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An effective modulation of bulk perovskite by V,CT,
nanosheets for efficient planar perovskite solar cells

V,CT, MXene is employed in anti-solvent and it can modify
the crystallization of perovskite film, better energy level
alignment and higher hole injection with hole transporting
layer. The power conversion efficiency increased to 23.47%
for planar PSC and also improved the device stability
keeping over 90% of initial PCE after 1000-hour exposure
under 40-60% relative humidity at 25°C.
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Crystallization modulation and defect passivation are key for high performance perovskite solar cells (PSCs)
through suppressing defects in the surface and/or near the grain boundaries (GBs) of solution-processed
perovskite films. In this work, we report simultaneous modulation of crystallization and passivation of
defects for perovskites through a new vanadium carbide (V,CT,) MXene that is employed in an anti-
solvent. The final modified perovskite film showed an improved crystallization, better energy level
alignment and higher hole injection with a hole-transporting layer, leading to an increased power
conversion efficiency from 20.1% up to 23.47% for planar PSCs, with enhanced device stability retaining
over 90% of the initial PCE after 1000 hours exposure under 40-60% relative humidity at 25 °C. We have
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Accepted 31st January 2023 further employed the synchrotron radiation in situ grazing-incidence wide-angle X-ray scattering

(GIWAXS) equipment to monitor the kinetic process of crystallization during spin-coating; it is notable
DOI: 10.1039/d2ta058369 that a lower dimensional perovskite structure (n < 3) was observed in the modified perovskite film during

rsc.li/materials-a the process of dropping the antisolvent CB with V,CT,, which helps explain the enhanced device stability.
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Introduction

The power conversion efficiency (PCE) of organic-inorganic
hybrid perovskite solar cells (PSCs) has increased rapidly to
25.7% in the last decade.'”® To commercialize the advanced PSC
technique, a few challenges remain, including limited charge
carrier extraction and transport® and the relatively poorer
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operational stability of PSCs (e.g., against moisture, oxygen,
heat and light).*”

A lot of studies have been reported to have improved the
performance of PSCs, including modifications of the electron/
hole transport layer (ETL/HTL)*** and passivation of defects.
Nevertheless, a highly crystalline perovskite absorbing layer
remains challenging for fabricating efficient and stable PSCs.
Previous studies revealed that crystallization modulation can
effectively eliminate the defects and increase the stability of the
corresponding perovskite films, and consequently improve the
performance of PSCs.'™

State-of-the-art high crystallinity perovskite films can be
obtained using an anti-solvent assisted one-step deposition
process.'> However, the solution process will inevitably intro-
duce defects in the bulk and/or near the surface region of the
perovskite film,"”* which hinder the charge carrier trans-
portation or induce trap states. Furthermore, the uncoordi-
nated Pb>" ions and the corresponding dangling bonds near the
perovskite grain boundaries'* can cause loss of charge carriers
and eventually degradation of PSCs."®

Precursor additives including polar-solvents,'® polymers,"”
perovskite nanoparticles,*® hydrogen iodide'® and halide salts*
have been proved to be effective in improving the performance
of the PSCs by adding them to anti-solvents. In this work, we
employed V,CT, MXene dispersed into chlorobenzene (CB) as
an antisolvent to suppress the defects at the surface layer and
modulate the crystallinity of the perovskite film, yielding an
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increased PCE of 23.47% for planar PSCs as well as better long-
term stability of the PSCs.

MXenes generally have the composition MX, where M is
a transition metal, X refers to C and/or N. V,CT, MXene is ob-
tained by selectively etching the A (Al, Sn, etc.) layer of the MAX
phase with hydrofluoric acid (HF), and it has a highly conduc-
tive surface similar to that of graphene and metals (~8000 s
ecm ™~ ').>* The resulting V,CT,, a member of the MXene family,
has a wide range of potential applications due to its unique
opto-electronic and plasmonic properties. Notably, the
accordion-like V,CT,, stacked from a large number of V-C-V
monolayers, exhibits numerous ordered nanochannels to
facilitate charge transport. The excellent properties of V,C
ensure the varied applications of MXenes in catalysts, super-
capacitors, ion batteries, energy storage and PSCs.**”* For
instance, A. Agresti et al.>® used MXenes with different termi-
nation groups (T,) to adjust the work function (Wg) of the
perovskite light-absorbing layer and the TiO, electron transport
layer, and modified the interface of the perovskite/ETL, which
significantly improved the performance of the perovskite solar
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Fig. 1
image of V,CT, MXene.
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cells and reduced the hysteresis. However, addition of V,CT,
MXene into the antisolvent of PSCs has been rarely reported.

Herein, we fabricated a typical planar device with the device
architecture of ITO/SnO,/CS¢ 042FA0.763MA¢ 105PD(I6.028BT0.056-
Cly.016)3/spiro-OMeTAD/Ag. By adding different amounts of
V,CT, in the antisolvent, the surface defects of the perovskite
film are simultaneously reduced at the GBs and the surface of
the perovskite active layer. With an optimized V,CT, concen-
tration of 0.01 mg mL ™", our champion PSC reached a PCE of
23.47%, with outstanding stability retaining over 90% of its
initial PCE after 1000 hours exposure under 40-60% relative
humidity at 25 °C.

Results and discussion

The V,CT, MXene nanosheets were synthesized by selectively
etching the Al atom layers from the V,AIC MAX phase.”* The
detailed synthesis of V,CT, MXene nanosheets can be found in
the Experimental section of the ESL.f Fig. SIAT shows the top-
view scanning electron microscopy (SEM) image of the as-

(A) Schematic illustration of the V,CT, MXene effect on the perovskite film. (B) XRD spectra of V,CT, MXene. (C) High-resolution TEM

This journal is © The Royal Society of Chemistry 2023
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prepared V,CT, MXene, which exhibited an accordion-like two-
dimensional (2D) layer structure similar to lamellar graphite.?”
The energy-dispersive spectrometer (EDS) elemental mapping
(Fig. S1B and Ct) demonstrated a homogeneous distribution
of V, C and Al in the V,CT, 2D nanosheets. The Fig. 1A shows the
structural composition of V,CT, MXene. In addition, the
composition of V,CT, MXene was further studied by X-ray
photoelectron spectroscopy (XPS). In Fig. S2A,t typical peaks
of V2p, C 1s, O 1s, F 1s and Al 2p are observed. The spectrum of
C 1s (Fig. S2B¥) has five bands at 284.6, 282.3, 286.3, 290.4 and
288.5 eV, which are attributed to the C-C, C-V, C-O, C-F and O-
C=0 groups, respectively. The V 2p spectrum of V,CT,
(Fig. S2CT) can be fitted into eight peaks, V-C/V>* (513.5 eV and
521.1 eV), V** (515.2 eV and 523.0 V), V*" (516.8 eV and 524.4
eV), and V> (517.6 €V and 525.8 eV). It indicates that V,CT,
MXene has a variety of chemical groups (T,: -OH, -O, -F, ...) on
the surface after HF etching. It indicated that V,CT, MXene had
C=0 and C-F surface groups after etching. A possible expla-
nation for the mechanism of V,CT, in perovskite film is that
V,CT, can effectively passivate the perovskite film via the
chelation of C=0O with Pb and F atoms forming hydrogen
bonds with the H atom. **** Using the X-ray energy @10 keV
with high energy resolution ~1 x 10~*, the synchrotron-based
X-ray diffraction (XRD) pattern of V,CT, MXene powder is
shown in Fig. 1B. The two sharp diffraction peaks at 26 of
13.466° and 41.265° can be indexed to the (002) and (103) planes
of V,AIC (JCPDS No. 29-0101). Two more peaks at 2§ of 12.03°
and 43.93°, attributed to the (002) and (103) planes of V,C,
indicate the successful preparation of V,CT, MXene. The high-
resolution transmission electron microscopy (HRTEM) image of
V,CT, MXene is presented in Fig. 1C, which clearly illustrates an
interlayer spacing of 0.7663 nm, being well consistent with the
(002) diffraction plane revealed by the XRD measurement.
Fig. S371 displays the photos of chlorobenzene (CB) solution and
V,CT, MXene dissolved in CB solution (V,CT,-CB) with
different concentrations of V,CT, MXene. It is observed that V,C
is evenly dispersed in the CB solution (0.01 mg mL ') with
negligible number of aggregates or precipitation. As shown in
Fig. S4A-C,T the SEM images of the evenly distributed V,CT,-CB
film spin-coated on the ITO substrate also prove the meta-stable
dispersion state of the V,CT,~CB solution.

To investigate the morphology change induced by V,CT,, top
view SEM images of the perovskite film washed only with CB
(control) are shown in Fig. 2A and S5A,T and those for the
V,CT,-washed (0.01 mg mL ™) perovskite film (target) are shown
in Fig. 2B and S5B, respectively. All the perovskite film surfaces
are quite smooth, which is consistent with previous studies
indicating that employing CB anti-solvent is an efficient method
to improve the perovskite film quality.”® Fig. 2C shows an
average grain size of ~600 nm for the target perovskite film
which is obviously larger than that (~450 nm) of the control
sample. The atomic force microscopy (AFM) images of the
reference and target perovskite films are shown in Fig. 2D and
E, and height analysis in Fig. 2F, respectively. The root mean
square roughness (RMS) of the target perovskite film is 17.7 nm,
which is smaller than 25.6 nm for the control perovskite film.
The reduced roughness of the target perovskite film is believed

This journal is © The Royal Society of Chemistry 2023
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to be beneficial to avoid shunt and defect in the perovskite/HTL
interface. The more conducive interface additive will facilitate
hole injections from the perovskite to the HTL. Fig. S6A and BY
show the cross-sectional SEM images of perovskite/SnO, inter-
faces. Compared with the obvious GBs and cracks in the control
perovskite layer, the target film layer becomes dense after
treatment, and the GBs and cracks are significantly reduced.

The distribution of Pb, I and C in the two perovskite films
can be analyzed by electron probe microanalysis (EPMA). As
shown in Fig. 2G and H, there are obvious differences between
the control and target films, with Pb and I being the most
obvious cases. In the target film, the distribution of the three
elements is very uniform. In Fig. 2G, it can be seen that Pb and I
are randomly distributed in different places on the control film,
and this phenomenon is also observed in C element, but its
segregation is less severe. A C-rich region was found in the
target film, and a small amount of V,CT, was presumed to be
distributed in this region. In addition, we also analyzed the
distribution of V and F elements in the target film shown in Fig.
S7A and B.f The distribution of V,CT, on the target film is very
small and uniform. In fact, this result is also consistent with the
XPS and SEM analysis. In conclusion, the V,CT, additive can
effectively improve the chemical uniformity of I, Pb and C in the
film.

Fig. 3A illustrates the fabrication process of the perovskite
C50.042FA0.763MA 105Pb(I0.028Br0.056Clo.016)3 films via an anti-
solvent assisted one-step deposition with anti-solvent washing
and annealing treatments. The blue box shows the spin-coating
stage and the anti-solvent dropping stage, and the red box
represents the annealing stage of the film. In order to further
study the nucleation and crystallization process of the perov-
skite, the spin coating stage and annealing stage of perovskite
films were studied by in situ GIWAXS experiments, respectively.
In this work, the V,C additive was introduced into CB anti-
solvent for the first time, and then dropped onto the perov-
skite films during spin-coating. Fig. 3B-E show the 2D-GIWAXS
patterns and the corresponding integrated curves of the control
and target perovskite films collected from the spin-coating stage
and anti-solvent dropping stage, respectively, which could
visually illustrate the structural evolution in the process from
the perovskite precursor solution to the as-deposited film.
During the first ~10 s, there are no obvious diffraction peaks in
both samples, indicating that the amorphous phase occurred in
the first stage of the spin-coating process; beginning at ~20 s,
several slight peaks located at ¢ < 10 nm ™' gradually increased
before dropping the anti-solvent, which implied the existence of
a small amount of precursor phases in wet films; after dropping
the CB anti-solvent, both samples show obvious peaks located
atg~8.6nm 'and g ~ 9.1 nm ', assigned to the intermediate
phase of perovskite and Pbl, phase, which is well consistent
with the previous report.” The yellow 3-phase of the perovskite
in the target film demonstrated a higher intensity and a nar-
rower peak width compared with those of the control film,
indicating the higher crystallinity of the d-phase perovskite
induced by the V,CT, MXene additive in CB. Compared with the
control film, it is notable that a series of diffraction spots
appeared after the anti-solvent spin-coating stage (from 25 to 40

J. Mater. Chem. A, 2023, 11, 5015-5026 | 5017
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Fig.2 (A) and (B) Top view SEM images of the (A) control perovskite film (0 mg mL™ V,CT,) and (B) target perovskite film (0.01 mg mL™ V,CT,).
(C) Statistical distribution of the grain sizes for control and target perovskite films on a SnO, substrate. (D)—(E) AFM images of the control
perovskite film and target perovskite film. (F) Height analysis of the line in the two AFM images. (G) and (H) EPMA elemental mapping for Pb, | and
C, scanning kelvin probe microscopy image for the control and target films on SnO, substrates, respectively.

s), indicating the appearance of a low-dimensional perovskite
structure (n < 3), which might contribute to improving the
structural stability of the final film and devices. In addition,
further in situ GIWAXS measurements for the annealing stage of
these two perovskite films are summarized in Fig. S8, which

5018 | J Mater. Chem. A, 2023, 11, 5015-5026

visually reveal the structural evolution of intermediate perov-
skite phases, including the low-dimensional perovskite struc-
tures, converting from the yellow phase to the final black phase.

Orientation and crystallization of the sintered perovskite
films are characterized by 2D-GIWAXS as shown in Fig. 4A and

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (A) The fabrication process of the Csg 042FA0.763MAg 195Pbl0.928Br0.056Clo.016 film. (B) and (C) 2D-GIWAXS patterns and (D) and (E) the
corresponding integrated curves of the control and target perovskite films collected from the spin-coating stage and anti-solvent dropping
stage, respectively.
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B. The crystallographic structures of the control perovskite film
and target perovskite film deposited on SnO, substrates are
collected at X-ray incident angles of 0.2° (surface) and 0.4°
(bulk). All images have similar diffraction rings and spotty
patterns, indicating that both films have high crystallinity and
similar in-plane and out-of-plane orientations. Both perovskite
films show typical diffraction rings at ¢ = 10, 20, 22.2 nm ™,
where ¢ is the scattering vector, corresponding to (110), (220)
and (310) crystal planes. Obviously, it can be noted that the
intensity of the diffraction rings of (110) and (220) planes
increased both on the target-0.2 and target-0.4 perovskite film.
In addition, the peak of Pbl, (001) at g = 9 nm ™" is not observed
in all 2D-GIWAXS images. To obtain specific information about

View Article Online

Paper

the crystallinity, the high-resolution X-ray diffraction integral
diagram (shown in Fig. 4C) and the radially integrated intensity
plot along the (110) ring at ¢ = 10 nm " derived from 2D-
GIWAXS patterns collected at two different incidence angles
for both the control and target perovskite films, respectively,
were obtained. It shows that the (110) diffraction peak from the
target perovskite film is higher than that from the control
perovskite film indicating that the V,CT, additive improves the
degree of crystallinity of perovskite films, which is in agreement
with the results observed by SEM. Meanwhile, it is noticed that
all the (110) diffraction peaks show an asymmetrical intensity
distribution comprised of two or three overlapping compo-
nents, indicating that there were complex phases in the thin

Cc
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Fig.4 2D-GIWAXS images of the control perovskite film and V,C-washed target perovskite film deposited on SnO, substrates (incident angle of
(A) 0.2° and (B) 0.4°), respectively. (C) High-resolution X-ray diffraction integral diagram of the two perovskite films (incident angle of 0.2° and
0.4°). (D) Radially integrated intensity plots along the ring at g = 10 nm™?, assigned to the (110) plane of the two perovskite films (incident angle of
0.2° and 0.4°). (E) Ultraviolet-visible (UV-vis) absorption spectra, (F) PL spectra and (G) time-resolved PL spectrum of the control perovskite film

and target perovskite film deposited on glass substrates.
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films. In addition, Fig. 4C shows that the control-0.2 film and
control-0.4 film have small wide peaks at ¢ = 9 nm™ ', which
correspond to the residue of Pbl, on the surface and bulk of the
control perovskite film. The presence of Pbl, implies that the
perovskite film might begin to degrade, indicating the lower
structural stability of the control film compared with the target
perovskite film with V,CT, passivation.

We also noticed that the small peak at ¢ = 8.6 nm ' in the
control-0.4 film corresponded to the presence of the yellow -
phase in the bulk of the thin film, which was not completely
transformed into the black a-phase. The radially integrated
intensities of different 2D-GIWAXS patterns along the ring at g
=10 nm " plotted as a function of azimuth angle are exhibited
in Fig. 4D, which are assigned to the (110) plane of the perov-
skite film. The intensity of the sharp and narrow peaks at the
azimuth angle of 90° and 42.5° both increased, suggesting the
preferential orientation of the perovskite after V,CT, addi-
tion."** In addition, additional weak peaks at the azimuth
angles of 70° (180°-70°) were observed for the target perovskite
film. This demonstrates the multiple preferential orientation of
the perovskite film after V,CT, addition, which achieved effi-
cient charge transport along multiple directions within the
perovskite active layer.*

Fig. 4E shows the UV-vis absorption spectra of the reference
and target perovskite films deposited on the glass substrates.
The two perovskite films showed similar absorption edges,
suggesting that the band gap (~1.54 eV) of the perovskite
remained unchanged after the addition of V,CT, shown in
Fig. S9.7 Compared with the control perovskite film, an obvious
higher absorbance is observed in the 400-750 nm region for the
target perovskite film, indicating the better film quality of the
perovskite deposited with the V,CT, MXene dopant.

As shown in Fig. 4F, the steady-state photoluminescence (PL)
intensity of the target perovskite film was significantly stronger
compared with the control perovskite film, indicating that
nonradiative recombination in the target perovskite film is
suppressed.

Time-resolved photoluminescence (TRPL) spectra were
measured to evaluate the carrier's lifetime for perovskites with
and without V,CT, MXene on glass substrates (Fig. 4G). The
TRPL spectra can be well fitted by the biexponential function
below:**

Y = Ay exp(—tlt)) + Az exp(—tity) + yo (1)

where 7, and t, are the lifetimes of the fast and slow recombi-
nation processes,*” and A; and A, represent the corresponding
relative amplitudes. The detailed fitting information is listed in
Table S1.T The average carrier lifetime (t4y.) is often calculated to
assess the nonradiative recombination and charge recombina-
tion properties of the perovskite film. In Fig. 4G, the 7, of the
control and target perovskite films on glass substrates are 288.52
ns and 1000.93 ns. The significant increase of 7,y resulting from
the V,CT, addition in the CB anti-solvent further confirms that
the nonradiative recombination has been effectively suppressed.

The XPS of I 3d and Pb 4f collected for both the reference and
target perovskite films are shown in Fig. 5A and B respectively.

This journal is © The Royal Society of Chemistry 2023
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The I 3d spectrum of the target perovskite film shifted towards
the high binding energy compared with that of the reference
film, suggesting the chemical interaction between V,CT, and
perovskite. Compared with the control perovskite film, the Pb 4f
spectra of the target perovskite film showed a slight shift to the
higher binding energy side. As previously reported, the Pb>*
peaks were assigned at =143.3 eV (4f5/,) and =138.4 eV (4f;,),
and two shoulder peaks assigned at =141.6 eV (4fs;,) and
~136.8 eV (4f,,) were from the Pb® metal, 3 respectively. In
addition, no obvious peaks of metallic Pb° were observed in the
target perovskite film, indicating that the Pb*>* on the surface of
the perovskite film has been effectively stabilized by the addi-
tion of V,CT,.*** The metallic Pb defects also indicate the
existence of iodide vacancies in the control perovskite lattice
and act as nonradiative recombination centers, hindering
carrier transfer and collection.*® The results prove that the
defects in the perovskite film were significantly suppressed due
to the T, treatment and the PL life time increased, which is
consistent with the results of TRPL spectra. The C 1s and O 1s
spectra are shown in Fig. S10A-C.} For the C 1s spectra of the
target film, a new peak appeared at 282.58 eV attributed to C-V
bands in V,CT,. The O 1s spectrum of the target film was taller
and narrower than that of the control film, which demonstrated
that V,CT, can interact with organic cations and inhibit ion
migration. We can't find the V signal in XPS results, indicating
that very little V,CT, was present on the surface of the film. To
further verify the incorporation of V,CT, MXene and the surface
of the thin perovskite film successfully, Fig. S10Dt shows the
soft X-ray absorption spectroscopy (sXAS) spectra of the control
perovskite film and target perovskite film. Clearly, only the
surface of the target perovskite film can detect the signal of
vanadium. The overall spectra can be divided into two parts, the
L;-edge at the energy range of 513-520 eV and the L,-edge at
520-528 eV, which originated from the 2p core hole spin-orbital
splitting of vanadium as reported previously.*” Fig. S117 shows
the IR spectra of the control film, target film and V,CT,. The two
perovskite films did not show any obvious difference, which
indicates that very little V,CT, remained in the perovskite.

Fig. 5C shows the ultraviolet photoelectron spectroscopy
(UPS) spectra of both the control and target perovskite films on
SnO, substrates. The work function (Wg) is the energy difference
between the vacuum level and the Fermi level. According to the
secondary electron cutoff edge, the Wy of the control and target
films can be calculated as —4.25 eV and —4.17 eV, respectively.
In the binding energy region, the distances between the valence-
band maximum (VBM) and the Fermi level of the control film
and the target film are 0.72 eV and 0.76 eV, respectively.
Consequently, the VBM of the control film and target film was
calculated to be —4.97 eV and —4.93 eV. Based on the Tauc plot
(Fig. S97), the conduction band minimum (CBM) is estimated to
be around —3.43 eV and —3.39 eV for the control and target
films, respectively. The energy level diagrams of the control film
and the target film shown in Fig. 5D show that the band
alignment between the perovskite and transport layer is
improved after V,CT, passivation, which is more conducive to
carrier extraction from the perovskite to the transport layer.
Improved interface level matching is also a method for
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(A) and (B) XPS of | 3d and Pb 4f from control and target perovskite films on the SnO, substrate. (C) UPS of control and target perovskite

films on SnO, substrates. Work function was calculated by subtracting 21.22 eV from the spectrum edge. (D) Energy level alignment of control
and target perovskites. (E) and (F) Space charge limit current (SCLC) of control and target perovskite films.
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enhanced interface carrier
improvement of the device.

For further study the electron mobility (u.) and trap density
(rap) of perovskite films, and space charge limit current (SCLC)
measurement with the structure of ITO/SnO,/Csg.o42FAg 763~
MAy.195Pblg 928Br0.056Clo.016/PCs1BM/BCP/Ag (electron-only
device) are shown in Fig. 5E and F. ng,, can be obtained by
this formula as follows:*®

extraction and performance

ee 0 VTFL

ed? )

Nirap =

where ¢ is the vacuum permittivity (e, = 8.85 x 10""* Fem ™), ¢
is the dielectric constant of perovskite (¢ is set up to 10), d is the
thickness of the perovskite film, Vygy, is the trap filled limit
voltage and e is the electron charge.’* We can estimate the Vi,
of the devices with/without the V,CT, MXene addition, and
further calculate the corresponding 7., which are ~1.35 x
10" em ™ and 3.32 x 10" cm™? for the control and target
perovskite films, respectively. These results indicate that the
introduction of V,CT, can effectively reduce the internal defects
of the perovskite film, which is beneficial to restrain the
recombination of the carriers in the device and prolong the
carrier life in the transmission process. And these results
further support the results of PL and TRPL.
e of the samples can be calculated as follows:***°

ueey V?
-2 “

ue of the target perovskite film is 7.24 x 10> em®> v ' 57,
which is four times higher than 1.76 x 10 ®> cm® V" s for the
control perovskite film. The increased electron mobility can be
attributed to the reduction of defects of perovskite films, thus
facilitating electron transport.

As shown in Fig. S12A and B, the contact angles of spiro-
OMeTAD on the control perovskite film and V,CT,-washed
target perovskite film on SnO, surfaces show a slight difference,
indicating the similar affinity between the active perovskite
layer and the hole transport layer.**

We fabricated the PSCs with a planar structure ITO/SnO,/
perovskite/spiro-OMeTAD/Ag (Fig. 6A). The current density
versus voltage (J-V) curves of the different concentrations of
V,CT, doped devices are shown in Fig. 6B. When the concen-
tration of V,CT, in the CB solution increased from 0 to 0.005,
0.01, 0.015 and 0.02 mg mL~", the PCEs of PSCs also increased
from 19.5% to 21.1%, 23.47%, and then decreased to 22%, 21%.
Therefore, the V,CT, concentration of the champion PSC is
determined to be 0.01 mg mL . Fig. 6C demonstrates the best
J-V characteristics of the corresponding PSC devices based on
the control perovskite film and target perovskite film. The
control device exhibits a remarkable PCE of 20.1%, with a V. of
1.144 V, short-circuit current density (J,.) of 24.21 mA cm ™2, and
fill factor (FF) of 72.5%, while the target device delivers
a significantly improved PCE of 23.47%, with V. of 1.175 V, J.
of 25.03 mA cm ™2, and FF of 79.9%. We noticed that negligible
hysteresis was found between the forward scan and reverse scan
of the target device compared with the control device as shown
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in Fig. 6D, which may be related to the improvement of electron
mobility and carrier lifetime. The detailed photovoltaic perfor-
mance parameters of the control and target PSCs under both
forward and reverse scans are shown in Table S2.7 As shown in
Fig. 6E, the integrated current densities of control and target
devices calculated from the incident photon-to-electron
conversion efficiency (IPCE) were 22.51 and 24.69 mA cm 2.
The target device based on the V,CT,-modified perovskite film
exhibited strong light-harvesting capability in the same spectral
range. In addition, in order to further study the recombination
of photogenerated carriers in the device, the V,. curves of two
perovskite devices with different light intensities were tested
(Fig. 6F). The ideality factor o was obtained according to the
following formula (4):

oakT 1
Voe = Vi+ ——1In( = 4
* q n(ls) @

where Vs, «, k, q, I and I, are the open-circuit voltage under
standard light intensity, ideality factor, Boltzmann constant,
elementary charge, different light intensities and standard light
intensity.**™** The calculated « values were 1.24 and 1.08 for the
control and target devices, respectively, indicating that the
introduction of V,CT, reduced the intrinsic defect density and
trap-assisted carrier recombination. This result also further
explains the long carrier lifetime of target perovskite films.

To further confirm that the addition of V,CT, improved the
device performance, the device stability was monitored in the
dark in N, at room temperature under 40-60% environmental
humidity as shown in Fig. 6G. The target device retains 90% of
its original PCE after 1000 h exposure, while the control device
only retains 75% of its original PCE after the same treatment.
This significant improvement of the stability of PSC could be
attributed to the decrease of GBs and high crystallinity of the
perovskite film. As shown in Fig. S13,f in order to study the
stability of modified perovskite films in air, the control and
target films were placed on a heating plate in 60-70% ambient
air at 100 °C for 0 h, 5 h, 24 h and 48 h to test the UV-vis
absorption spectra and steady-state PL spectra of the two
films, respectively. In Fig. S13A and B, the target film still has
good and stable absorption after 48 h compared with the
control film. Interestingly, the PL intensity of both perovskite
films increased and then decreased after heating as shown in
Fig. S13C and D.f In addition, the PL mapping of the control
and target films are shown in Fig. S14.1 The target film had
a stronger and more uniform fluorescence. After two hours of
heating at 100 °C in air, the PL mapping images of the two
perovskite films were all relatively enhanced, corresponding to
the steady-state PL results. Furthermore, in situ GIWAXS
measurements (Fig. S15A and Cf) were performed on two
perovskite films heated at 100 °C at a relative humidity of 50—
70% in an ambient environment. Due to the relatively high
humidity in the experimental environment, a small amount of
PbI, appeared in both perovskite films at the beginning of the
measurement. During the heating process, the perovskite
diffraction peak of the target film is more stable and decreases
more slowly than the control film, which indicates that the
V,CT, additive makes the perovskite film have better thermal
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Fig. 6 (A) Device structure of the perovskite solar cells. (B) J-V curves of the different concentrations of V,C doped devices. (C) J-V curves of
the best-performing PSCs based on the control and target device. (D) The J-V curves of control and target devices under forward and reverse
scans. (E) The IPCE curves and integrated Js. of control and target devices. (F) V. and the relevant fitting curves under different illuminated light
intensities for the control and target devices. (G) The device stability of the control and target PSC exposure under 40-60% environmental
humidity at room temperature in N, for 1000 h.
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stability.** We also performed the GIWAXS experiments of the
two perovskite films in an ambient environment with 30-50%
humidity for 0 h and 14 h as shown in Fig. S15B and D.t{ The
peak intensity of ¢ = 10 nm~' was weakened after the two
perovskite films were placed for 14 h. A small amount of PbI,
was present in the control film, but no significant PbI, was
present in the target film. The above stability tests further prove
that the addition of V,CT, MXene is an effective method to
improve the efficiency and stability of PSCs.

Conclusion

In summary, we have introduced a novel CB anti-solvent with
V,C MXene to prepare high-quality Csg 042FA0.763MA¢ 195"
Pb(Iy.028B10.056Clo.016)3-based PSCs with an increased PCE up to
23.47% from 20.1% of the control device. Notably, the V,C
additive not only increased the grain size of the perovskite and
reduced charge carrier recombination via GB passivation, but
also reduced the Pb° defect in the perovskite active layer and
increased the charge carrier life and mobility, thus greatly
improving the photovoltaic performance of PSCs. As a result,
the control PSC had good device stability against humidity. This
work provided a new insight for the crystallization modulation
and surface passivation of perovskite films to improve the
stability and PCE of PSCs, which is also conducive to the
application of MXenes in PSCs.
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