXene 
loaded perovskite in mPSCs device structure, higher than the pure 
perovskite mPSCs with an efficiency of 11.35%. This work introduces an 
effective method for improving the charge transport by incorporating 
2D-MXene into perovskite and thus a simple modification technique to 
fabricate high-performance mPSCs. 
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