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MXene, a newly intriguing family of two-dimensional (2D) materials, have recently attracted
considerable attention owing to their excellent properties such as high electrical conductivity
and mobility, tunable structure and termination groups. In this work, the TisC2Tx MXene is
incorporated into the perovskite absorber layer for the first time, which aims for efficiency
enhancement. Results show that the termination groups of the TisC,Tx can retard the
crystallization rate, thereby increasing the crystal size of MAPDbI;. We find that the high
electrical conductivity and mobility of MXene can accelerate the charge transfer. After
optimizing the key parameters, 12% enhancement in device performance is achieved by 0.03

wt% amount of MXene additive. This work unlocks opportunities for the use of MXene as

potential materials in PSCs applications.

1. Introduction
The organic-inorganic halide perovskite solar cells (PSCs) have attracted tremendous

attentions due to its high-speed development in photo conversion efficiency (PCE) in the past
several years.[*®*l Though the highest certified PCE of 23.2% have been achieved,! there is
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still a long journey to go to achieve its theoretical efficiency limit of 30~33%.5! Among the
components of the PSCs device, the perovskite layer for light absorption and carrier transfer,
is always the central part that determines the device performance.!®® While the crystal size is
the most important parameter for perovskite film. The larger crystal size promises higher
charge carrier transformation efficiency and better performance because of less amount of
grain boundaries.® 1%

With the aim of enlarging the particle size of perovskite crystals, researchers have proposed
various kinds of strategies, such as antisolvent optimizing,*!! post-treatment™? and additive
engineering.l** I Among which the additive engineering is very promising and easy to
operate. For instance, Wang et al. added water into the perovskite precursor and they found
that the water additive can enhance the crystallization and surface coverage.*™ Gratzel group
applied poly(methyl methacrylate) (PMMA) as a template to control the nucleation and
crystal growth process, consequently, a high PCE of over 21% was achieved.!*®! Han and co-
workers used methylammonium acetate and thio-semicarbazide as additives has resulted in a
high crystalline quality of the perovskite, leading to enhanced PCE and durability of PSCs.[*]
Moreover, except the aforementioned soluble additive, some 2D nanomaterials with unique
properties have also been used as additives in recent years. For example, Hagfeldt et al.
introduced nitrogen-doped graphene into the perovskite layer and all the photovoltaic
parameters were improved.”) The graphene not only enlarged the grain size, but also
passivated the perovskite surface and reduced the charge recombination. More recently,
another 2D compound, g-C3N4, was doped into the perovskite layer.[®! The g-CsN4 dopant
improved grain size, reduced the intrinsic defect and more importantly, it increased the film
conductivity of the perovskite layer. In addition, other 2D materials such as WS,,[*! MoS,[%!
and black phosphorus?! have also been used as an additive or buffer layer to improve the

performance of the PSCs. Therefore, the 2D layered nanomaterials, featuring with unique
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morphology and excellent properties, are very promising additives for PSCs efficiency
improvement.

MXene, a newly emerging class of 2D materials with the general formula of Mn+1XnTx, IS
obtained by selectively etching the A (Al, Sn etc.) layer of MAX phase by hydrofluoric acid
(HF) or in-situ generated HF. TisCoTx (Tx represents the termination group), a typical MXene,
has many outstanding properties including high electronic conductivity (2.0x<10* S cm™), high
mobility (1 cm?V-S™?) and charge carrier density (3.8x10%2 cm™).22 More importantly,
Ti3sC2Tx can be tuned by suitable modification of their surface chemistry, which substantially
render controllable and extraordinary properties.?>?%1 The aforementioned excellent
properties ensure the wide applications of MXenes in supercapacitors, transparent electrodes
and ion batteries. [ 26.27]

Herein, we used a typical MXene material, TisC>Tx, as an additive into the perovskite
absorber layer. We found that the termination groups of TisC,Tx retard the crystallization rate,
increase the crystal size of the perovskite layer, and its excellent electrical properties of
MXene favor the charge transfer of PSCs. After optimization, a 12% PCE enhancement of
PSCs can be obtained with 0.03 wt% amount of MXene additive.

2. Results and Discussion

As a very typical MAX phase, M (Ti element) layers of TizAIC; are interleaved with the A
(Al element) layers, with the X (C element) atoms filling the octahedral sites between the
former.[?8l When TizAIC, materials are treated in HF solution, the Al layers can be selectively
removed from the interlayers by disconnecting the metallic bonds between Al and Ti,
resulting into 2D MXene, as schematically depicted in Figure Sla. From the scanning
electron microscopy (SEM) images, it can be found that the TisAIC, displays an irregular
morphology, with the size of several micrometers as shown in Figure S1b. Upon HF etching,

the morphology altered drastically and very uniform micron-sized multilayers were obtained
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(Figure S1c). The multilayers present loosely packed accordion-like morphology, and the
layers were obviously separated from each other, which is similar to the lamellar graphite.

In order to confirm the phase variation brought by HF etching, the samples were tested by X-
ray diffraction (XRD) and the patterns are shown in Figure 1a. It can be found that the peaks
of TizAIC, phase disappear after HF etching. The presence of TisC2Tx main phase indicates
the successful etching of the Al layer.[?®l The peaks at 36.0° and 41.6° are attributed to the
impurity of TiC, which is used as raw materials for TisAlC> synthesis and is difficult to be
removed during HF etching. The irradiation peaks at 8.9° 18.3° and 27.7° correspond to the
(002), (006), (008) facet of TisC2Ty, respectively.l?® 3% In order to further confirm the element
distribution, X-ray photoelectron spectroscopy (XPS) was conducted for the TisCoTx
multilayers. From the survey region (Figure 1b), the signals belonging to the element of C, Ti,
O, F were clearly detected without signals for Al, which indicates fully etching of Al layer in
MAX phase, in accordance with the XRD results. In the high-resolution XPS spectrum of the
Ti 2p (Figure 1c), the components centered at 455.0, 455.7, 457.1 and 460.7 eV are assigned
as Ti, Ti?*, Ti®* and TiO2«Fx, respectively. For the C 1s spectrum, the curve can be fitted by
four components centered at 282.1, 282.0, 284.6, and 285.6 eV, which are attributed to C-Ti-
O, C-Ti, C-C, and C-O, respectively. We also analyzed the O 1s spectrum and results
displayed that the peaks can be fitted by two peaks at 530.0 and 531.7 eV for Ti-O and O-H,
respectively. The existence of Ti-O, O-H, and Ti-F indicates the termination group, Tx, are O,
OH, and F, which is in agreement with the previous reports.?*4 Therefore, the TisC2Tx
multilayers were successfully obtained by HF etching.

The TisCoTx multilayers, similar to other 2D materials, can be exfoliated easily due to weak
interlayer van der Waals force.[®> %! Aiming at getting the smaller size and fewer layers, the
TisCoTx multilayers were exfoliated in water under the sonication with Ar bubbling to avoid
oxidation. Then the sample was centrifuged at the speed of 6000 rpm to remove the un-

exfoliated multilayers and the impurity of TiC. SEM image of supernatants is shown in
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Figure S2 and comparing with the TisCoTx multilayers, the size and the number of layers are
greatly reduced after sonication. The nanoflakes with the size of ~200 nm are interconnecting
with each other, which is due to the incompletely split of large TisC,Tx layers during the
sonication process. Subsequently, the TisC2Tx nanoflakes were dispersed in DMF.B7 As
shown in Figure S1d, TisC,Tx was separated from each other and the size was also further
reduced. This can be attributed to the further sonication in a proper solvent, which promotes
the splitting of interconnected nanoflakes into independent nanoflakes. At the same time, the
dispersing solution displays the Tyndall effect under the irradiation of laser, implying well-
dispersion of TisC2Tx nanoflakes in DMF solvent.

To apply in PSCs, the TisC2Tx nanoflakes dispersing in DMF solvent were introduced as the
additive into the perovskite layer. Figure S3 shows the photograph of the perovskite
precursor, where the solvent is DMF/DMSO mixed solvents. After introducing the TizCaTx
into the precursor solution, it can be seen that the color changed from luminous yellow to dark
yellow since the TisC2Tyx dispersing in solvents display as a black solution. The n-i-p planar
structure of PSCs was fabricated to investigate the effect of TisC.Tx additive on the device
performance. The configuration of the devices is ITO/SnOz/perovskite: TisCoTx/Spiro-
OMeTAD/Au, as shown in Figure S3.

Figure S4 displays the XRD patterns of the perovskite film with a different amount of
TisCoTx additive relative to the weight of the perovskite precursor, from 0 to 0.1 wt%. All the
samples present a cubic perovskite phase with a very weak peak belonging to the Pbl, phase
and the main peak at around 14.1° corresponds to (110) crystal plane of CH3NH3sPbls phase.
We enlarged the main peak at around 14.1° and it can be found that the peak was slightly
shifted towards lower angle while keeping the positions of the other peaks the same.
Therefore, the peak shift is attributed to the stress brought by TizC,Tx additive, suggesting the
perovskite crystals experienced homogenous strain during the growing process.*8 We further

improved the amount of additive to 0.25 wt% and the obtained sample (Figure S5) displays a
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similar XRD profile while the main peak at around 14.1° was shifted to a lower angle, as
compared to other samples.

In order to further examine the perovskite film quality either with or without additive, the
films were characterized by SEM, as shown in Figure 2. All the samples are in uniform
morphology with no obvious pin-holes, which promises for high device performance.
Comparing with the pristine film, the films with MXene additive show larger crystal size,
especially 0.03 wt% TizC,Tx. To accurately measure the crystal size of the perovskite films,
the specific crystal size distributions were plotted and the results were shown in Figure S6.
Clearly, the average grain size of the perovskite was increased from 150 to 358 nm after the
introduction of 0.03 wt% amount of additive, comparing with that of the sample without an
additive. Moreover, all the perovskite films with TisC,Tx additive possess a larger grain size
than that of the perovskite layer without the additive. Generally, the larger grain size of
perovskite means less amount grain boundaries, thereby favoring the carrier transformation
through the boundaries. This suggests that the addition of TizC,Tx additive enable the growth
of larger perovskite grain size.

SEM images reveal that TisC2Tx is non-detectable from the perovskite films at low weight
ratio (0.01-0.1 wt%) loading. In order to investigate the location of TizC2Tx additive, we then
increased the amount of the additive to 0.25 wt%, as shown in Figure S7. Sheet-like particles
were on the surface and the boundary of the perovskite film, respectively. To further confirm
their composition, we carried out the energy dispersive X-ray spectroscopy (EDX)
measurement for the samples, as shown in Figure S8. Several peaks attributed to titanium
element are observed through EDX spectrum, which indicates the existence of the titanium
element.%1 Through the element mapping analysis, it shows that the titanium element is
homogeneously distributed. The slightly low signal of titanium element is due to the usage of
very low concentration. Therefore, when a small amount of TisC,Tx additive was introduced

into the perovskite film, the sheet particles only existed in the grain boundary. This may then
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induce mechanical stress to the perovskite crystals and result in the shift of the main
irradiation peak, which is consistent with the XRD results. Whereas, when a larger amount of
Ti3sC,Tx additive was introduced into the film, the excess additive would be extruded to the
surface of the film (Figure S7). In our previous research using Spiro-OMeTAD as the
additive to modify the perovskite film, the excess additive was also extruded to the surface
from the grain boundary.[*"!

On the basis of the discussion above, we propose a nucleation and growth route of perovskite
film with the TizC,Tx additive, as shown in Figure 3. Firstly, the perovskite precursor with or
without additive was spin coated on the SnO: surface and ethyl acetate was used as anti-
solvent. As depicted in the figure, the TisC2Tx possesses abundant termination groups of O,
OH, and F on its surface. In the research of Hagfeldt et al, they used N-doped graphene as an
additive. The basic sites on N-doped graphene could interact with the hydrogen atoms of the
[HC(NH2)2] (FA), which retards the crystallization process and leads to large perovskite
grains.l*l The similar situation was also been reported by Liao et al when they used g-C3Ns as
an additive because protonation occurs at the most basic centers.'8 In our case, the basic
fluorine on the surface of TizC2Tx can make the protonation occur with hydrogen atoms of the
MA, thus forming the interaction between fluorine and CH3NHs (MA). Moreover, Wang et
all*l found that when N, N'-bis-[2-(ethanoic acid sodium)]-1,4,5,8-naphthalene diimide
modified graphene was used as the interface layer between electron selective layer, N-H-I"
van der Waals interaction formed between the modified graphene and MAI. Therefore, in our
case, the OH groups are hypothesized to have interaction with MAI, forming O-H-I" van der
Waals interaction. Due to the interaction between the additive and MAI, during the anti-
solvent dripping, the nucleus generates around the additive and the number of the nucleus is
suppressed, implies retardation in the nucleation process.[*?l While without additive, more
nucleus will be generated uniformly on the SnO» layer. The additive disperses well in the

DMF solvent, thus the perovskite precursor may experience a homogeneous nucleation
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process. Finally, the perovskite film was annealed on the hot plate, during which the film was
transformed to dense perovskite phase. Since the film with additive generates lesser nuclei,
the crystal growth is slower than that of the pristine film. After the transformation process,
larger perovskite crystals could be obtained in the presence of TisCoTx as an additive.
Therefore, using TizC2Tx as an additive can effectively increase the grain size of perovskite
film.

The light absorption ability of different perovskite films deposited on SnO2/ITO substrates
were investigated by UV-vis spectra and the results are presented in Figure 4a. All the
perovskite films show an absorption onset lying at 800 nm together with a spectrally broad
absorption feature in the region. By comparing the absorption curves, the perovskite films
with TizC.Tx additive display an enhancement of light absorption abilities. This phenomenon
was attributed to the role of the TisCoTx present in the perovskite grain crystals. The particle
size of the grains deeply influence the scattering behavior of the incident light and the larger
grain size can enhance the light scattering.[*> “41 Therefore, the perovskite film with 0.03 wt%
additive incorporation rendered the largest crystal size, hence displayed the highest light
absorption ability.

Figure 4b and Table 1 display the performance of the devices with and without additive
modification. The devices with 0.01, 0.02 and 0.03 wt% of additives show better PCE than
the pristine device. The highest PCE of 17.41% for the 0.03 wt% additive based device was
achieved with Js, Voc, and FF of 22.26 mA/cm?, 1.03 V, and 0.76, respectively in the reverse
scan, while 15.54%, 20.67 mA/cm? 1.00 V, and 0.75 for the pristine device. The
enhancement of Jsc in 0.03 wt% additive incorporated device is in agreement with the incident
photon-to-electron conversion efficiency (IPCE), as shown in Figure S9a. A photocurrent of
21.60 mA/cm? is slightly lower (with the difference of 2.96%) when compared to the Jsc of
22.26 mA/cm? obtained from J-V characteristics. The possible reason for this discrepancy

should be attributed to the lower illumination intensity during the IPCE measurement, where
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the recombination process is more prominent because of trap states and space charge
effects.*! In order to check the stability of the additive incorporated device, the steady-state
photocurrent and efficiency were measured at the maximum power point of 0.848 V (Figure
S9b). After continuous irradiation for 180 s, the current density and PCE are stabilized at
20.08 mA/cm? and 17.03%, respectively, which is well agreed with PCE obtained from the J-
V curve. The improvement in Jsc for the 0.03 wt% additive based device should be attributed
to the large average crystal size and the reduction of small grains (Figure S6a and d) between
larger grains. While further increasing the amount of the additive leads to decrement in PCE
of the devices. The striking reduction lies in FF and Vo, which should be attributed to the
perovskite-Spiro interface variation with the increasing amount of the additive. This is
because when excess TisC2Tx additive was added to the perovskite film, they would aggregate
on the surface of the film, which might act as the carrier recombination centers.[“é]

In order to verify the reproducibility of the high efficiencies for the additive incorporated
device, we fabricated more cells and the detailed statistics of the photovoltaic parameters for
the devices were presented in Figure 5 and Table 2. The results clearly show that all the
parameters were enhanced when the optimum amount of additive was added into the
perovskite film. The improvement in FF is ascribed to the larger grains because less amount
of total grain boundaries will facilitate the transport and collecting of the charges.**! Besides
the larger crystal size, the increase in Vo can be ascribed to the surface-passivation of the
perovskite by TisC,Tx nanoflakes, which is helpful for improving the hole selectivity and
reducing recombination at the perovskite/Spiro interface.[*]

It has been reported that by reducing the internal resistance of the device, the Jsc will be
increased because higher conductivity can promote the electron transfer process.[“®! Therefore,
we used the electrochemical impedance spectrum (EIS) method to characterize the device
conductivity, as shown in Figure 6. The series resistance (Rs) and the charge transfer

resistance (Rct) can be extrapolated with the equivalent circuit model consisting of Rs, Ret
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and a parallel capacitor C.[*® As a result, it is obvious that the Rer is also reduced from 7000
to 1800 Q, which means that the conductivity of the perovskite film is increased. Therefore,
the high electrical conductivity and mobility of TisCoTx additive are beneficial to reduce the
charge transfer resistance and promote the charge transfer, consequently enhance the Jsc.

Figure S10a gives the steady-state photoluminescence (PL) spectra of perovskite film with
and without TisC>Tx additive on bare glass substrates. The PL intensity of perovskite film
with the additive is obviously weaker than that of the pristine perovskite film, meaning an
enhanced charge extraction and suppressed carrier recombination.[*® %1 This might be
attributed to the better conductivity after introducing high conductivity additive, which is in
accordance with the EIS results. Moreover, in order evaluate the dynamics of charge carrier
recombination of the perovskite film in the presence of TisC,Tx additive, we measured the
time-resolved PL (TRPL) spectra of the film with and without the additive, as shown in
Figure S10b. PL lifetime parameters obtained from a biexponential fitting are listed in the
Table inserted in Figure S10b. We can find that the PL decay is nearly two times slower for

perovskite film containing additive ( t 1=12.35 ns) when comparing with the pristine film ( <

1=6.32 ns). The longer lifetimes can be explained by the reduced non-radiative recombination
due to the presence of the additive.[!”- 5% The TRPL is fully consistent with that in steady-state
PL intensity. Therefore, introducing the high conductivity TisCoTx additive can result into
superior carrier transport behavior of the perovskite film and better device performance.

We also studied the effect of the additive on the J-V hysteresis of the devices and the results
with forward and reverse scan directions were shown in Figure S11. The pristine device
displays a large difference between the PCE of 12.46 % (forward scan) and 15.54 % (reverse
scan) with the difference of 19.8 %. According to the literature, when the mesoporous
structure was employed, the device possesses greatly reduced hysteresis, therefore, the large
difference between the performance of forward and reverse scans should be attributed to the

planar PSCs configuration in our research.5" 521 When the additive was incorporated within
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the perovskite film, the hysteresis, to some extent, was reduced to PCE of 15.03 % (forward
scan) and 17.41 % (reverse san) with the difference of 13.7 %. The main reason here is that
the enlarged grains reduce the presence of trap states at the grain boundary, resulting in
suppressed carrier recombination.®® Therefore, TisC2Tx dispersing in DMF is an effective
additive to enhance the performance of the PSCs. Besides the DMF, we also used water and
DMSO as the solvent for TisC.Tx additive and the results are shown and discussed in the
supporting information.

3. Conclusion

In summary, we have demonstrated a novel strategy to modify the perovskite layer by
introducing a 2D layered TisC>Tx MXene into the perovskite precursor. The additive can
retard the nucleation process of the perovskite, resulting in larger grain size. Moreover, the
additive with high conductivity and mobility is highly beneficial to accelerate the electron
transfer through the grain boundary. After optimizing key parameters, we found that 0.03
wt% is the optimal amount and DMF is the most proper solvent for MXene additive.
Accordingly, the highest PCE is improved from 15.54% to 17.41% and the average PCE is
increased from 15.18% to 16.80%. This finding thus opens a new pathway to other kinds of
MXene materials that are viable for PSCs application, typically for film modification and
interface passivation between the perovskite layer and hole transfer layer.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. (a) XRD patterns of TisAlC, raw materials (black line) and sample after HF etching
(red line), (b) XPS spectra of TisC2Tix sample and the high-resolution spectra of (c) Ti 2p, (d)

C lsand (e) O 1s.

Figure 2. SEM images of theperovskite film with different amount of TizCoTx-DMF
additive: (a) 0 wt%, (b) 0.01 wt%, (c) 0.02 wt%, (d) 0.03 wt%, (e) 0.05 wt% and (f) 0.1 wt%.
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Figure 3. Proposed nucleation and growth route of perovskite film with and without TizC2Tx
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Figure 4. (a) UV-Vis spectra of the perovskite film and (b) J-V curves of PSCs with different

amount of TizCoTx.

Table 1. Performance of PSCs with different amount of TisCoTx-DMF additive.

Amount/Parameter Voc/V 2 FF PCE/%
Jsc/mA cm

0 wt% 1.00 20.67 0.75 15.54

0.01 wt% 1.03 20.96 0.76 16.54
0.02 wt% 1.02 21.36 0.76 16.68
0.03 wt% 1.03 22.26 0.76 17.41
0.05 wt% 1.01 21.17 0.68 14.49

0.1 wt% 0.98 21.07 0.65 13.49
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Figure 5. Photovoltaic statistics for 0 wt% and 0.03 wt% TisC,Tx additive based device (18
cells for either type): (a) PCE, (b) Vo, () Jsc and (d) FF.

Table 2. Photovoltaic parameters for 0 wt% and 0.03 wt% TizC>Tyx additive based device (18

cells for either type)
Amount/Parameter Voc IV Jsc/mA cm? FF PCE/%
0 Wt% TisC,Tx 1.00+0.02 20.98+0.37 0.72+0.02 15.18+0.50
0.03 Wt% TisC,Ty 1.03+0.02 21.31+0.51 0.7620.01 16.80+0.35
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Figure 6. (a) Nyquist plots of 0 wt% and 0.03 wt% Ti3C>Txadditive based device measured in

the dark with a bias of 0.7 V.

18



