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HIGHLIGHTS

e Incorporating Ti;C,Ty nanosheets enhanced perovskite thermal conductivity (from 0.236 to 0.413 W m~! K~') and reduced operating

temperature by ~3 °C under illumination, mitigating heat-induced degradation.

e Ti;C,Tx offers multiple additional functionalities, including defect passivation, improved charge transfer efficiency, and optimized
energy level alignment.

e Champion power conversion efficiency (PCE) reached 25.13% (vs. 23.70% control). Retained 80% PCE after 500 h at 85 °C/RH =
30+ 5%, outperforming control (58% after 200 h). MPP tracking showed 70% PCE retention after 500 h in N, (vs. 20% control).

ABSTRACT Perovskite solar cells (PSCs) have emerged as promising photovoltaic  mx Thermal itigating Heat A ion in PSCs
technologies owing to their remarkable power conversion efficiency (PCE). How-

ever, heat accumulation under continuous illumination remains a critical bottleneck,

severely affecting device stability and long-term operational performance. Herein,

we present a multifunctional strategy by incorporating highly thermally conductive
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Ti;C,Tx MXene nanosheets into the perovskite layer to simultaneously enhance
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thermal management and optoelectronic properties. The Ti;C, Ty nanosheets, embed-
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significantly improving the thermal conductivity and diffusivity of the film. This
leads to a notable reduction in the device’s steady-state operating temperature from
42.96 t0 39.97 °C under 100 mW cm~?2 illumination, thereby alleviating heat-induced performance degradation. Beyond thermal regula-
tion, Ti;C, Ty, with high conductivity and negatively charged surface terminations, also serves as an effective defect passivation agent,
reducing trap-assisted recombination, while simultaneously facilitating charge extraction and transport by optimizing interfacial energy
alignment. As a result, the Ti;C,Tyx-modified PSC achieve a champion PCE of 25.13% and exhibit outstanding thermal stability, retaining
80% of the initial PCE after 500 h of thermal aging at 85 °C and 30 + 5% relative humidity. (In contrast, control PSC retain only 58% after
200 h.) Moreover, under continuous maximum power point tracking in N, atmosphere, Ti;C,Tx-modified PSC retained 70% of the initial
PCE after 500 h, whereas the control PSC drop sharply to 20%. These findings highlight the synergistic role of Ti;C, T in thermal manage-

ment and optoelectronic performance, paving the way for the development of high-efficiency and heat-resistant perovskite photovoltaics.
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1 Introduction

Photovoltaic technology, which directly converts solar
energy into electrical energy, is considered one of the most
promising and economically viable renewable technologies.
Organic—inorganic hybrid perovskite solar cells (PSCs) have
achieved rapid development over the past decade and have
garnered significant attention due to excellent optoelectronic
properties [1-6]. These properties include a broad spectral
response range, high light absorption coefficient, low exci-
ton binding energy, long carrier diffusion length, and high
carrier mobility. To date, the highest certified power conver-
sion efficiency (PCE) of PSCs has reached 26.7%, which is
almost comparable to most advanced levels of crystalline
silicon solar cells [7-10]. However, the limited lifespan of
PSCs under harsh conditions such as high humidity, elevated
temperatures, and prolonged illumination has become a
major obstacle to their commercialization [6, 11, 12].

Although encapsulation technologies can effectively
protect against moisture and oxygen [13-16], the issue of
thermal stability remains a core challenge that urgently
needs to be addressed. In practical applications, the oper-
ating temperature of PSCs often increases due to sunlight
exposure and rising ambient temperatures, especially under
concentrated light or high-temperature conditions where the
temperature can exceed 85 °C. This can lead to local strain,
lattice mismatch, and degradation of perovskite, signifi-
cantly impairing the PCE of PSCs [17-19]. Even when the
temperature returns to room temperature, the photovoltaic
performance of PSCs is difficult to recover. Meanwhile, with
the temperature gradually rising, there is always a reversible
PCE reduction, which is one universal phenomenon regard-
less of compositions and configurations for PSCs, owing
to the increased Urbach energy and scattering interaction
of electrons with phonons [20-22]. Therefore, accelerating
heat dissipation to reduce the operating temperature of PSCs
is crucial for maintaining the maximum power output and
long-term stability [23]. As for heat dissipation, efficient
thermal conduction and radiation are needed to accelerate
heat transfer from within PSCs to the external environment,
which is closely linked to the thermal properties of each
functional layer within PSCs [24].

Research has shown that over 90% of waste heat in PSCs
is generated by the perovskite layer due to its photoelectric
conversion characteristics [23]. However, the perovskite
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material itself has an extremely low thermal conductivity
(around 0.2 W m~' K~!), making it difficult for heat to dis-
sipate effectively within the PSC. This leads to continuous
temperature buildup, which further deteriorates the perfor-
mance of PSCs. Thermal management technologies are cur-
rently widely used to regulate heat flow in electronic devices,
enhancing their operational stability and reliability [25, 26].
These techniques have been widely applied in silicon-based
solar cells, perovskite lasers, and perovskite light-emitting
diodes [27, 28]. However, despite success in these areas,
the application of thermal management technologies in
PSCs is still relatively limited. To date, only a few studies
have attempted to incorporate highly thermally conductive
materials into PSCs to improve thermal management perfor-
mance. For example, the introduction of highly conductive
2D hexagonal boron nitride nanosheets [29] into the per-
ovskite layer or the addition of materials such as aluminum
oxide [30], silicon dioxide [31], and zeolite [32] into hole
transport layer has shown significant potential for improving
heat transfer capabilities [33—36]. However, due to insulating
properties, these materials have not significantly improved
charge transport or reduced defects within the PSCs, thus
limiting the overall performance enhancement of PSCs.

Compared to other materials, MXene as a new type of
2D material has attracted widespread attention due to the
excellent metallic conductivity, high chemical stability, and
thermal conductivity [37, 38]. Specifically, Ti;C,Tx MXene
has a multilayer structure that exhibits an impressive ther-
mal conductivity of up to 55.8 W m~! K-! (Fig. S1) [39],
surpassing existing thermal management materials like
h-BN, AlL,0;, SiO,, and zeolite (Table S1). This makes it
one of the most effective thermally conductive materials.
Beyond its thermal properties, Ti;C,Tx also plays multi-
ple critical roles in PSCs, such as optimizing work function
(Wp) for better energy level alignment, and defect passiva-
tion [40—46]. These multifunctional advantages highlight
the great potential of Ti;C,Tx for constructing PSCs with
not only high power conversion efficiency but also excellent
thermal stability. However, its specific role in improving the
thermal management of PSCs remains underexplored and
merits systematic investigation.

Herein, we introduce highly thermally conductive
Ti;C,Tx nanosheets into the perovskite layer for the first
time, serving as multifunctional additives to simultaneously
enhance heat dissipation and optoelectronic properties.

https://doi.org/10.1007/s40820-025-01855-5
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Fig.1 a Schematic diagram of efficient heat transfer pathways formed by Ti;C,Tx nanosheets within the perovskite layer. b XRD patterns of
Ti;AlC, and the Ti;C,Tx with the inset illustrating the image of Ti;C,Tyx-DMF dispersion. ¢ High-resolution XPS spectra of F 1s and O 1s for
Ti;C,T. d Real-time temperature tracking of perovskite films during the cooling test. € Time-dependent temperature evolution of control and
Ti,C,Ty-modified PSCs under AM 1.5G standard illumination at 100 mW cm~2. f Thermal conductivity of perovskite with and without Ti;C,Ty
under 85 °C. g Thermal diffusion coefficients of perovskite films with and without Ti;C,Tx. h Internal temperature distribution of PSCs with
and without Ti;C,Tx modification. i Transient temperature distribution during the annealing process of perovskite films. j Steady-state tempera-
ture distribution during the annealing process of perovskite films

By forming efficient thermal conduction pathways at per-  operating temperature from 42.96 to 39.97 °C under AM
ovskite grain boundaries, Ti;C,Tx effectively suppresses 1.5G illumination at 100 mW c¢m~2 (Fig. la). Beyond
heat accumulation within PSCs, reducing the steady-state  thermal management, Ti;C,Tx also chemically interacts
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with undercoordinated Pb?*, enabling defect passivation
within the perovskite film. Additionally, its tunable Wy
improves energy level alignment at the perovskite/transport
layer interfaces, thereby facilitating more efficient charge
extraction and transfer. These synergistic effects contrib-
ute to a significantly enhanced device performance, with
the Ti;C,Tx-modified PSC delivering a champion PCE of
25.13%. Remarkably, the Ti;C,Tx-modified PSC maintain
80% of its initial efficiency after 500 h of thermal aging
under ISOS-T-1 conditions (85 °C, RH=30+5%) without
encapsulation. Furthermore, under continuous maximum
power point (MPP) tracking in N, atmosphere, the PSC
exhibits a 3.5-times improvement in operational stability
compared to the control PSC, retaining 70% of its initial
PCE after 500 h. These results demonstrate that incorporat-
ing Ti;C,Tx offers a promising strategy toward the devel-
opment of high-efficiency and heat-resistant perovskite
photovoltaics.

2 Experimental Section
2.1 Materials

Formamidinium iodide (FAI, 99.99%), MABr (99.99%),
Pbl, (99.99%), PbBr, (99.99%), Spiro-OMeTAD, and
4-tert-butylpyridine (tBP) were purchased from Xi’an Poly-
mer Light Technology Corp. The N,N-dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), bis(trifluoromethane)
sulfonimide lithium salt (Li-TFSI), and chlorobenzene (CB)
were purchased from Sigma-Aldrich. All chemicals and sol-
vents were obtained from commercial sources with certified
purity and used as received without further purification.
400 mesh Ti;AlIC, powder was purchased from Jilin 11
Technology Co., Ltd. Hydrochloric acid (37 wt%), hydro-
fluoric acid (40 wt%), lithium chloride, ethylenediamine,
N,N’-methylenebis(acrylamide), and poly(ethylene glycol)
diacrylate were purchased from Shanghai Aladdin.

2.2 Preparation of Ti;C,Tx Dispersion in DMF

Ti;C,Tx MXene was prepared using an improved method.
Specifically, 20 mL of HF (40 wt%) and 20 mL of HCI (37
wt%) were poured into a polytetrafluoroethylene (PTFE)
beaker and thoroughly stirred. Then, 2 g of Ti;AlC,
powder was added to the PTFE beaker and stirred while
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heating at 45 °C for 12 h. After etching, the mixture
was centrifuged and washed several times with distilled
water (3500 rpm, 1 min) until the pH of the supernatant
approached neutral (pH > 6). The collected precipitate
was then added to a beaker containing 40 mL of distilled
water and 2 g of LiCl, and stirred at 45 °C for 12 h. Sub-
sequently, Ti;C,Tx MXene was delaminated through sev-
eral rounds of centrifugation (5000 r min~!, 1 min). The
precipitate was transferred to 40 mL of distilled water
and then sonicated for 2 h under argon bubbling. After
sonicating, the mixture was centrifuged at 8000 r min~!
for 1 h, and the precipitate was washed with anhydrous
DMF several times to remove residual water. The resulting
Ti;C,Tx MXene was diluted to 0.5 mg mL™" for subse-
quent experiments.

2.3 Device Fabrication

Perovskite precursor was prepared by dissolution 1097.20 mg
of Pbl,, 154.14 mg of PbBr,, 380.24 mg of FAI, and 43.68 mg
of MABr in 2 mL DMF and DMSO (the volume ratio of 4:1)
mixing solution. 103.92 mg of Csl was dissolved in 200 pL
DMSO. After fully stirring of the two solution, 68 pL Csl
precursor was added to the perovskite precursor solution and
then continue stirring. Add different weight percent of the
Ti;C,Tx-DMF dispersion to the prepared precursor solution
to create a perovskite precursor solution containing Ti;C,Tx
and stir it for two hours.

Spiro-OMeTAD solution: dissolved 72.3 mg of Spiro-
OMeTAD in 1 mL of chlorobenzene, then add 28.8 uL. of tBP
and 17.5 pL of Li-TFSI solution (104 mg of Li-TFSI in 200
UL of acetonitrile), and stirred constantly.

Glass/ITO substrates were cleaned with isopropyl alcohol,
ethyl alcohol, and deionized water in an ultrasonic bath for
30 min, respectively, and then dried by flowing nitrogen gas.
A 1 mL electron transport layer (ETL) solution was prepared
by mixing SnO, colloidal dispersion with deionized water at a
volume ratio of 1:3. The SnO, film was then deposited by spin-
coating the solution at 3000 r min~' for 30 s with an accel-
eration of 500 (r min~") s™'. The ITO/SnO, substrates were
then treated with ultraviolet/ozone for 15 min and promptly
transferred into a nitrogen-filled glovebox for subsequent pro-
cessing. The perovskite film was deposited on the treated ITO/
SnO, substrates by spin-coating filtered perovskite precursor
at the speed of 1300 r min~"' for 10 s and 5000 r min~" for 45 s

https://doi.org/10.1007/s40820-025-01855-5
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with an acceleration of 500 (r min~") s~!. During the process
of spin-coating, 200 pL. CB was dropped at the center of the
substrates at the last 15 s, and then followed by 110 °C heating
for 60 min. The HTL was spin-coated on the surface of per-
ovskite films with the speed of 3000 r min~! for 30 s with an
acceleration of 1000 (r min_l) 51, In the end, the Au electrode
was deposited by vacuum thermal evaporation, and the active
area is 0.07 cm? for each PSC.

2.4 Characterizations

The morphology of Ti;C,Tx nanosheets was observed by
transmission electron microscopy (TEM) (JEOL, JEM-
F20, Japan). X-ray photoelectron spectroscopy (XPS)
(Thermo Scientific, K-Alpha, USA) and X-ray diffrac-
tometry (XRD) (Rigaku, MiniFlex 600, Japan) were used
for the determination of elemental valence and the crystal
structure of the Ti;C,Tx nanosheets.

The surface temperature tracking was determined by
an infrared camera (Jugo Electronics, China).Thermal
conductivity of perovskite was determined using a ther-
mal conductivity analyzer (Hot Disk, TPS 2500S, Swe-
den). Thermal diffusion coefficients of perovskite films
were determined using a laser thermal conductivity meter
(NETZSCH LFA 457 MicroFlash/NETZSCH LFA 467).
The surface, cross-sectional morphologies, and elemental
distribution of perovskite films were observed by scanning
electron microscope (SEM) analysis (JEOL JSM-7600F)
equipped with EDS (Thermo Scientific, Apreo 2S, USA).
The X-ray diffraction (XRD) measurement of perovskite
film was performed by Panalytical X’ Pert PRO with Cu
Ko radiation. Water-contact angles of Ti;C,Tx-modified
perovskite films were examined by drop shape analyzer
(Kriiss DSA100). The photovoltaic and EIS analysis were
performed by using electrochemical workstation (CHI
760E, Shanghai Chenhua) and solar simulator (Sirius-
SS150A-D, Zolix Instruments Co. Ltd., Beijing, China)
in ambient air condition. The voltage sweep range of cur-
rent—voltage characteristics is 0~ 1.2 V, the sweep speed
is 0.2 V s~!, and the dwell time is 2 s. Before analysis, the
light source was precisely calibrated by standard Si solar
cell. The EIS data were fitted by ZView equivalent cir-
cuit. The external quantum efficiency (EQE) spectra were
recorded by QTest Station 2000 IPCE Measurement Sys-
tem (CROWNTECH, USA). The ultraviolet photoemission
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spectroscopy (UPS) measurements were performed by
Thermo Fisher ESCALAB 250Xi. The atomic force micro-
scope (AFM) measurements were performed by Bruker
Dimension Icon. The steady-state photoluminescence (PL)
spectra were measured by HITACHI (model F-4600) spec-
trophotometer with the excitation wavelength of 460 nm.
The time-resolved PL (TRPL) spectra were measured at
room temperature using of time-correlated single photon
counting (TCSPC) technique with an excitation wave-
length of 474 nm and an emission wavelength of 785 nm.
The instrument for TRPL measurement was FluoroLog-3
Modular spectrofluorometer (HORIBA Jobin Yvon).

3 Results and Discussion

3.1 Synthesis and Characterization of Ti;C,Tx
Nanosheets

Ti;AlC, is a typical MAX phase material, with Ti (M ele-
ment) layers alternating with Al (A element) layers, and
C (X element) atoms filling the octahedral sites between
the Ti layers [45]. Using Ti;AlIC, as the starting mate-
rial, we successfully prepared Ti;C,Tx nanosheets dis-
persed in DMF through etching, exfoliation, and ultra-
sonic treatment. To confirm the successful conversion
of Ti;AIC, to Ti;C,Tx, XRD was performed on both the
original Ti;AlC, and the Ti;C,Tx (Fig. 1b). The XRD pat-
terns showed that the strongest diffraction peak (104) of
Ti;AlC, disappeared, and the diffraction peaks of MAX
phase (002) (20 =~ 9.5°) and (004) (20 ~ 19.2°) shifted
toward lower angles. The diffraction peaks corresponding
to (002), (004), (006), and (008) crystal planes of Ti,C,Tx
appeared at 7°, 14°, 22°, and 28°, respectively, consistent
with previous studies [13]. These results confirm the com-
plete conversion of Ti;AlC, into Ti;C,Tx. Additionally,
the dispersion of Ti;C,Tyx in DMF shown in the inset of
Fig. 1b exhibited evident Tyndall effect, demonstrating the
good dispersibility of Ti;C,Tx nanosheets in DMF.

For more intuitive structural information, we observed
the Ti;C,Tx nanosheets using TEM, which revealed that
the lateral size of the Ti;C,Tx nanosheets is approximately
800 nm (Fig. S2). We then analyzed the surface elemen-
tal composition of Ti;C,Tyx using X-ray photoelectron
spectroscopy (XPS). XPS spectra detected Ti, C, O, and F
elements, while no Al was detected (Fig. S3), indicating

@ Springer
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that the metal bonds connecting the MAX phase had
been completely etched. The high-resolution XPS spec-
tra of each element are shown in Fig. S4. It was found
that the Ti 2p peaks at the binding energies of 455.08
(460.88), 455.50 (461.58), 456.60 (462.78), and 458.88
(464.60) eV corresponded to Ti—C, Ti-O, Ti—OH, and
TiO,, respectively. The C 1s peak at 282.00 eV attrib-
uted to Ti—C in Ti;C,Ty, with two additional peaks cor-
responding to C—C and C-O. In Fig. lc, the F 1s peaks at
684.60 and 685.20 eV corresponded to Ti—F and TiO, xFy,
while the peak at 686.60 eV was associated with trace
etching byproducts, AlFy. In O 1s spectra, the peaks at
529.80, 531.00, and 532.88 eV were attributed to TiO,,
C-Ti-Oy, and C-Ti—(OH)y, respectively. Based on the
above analysis, we confirmed that the primary termination
groups of prepared Ti;C,Tx are O, OH, and F. The termi-
nation groups of Ti;C,Tx play a critical role in its proper-
ties. Furthermore, XPS analysis reveals that the prepared
Ti,C,Tx exhibits moderate oxidation, which is consist-
ent with previous studies and contributes to its excellent
properties. This partial oxidation leads to the formation of
Ti—O bonds or TiO, nanoparticles, gradually shifting the
material from metallic to semiconducting behavior. Such
a transition can be beneficial for photovoltaic performance
by tuning the work function and improving energy level
alignment. However, excessive oxidation may impair the
intrinsic electrical and thermal conductivity of Ti;C,Ty,
compromising its thermal management function. There-
fore, a controlled degree of oxidation may play a key role
in balancing thermal and electronic properties, contribut-
ing to the overall efficiency and stability of PSCs [47, 48].

3.2 Improving Heat Transfer within the Perovskite
Layer

Previous studies have shown that waste heat in perovs-
kite layer mainly originates from the energy released
when carriers are trapped by defects [23]. Furthermore,
due to the ionic nature of hybrid perovskite, most defects
in polycrystalline film are concentrated at grain bounda-
ries, leading to a higher local temperature at bounda-
ries compared to other regions. Simultaneously, phonon
scattering and defect scattering are more severe at grain
boundaries, which impede heat conduction and cause
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heat accumulation, leading to a continuous temperature
rise in perovskite layer [49]. To address this issue, we
introduced multifunctional Ti;C, Ty nanosheets with high
thermal conductivity into perovskite layer. The metal
carbides within Ti;C,Tx provide excellent thermal con-
ductivity through strong covalent bonding. The schematic
diagram illustrates that Ti;C,Tx nanosheets are uniformly
distributed at grain boundaries of perovskite layer, form-
ing efficient heat conduction pathways that accelerate heat
transfer, mitigating heat accumulation (Fig. 1a). Next, we
conducted experiments to assess the enhancement of heat
transfer in perovskite layer due to the addition of Ti;C,Tx.
In all perovskite samples containing Ti;C, T, the weight
percent of Ti;C,Tx was consistently set at 0.03 wt%, which
was identified as the optimal concentration in subsequent
experiments.

To reveal the impact of Ti;C,Tx on thermal conductivity
of perovskite films, we used an infrared thermal imager to
monitor the natural cooling process of perovskite films from
85 to 25 °C under room temperature with 30 + 5% relative
humidity. We prepared perovskite films with and without
Ti;C,Tx, heating them on a hot plate until their surface
temperature reached 85 °C, and then quickly transferred to
a room-temperature cooling platform (Fig. S5). Within the
same cooling period, the Ti;C,Tx-modified film exhibited
lower temperatures compared to control film, indicating a
higher heat exchange efficiency with environment (Fig. S6).
To further quantify the cooling rate, real-time temperature
tracking was performed using the same infrared imaging
technique during cooling process. As shown in Fig. 1d, the
temperature decay rate of Ti;C,Tx-modified film was signifi-
cantly faster, consistent with the typical Fourier law of heat
conduction, aligning with the observed cooling phenomena.

Additionally, we monitored the surface temperature of
PSC in real time under AM 1.5G standard illumination (100
mW cm™2) at room temperature and a relative humidity of
30+5% (Fig. le). The results showed that Ti,C,Tyx-modified
PSC had a reduced stable operating temperature by approx-
imately 3 °C compared to control PSC (from 42.96 to
39.97 °C), due to faster internal heat transfer to surround-
ing areas. Given the negative correlation between power
output and temperature in PSCs, the reduction of operating
temperature is undoubtedly beneficial for maintaining high
efficiency. To further elucidate the intrinsic mechanism of
Ti,C, T for heat dissipation improvement of perovskite, we
used the Hot Disk method to test the thermal conductivity

https://doi.org/10.1007/s40820-025-01855-5
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of perovskite with and without Ti;C,Tx at 85 °C. The
results showed that the introduction of Ti;C,Tx increased
the thermal conductivity of perovskite from 0.236 to 0.413
W m! K! (Fig. 1f), indicating a significant improvement in
heat transfer performance. Similarly, we measured the ther-
mal diffusivity of perovskite films with and without Ti;C,Tx
using a laser flash apparatus. The thermal diffusivity of films
was calculated by applying a laser pulse to heat the bottom
of film and monitoring the temperature change at the top
of film with an infrared detector. The results showed that
the thermal diffusivity of perovskite film increased by 0.013
after modifying with Ti,C,Tx (Fig. 1 g). These findings pro-
vide strong evidence that Ti;C,Ty serves as an effective heat
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transfer pathway in perovskite film, significantly enhancing
heat dissipation efficiency and contributing to the long-term
stability of PSCs.

To gain deeper insight into the heat transfer mechanisms
within perovskite film, we employed finite element analysis
(FEA) to simulate the heat transfer process in PSCs [50].
We coupled the semiconductor and heat transfer in solids
modules to simulate the temperature distribution within
PSCs operating under standard AM 1.5G illumination in a
confined indoor environment without airflow, with an ini-
tial ambient temperature set to 40 °C. Additional key input
parameters are listed in Table S2. Ti;C,Tx-modified PSCs
exhibited faster heat conduction rates, and the temperature

@ Springer
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of perovskite layer was significantly reduced, which pro-
vides reliable support for the long-term stability of PSCs
(Fig. 1 h).

In addition, we simulated the annealing process of per-
ovskite films. As depicted in Fig. 1i, j, after introducing
Ti;C,Ty, the longitudinal temperature gradient during
the annealing process was significantly reduced. Previous

studies have shown that delayed surface heating and uneven
internal temperature distribution can lead to a decrease in
crystallization quality, but the introduction of Ti;C, Ty effec-
tively mitigated this issue. The simulation results, along with
the experimental findings, jointly confirmed the advantage
of Ti;C,Ty in improving heat transfer in perovskite layer,
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further demonstrating its potential in enhancing the thermal
stability of PSCs.

3.3 Multifunctional Effect of Ti;C,Tx on Perovskite
Layer

To investigate the multifunctional role of Ti,C,Tx, we
introduced Ti;C,Ty as an additive into perovskite precur-
sor solution (Fig. S7). A series of perovskite films and
complete PSCs containing different weight percent of
Ti;C,Tx (0.01wt%, 0.03%, 0.05wt%) were prepared, with
the PSC structure: ITO/SnO,/perovskite/Spiro-OMeTAD/
Au. Figure 2a shows the cross-sectional SEM image of
Ti;C,Tx-modified PSC, where the perovskite layer was
compact and uniform. This provides a solid foundation for
excellent photovoltaic performance of PSCs.

Figure 2b, c presents AFM images of perovskite films’
surface morphology. The root mean square roughness
(RMS) of 0.03 wt% Ti;C,Tx-modified perovskite film was
15.2 nm, compared to 24.9 nm for perovskite film without
Ti,C,Ty, indicating that the addition of Ti;C,Ty signifi-
cantly improves the surface smoothness. Figure S8 further
illustrates the effect of increasing Ti;C,Tx weight percent
on the microstructure of perovskite film, showing that as the
weight percent increases, RMS initially decreases and then
increases, reaching a minimum at 0.03 wt%. An excess of
Ti;C,Tx causes RMS to rise, likely due to the aggregation
of surplus Ti;C,Tx at grain boundaries, which negatively
affects the perovskite film’s morphology. Next, we further
explored the impact of Ti;C, Ty on the grain size of perovs-
kite film using SEM (Fig. 2d, e). The results indicate that
the grain size increases after the addition of Ti;C,Tx. This
improvement in morphology can be attributed to the excel-
lent heat transfer ability of Ti;C,Tx, which provides a stable
thermal field for uniform grain growth, thereby enlarging
the grain size.

To further verify the enhancement of perovskite film’s
light absorption capability by Ti;C,Ty, ultraviolet—vis-
ible (UV-Vis) absorption spectroscopy was conducted.
As shown in Fig. 2f, the perovskite films with and without
Ti;C,Tx exhibited similar absorption onset points around
780 nm, consistent with typical wide-spectrum absorption
characteristic of perovskite. But the Ti;C,Tx-modified per-
ovskite film displayed stronger absorption in the visible light
region compared to control films, which can be attributed

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

to grain growth and film morphology improvement. Larger
grains can reduce grain boundary defects, increase crystal-
line order, and thus enhance light scattering and trapping
effects.

Additionally, to confirm the distribution of Ti;C,Ty,
energy-dispersive spectroscopy (EDS) was employed to
analyze key elements (Pb, L, Ti) in Ti;C,Tx-modified perovs-
kite film (Figs. 2 g-i and S9). The detection of Ti confirmed
that Ti is uniformly distributed throughout the perovskite
film and is not localized to any specific region. Due to the
inability of Ti;C,Ty to enter the perovskite grain, it also
means that Ti;C,Ty is distributed at the grain boundaries
in the perovskite film. This distribution not only validates
the successful incorporation of Ti;C,Ty but also suggests
that it may act as an effective heat conduction pathway and
defect passivator at grain boundaries, thereby improving the
perovskite film’s optoelectronic performance and stability.

To further investigate the effect of Ti;C,Tx on the crystal-
linity of perovskite films, XRD analysis was conducted. As
shown in Fig. 3a, the primary diffraction peaks of perovskite
film appeared at 14.2°, 28.4°, and 31.82°, corresponding to
(110), (220), and (310) crystal planes of perovskite, indi-
cating good crystal orientation and crystallinity. With the
introduction of Ti;C,Ty, the intensity of Pbl, characteris-
tic peak at 12.7° decreases, indicating that the addition of
Ti;C, Ty helps reduce residual Pbl, in the perovskite film.
This may be due to the interaction between the electron-rich
terminal groups (O, OH, F) on the surface of Ti;C,Tx and

the uncoordinated Pb**

ions at grain boundaries or surface
of perovskite, thus improving the crystallization process.
To validate this hypothesis, XPS was used to analyze the
perovskite films (Fig. 3b). The introduction of Ti,;C,Tx led
to a 0.2 eV shift of Pb 4f peak toward lower binding energy,
indicating an interaction between Ti;C,Ty and Pb** ions in
the perovskite. This interaction may result in a local redistri-
bution of electrons at grain boundaries of perovskite, effec-
tively passivating Pb** ions defects and further enhancing its
optoelectronic performance. Moreover, XPS results further
confirm that Ti;C, Ty are mainly distributed at grain bounda-
ries, as only in this way can they interact with uncoordinated
Pb*" ions defects at grain boundaries.

Next, the space-charge-limited current (SCLC) measure-
ment of pure perovskite devices with the ITO/perovskite/Au
structure was performed, as shown in Fig. S10. By analyzing
the different regions of I-V curve, we can better understand
the trap density of perovskite films. The I-V curve initially
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showed a linear relationship at low bias, corresponding to
the ohmic region. As the bias increases, the current raised
non-linearly, entering the trap-filled limit (TFL) region.
Finally, at high bias, the device reached the trap-free space-
charge-limited current region. Based on the voltage at trap-
filled limit (Vg ), the trap density in perovskite films can be
calculated using the following equation [51]:

_ 2ee4VrpL
! el?

D

£o represents vacuum permittivity, ¢ is relative permittivity,
and Vg is trap-filled limit voltage (obtained from the linear
fitting intersection of /-V curve between the Ohmic region
and the TFL region). e is electronic charge, and L is film
thickness. As shown in Fig. 3c, after introducing Ti;C,Ty,
compared to control device, the Vi of modified device
decreased from 0.62 to 0.5 V, and the trap density reduced
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from 0.686 x 10! to 0.553x 10'® cm™>. This result directly
demonstrates that the introduction of Ti;C,Tx effectively
passivates the defects and improves the quality of perovskite
film. Moreover, the carrier mobility was also evaluated using
SCLC measurements. A hole-only device with the struc-
ture ITO/PEDOT:PSS/perovskite/Spiro-OMeTAD/Au was
fabricated, and the hole mobility was calculated using the
SCLC Egq. S1. Compared with the control device (5.31x 107
cm? V7! s71), the hole mobility of the Ti;C,Ty-modified
device increased to 6.91x 107> cm? V~! s~! (Fig. S11). From
the dark-state J-V curves of complete PSC (Fig. 3d), the dark
current density significantly decreased after the perovskite
film modified with Ti;C, Ty, further confirming the reduc-
tion of defect states within the perovskite film.

Figure 3e presents the steady-state photoluminescence
(PL) spectra of perovskite films with and without Ti;C,Tx.
By comparing the PL spectra, the Ti;C,Tx-modified perovs-
kite film showed a higher PL intensity, along with a slight
redshift in the emission peak, suggesting that non-radiative
recombination caused by defects has been significantly sup-
pressed. To further explore the charge transport dynamics,
time-resolved photoluminescence (TRPL) was conducted on
the perovskite films with and without Ti;C, T (Fig. 3f). The
data were fitted using a biexponential model:

t t
y=A,exp <_T_) + A, exp <_T_> + Yo ()

1 2

2 2
Alrl +A2T2

-1 -2 3
Tave AT+ A, 3)

where 7, and 7, represent short and long lifetimes, A; and
A, represent decay amplitudes, while y,, is a constant related
to baseline offset. The fitting parameters of TRPL are pre-
sented in Table S3. The average carrier lifetime 7, is cal-
culated using 7, and 7,. Compared with the control film
(Te =848.50 ns), the 7,,, of Ti;C,Tx-modified perovskite
film increased to 911.91 ns.

To investigate the effect of Ti;C,Tx on the energy level
alignment of perovskite films, we performed UPS measure-
ments. From the UPS spectra (Fig. 3 g), it can be observed
that the cutoff energy (E_,..s) of control film is 16.46 eV,
whereas after modification with Ti;C, Ty, the E__. shifts
0.6 eV toward higher binding energy, indicating that the
Ti;C,Tx modification results in a reduction of Wr. Accord-
ing to relevant formulas:

Wp=21.22—Eyyop 4)
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Wy of control film is 4.76 eV, while that of
Ti;C,Tx-modified perovskite film is 4.16 eV. The Wy
reduction of Ti;C,Tx-modified perovskite film is primar-
ily influenced by the surface functional groups of Ti;C,Tx.
The prepared Ti;C,Ty is rich in —OH groups, which pos-
sess strong electron-donating capability, thereby increas-
ing the electron density of Ti;C,Tx [52]. Additionally, due
to high electronegativity of —OH groups, charges transfer
from Ti;C, Ty to oxygen terminal groups, resulting in elec-
trostatic dipole effect and significantly reducing the Wy of
perovskite film. Based on UPS results, the energy level
arrangement is shown in Fig. 3 h. The HOMO energy level
of Ti;C,Tx-modified perovskite film is —5.69 eV, whereas
that of control film is —5.52 eV. After modification, the
HOMO energy level becomes deeper, approaching the
HOMO energy level of SnO, electron transport layer, thus
facilitating photogenerated electrons extraction.

3.4 Photovoltaic and Thermal Aging Performances
of PSCs

Figure 4a displays the J-V characteristic curves measured
under one sun illumination for PSCs with different weight
percent Ti;C,Ty, and the relevant parameters are listed in
Table S4. When the Ti,C,Tx weight percent reached 0.03
wt%, the PSC achieved the best PCE. Further increase in
weight percent led to a decreasing trend in PCE. As shown
in Fig. 4b, the 0.03 wt% Ti;C,Tx-modified PSC exhibited
a champion PCE of 25.13% with an open-circuit voltage
(Vo) of 1.177 V, a short-circuit current density (J,.) of
25.29 mA cm~2, and a fill factor (FF) of 84.4%, whereas
control PSC only achieved a PCE of 23.70% (V,.=1.145V,
J.=25.18 mA cm™2, FF=82.2%).

Figure 4c also displays histograms of PCE, J, FF, and
V,. distributions of 20 PSCs, which provided a visual
comparison of photovoltaic parameters. Obviously, com-
pared with control PSCs, 0.03 wt% Ti;C,Tx-modified PSC
exhibited the higher V., J., FF, PCE, and better reproduc-
ibility due to energy level matching, higher carrier extrac-
tion, and faster carrier transfer. The external quantum effi-
ciency (EQE) spectra of PSCs with and without Ti;C,Tx
were examined to confirm the accuracy of J. values of
PSCs. As shown in Fig. 4d, the calculated integrated J
value of Ti;C,Tyx-modified PSC was 25.02 mA cm™,
which was in good agreement with the J . value obtained
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from experimental J-V measurement. Moreover, the
Ti;C,Tx-modified PSC exhibits higher EQE than the con-
trol PSC across almost the entire visible light spectrum.
Additionally, to precisely analyze the output performance
of PSC, the steady-state output at the fixed maximum power
point (MPP) under one sun illumination for 400 s was con-
ducted, as shown in Fig. 4e. The Ti;C,Tx-modified PSC

© The authors

exhibited a stable efficiency of 24.60% and stable J, output
of 24.69 mA cm~2, while the control PSC showed an output
efficiency of 22.55% and stable J,. output of 23.95 mA cm™2.
Compared with control PSC, Ti;C,Tx-modified PSC has
more stable output capability.

Electrochemical impedance spectroscopy (EIS) is often
used to analyze the carrier transport characteristics in
PSCs. As shown in Fig. 4f, under one sun illumination,

https://doi.org/10.1007/s40820-025-01855-5



Nano-Micro Lett. (2026) 18:18

Page 13 of 16 18

Ti;C,Tx-modified PSC exhibited a lower transport resist-
ance (R,,) compared to control PSC. Meanwhile, the recom-
) of Ti;C,Tx-modified PSC was
significantly increased in a dark environment (Fig. S12).

bination resistance (R,
These indicate that carrier recombination was effectively
suppressed in Ti;C,Tx-modified PSC and exhibited more
effective charge transfer, thereby further improving the
FF and PCE. This is mainly attributed to the significant
reduction of defect states in perovskite film. Besides, the
existence of hysteresis effects the PCE accuracy of PSCs.
Under the reverse and forward scanning, the hysteresis of
Ti;C,Tx-modified PSC was smaller and can be ignored com-
pared to control PSC, displayed in Fig. 4g, h. Therefore,
these results demonstrate that Ti;C,Tx has more potential
to improve the PSC performance and stability.

To investigate the effect of Ti;C,Tx thermal management
on the stability of unencapsulated PSCs, we conducted sta-
bility tests under three different conditions. 1) High-temper-
ature aging test: After aging for 1000 h at 85 °C in N,, the
Ti;C,Tx-modified PSC maintained 86% of its initial PCE,
while control PSC’s PCE dropped to 57% after aging for
800 h (Fig. 5a). 2) Air aging test: In air at room temperature
with 30 + 5% relative humidity (ISOS-D-1), after 1000 h
of aging, the Ti;C,Tx-modified PSC retained 88% of its
initial PCE, whereas the PCE of control PSC decreased to
around 64% (Fig. 5b). 3) High-temperature and air aging
test: Under conditions of 85 °C and 30 + 5% relative humid-
ity (ISOS-T-1), the Ti;C,Tx-modified PSC maintained 80%
of its initial PCE after 500 h of aging, while control PSC’s
PCE dropped to 58% after 200 h of aging (Fig. 5c). Lastly,
in MPP tracking tests conducted in N, (ISOS-L-1), the
Ti;C,Tx-modified PSC retained 70% of its PCE after 500 h
of operation, while control PSC’s PCE dropped to just 20%
(Fig. 5d).

These results clearly demonstrate that the introduction
of Ti;C, Ty significantly enhances the overall stability of
PSCs, making it one of the most effective strategies in the
field of thermal management (Table S5). Moreover, this
strategy substantially mitigates the poor thermal stability
issue associated with using Spiro-OMeTAD as the HTL,
achieving one of the longest lifetimes to date for fully
solution-processed PVK/Spiro-OMeTAD devices under
85 °C aging conditions (Table S6). The improved thermal
stability can be attributed to Ti;C, Ty creating an efficient
heat conduction pathway within perovskite layer, effec-
tively dissipating heat and reducing material degradation
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caused by heat accumulation. The improved humidity sta-
bility is likely related to hydrophobic surface groups of
Ti;C,Tx derived during the HF etching process. Contact
angle measurements showed that the water contact angle
of Ti;C,Tx-modified perovskite film increased from 67.24°
to 90.25° (inset of Fig. 5b), enhancing the moisture resist-
ance of perovskite film and reducing moisture-induced
damage to PSCs. Further analysis of aged control PSCs
under ISOS-T-1 condition revealed significant degrada-
tion in control PSC after 1000 h (Fig. 5¢). XRD analysis
showed a pronounced Pbl, peak in control PSC after aging,
indicating severe perovskite decomposition, whereas the
Pbl, peak in Ti;C,Tx-modified PSC changed slightly, dem-
onstrating excellent long-term stability (Fig. 5f).

4 Conclusion

In summary, our research demonstrates that incorporat-
ing Ti;C,Tx nanosheets into perovskite layer significantly
improves the thermal management and overall perfor-
mance of PSCs. By constructing efficient heat dissipation
pathways at grain boundaries, Ti,C,Ty effectively miti-
gates thermal accumulation. The stable operating tem-
perature of PSCs can be reduced from 42.96 to 39.97 °C
under one sun illumination. Beyond its exceptional ther-
mal conductivity, Ti;C,Tx passivates defects in perovs-
kite layer by interacting with uncoordinated Pb>* ions,
thereby reducing charge recombination. Additionally,
Ti;C,Tx can also adjust the Wi to enhance the energy
level alignment between the perovskite layer and other
functional layers, thereby improving charge transfer and
extraction. The Ti;C,Tx-modified PSC achieved a signifi-
cant PCE of 25.13% and demonstrated long-term stability
under high-temperature and excellent operational stability.
Even after 500 h of aging at 85 °C and RH=30+5%, the
Ti;C,Tx-modified PSC retained 80% of the initial PCE
(control PSC retained 58% of initial PCE after 200 h of
aging). Besides, the Ti;C,Tx-modified PSC retained 70%
of its PCE under 500 h MPP tracking in N,, while the
PCE of control PSC dropped to just 20%. These results
highlight the multifunction of Ti;C,Tx in thermal manage-
ment and defect passivation, offering a promising approach
to overcome the thermal instability of PSCs. However,
despite the notable improvement in the thermal perfor-
mance of PSCs upon Ti;C,Ty incorporation, challenges
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related to practical scalability remain. The cost and syn-
thesis complexity of Ti;C,Tx may hinder its large-scale
application. Future studies should focus on optimizing the
synthesis routes to reduce cost and improve reproducibil-
ity. Moreover, alternative MXene materials with unique
structures and electronic properties, such as Ti,CTy, for
thermal management of PSCs may provide comparable or
even superior performance.

Acknowledgements The authors are grateful to the National
Natural Science Foundation of China (Nos. 62374029, 22175029,
62474033, and W2433038), the Young Elite Scientists Spon-
sorship Program by CAST (No. YESS20220550), the Sichuan
Science and Technology Program (No. 2024NSFSC0250), the
Natural Science Foundation of Shenzhen Innovation Committee
(JCYJ20210324135614040), and the Fundamental Research Funds
for the Central Universities of China (No. ZYGX2022J032).

Author Contributions Zhongquan Wan provided the idea, guided
the work, and revised the manuscript. Runmin Wei was responsi-
ble for the device fabrication and measurement, data analysis, and
writing. Yuanxi Wang, Huaibiao Zeng, and Haomiao Yin provided
experimental assistance. Muhammad Azam guided the device fab-
rication. Junsheng Luo and Chunyang Jia supervised the project.

Declarations

Conflict of interest The authors declare that they have no known
competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-025-01855-5.

References

1. Q.Jiang, Y. Zhao, X. Zhang, X. Yang, Y. Chen et al., Surface
passivation of perovskite film for efficient solar cells. Nat.

© The authors

10.

11.

12.

13.

14.

Photonics 13(7), 460-466 (2019). https://doi.org/10.1038/
s41566-019-0398-2

H.-S. Kim, C.-R. Lee, J.-H. Im, K.-B. Lee, T. Moehl et al.,
Lead iodide perovskite sensitized all-solid-state submicron

thin film mesoscopic solar cell with efficiency exceeding 9%.
Sci. Rep. 2, 591 (2012). https://doi.org/10.1038/srep00591

. A.Kojima, K. Teshima, Y. Shirai, T. Miyasaka, Organometal

halide perovskites as visible-light sensitizers for photovoltaic
cells. J. Am. Chem. Soc. 131(17), 6050-6051 (2009). https://
doi.org/10.1021/ja809598r

H. Min, M. Kim, S.U. Lee, H. Kim, G. Kim et al., Efficient,
stable solar cells by using inherent bandgap of a-phase for-
mamidinium lead iodide. Science 366(6466), 749-753 (2019).
https://doi.org/10.1126/science.aay7044

H. Min, D.Y. Lee, J. Kim, G. Kim, K.S. Lee et al., Perovskite
solar cells with atomically coherent interlayers on SnO, elec-
trodes. Nature 598(7881), 444-450 (2021). https://doi.org/10.
1038/s41586-021-03964-8

N. Wu, D. Walter, A. Fell, Y. Wu, K. Weber, The impact of
mobile ions on the steady-state performance of perovskite
solar cells. J. Phys. Chem. C 124(1), 219-229 (2020). https://
doi.org/10.1021/acs.jpcc.9b10578

P. Shi, Y. Ding, B. Ding, Q. Xing, T. Kodalle et al., Oriented
nucleation in formamidinium perovskite for photovoltaics.
Nature 620(7973), 323-327 (2023). https://doi.org/10.1038/
s41586-023-06208-z

W.S. Yang, B.W. Park, E.H. Jung, N.J. Jeon, Y.C. Kim et al.,
Iodide management in formamidinium-lead-halide-based
perovskite layers for efficient solar cells. Science 356(6345),
1376-1379 (2017). https://doi.org/10.1126/science.aan2301

J.J. Yoo, G. Seo, M.R. Chua, T.G. Park, Y. Lu et al., Effi-
cient perovskite solar cells via improved carrier management.
Nature 590(7847), 587-593 (2021). https://doi.org/10.1038/
s41586-021-03285-w

W. Zhang, G.E. Eperon, H.J. Snaith, Metal halide perovskites
for energy applications. Nat. Energy 1(6), 16048 (2016).
https://doi.org/10.1038/nenergy.2016.48

T.A. Berhe, W.-N. Su, C.-H. Chen, C.-J. Pan, J.-H. Cheng
et al., Organometal halide perovskite solar cells: degrada-
tion and stability. Energy Environ. Sci. 9(2), 323-356 (2016).
https://doi.org/10.1039/c5ee02733k

C.C. Boyd, R. Cheacharoen, T. Leijtens, M.D. McGehee,
Understanding degradation mechanisms and improving stabil-
ity of perovskite photovoltaics. Chem. Rev. 119(5), 3418-3451
(2019). https://doi.org/10.1021/acs.chemrev.8b00336

L. Shi, M.P. Bucknall, T.L. Young, M. Zhang, L. Hu et al., Gas
chromatography-mass spectrometry analyses of encapsulated
stable perovskite solar cells. Science 368(6497), eaba2412
(2020). https://doi.org/10.1126/science.aba2412

R. Li, S. Zhang, H. Zhang, Z. Wang, X. Feng et al., Custom-
izing aniline-derived molecular structures to attain beyond 22
% efficient inorganic perovskite solar cells. Angew. Chem. Int.
Ed. 63(42), €202410600 (2024). https://doi.org/10.1002/anie.
202410600

https://doi.org/10.1007/s40820-025-01855-5


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-025-01855-5
https://doi.org/10.1007/s40820-025-01855-5
https://doi.org/10.1038/s41566-019-0398-2
https://doi.org/10.1038/s41566-019-0398-2
https://doi.org/10.1038/srep00591
https://doi.org/10.1021/ja809598r
https://doi.org/10.1021/ja809598r
https://doi.org/10.1126/science.aay7044
https://doi.org/10.1038/s41586-021-03964-8
https://doi.org/10.1038/s41586-021-03964-8
https://doi.org/10.1021/acs.jpcc.9b10578
https://doi.org/10.1021/acs.jpcc.9b10578
https://doi.org/10.1038/s41586-023-06208-z
https://doi.org/10.1038/s41586-023-06208-z
https://doi.org/10.1126/science.aan2301
https://doi.org/10.1038/s41586-021-03285-w
https://doi.org/10.1038/s41586-021-03285-w
https://doi.org/10.1038/nenergy.2016.48
https://doi.org/10.1039/c5ee02733k
https://doi.org/10.1021/acs.chemrev.8b00336
https://doi.org/10.1126/science.aba2412
https://doi.org/10.1002/anie.202410600
https://doi.org/10.1002/anie.202410600

Nano-Micro Lett.

(2026) 18:18

Page 15 of 16 18

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

H. Zhang, Q. Tian, W. Xiang, Y. Du, Z. Wang et al., Tailored
cysteine-derived molecular structures toward efficient and
stable inorganic perovskite solar cells. Adv. Mater. 35(31),
2301140 (2023). https://doi.org/10.1002/adma.202301140

S. Zhang, L. Zhang, Q. Tian, X. Gu, Y. Du et al., Spontane-
ous construction of multidimensional heterostructure enables
enhanced hole extraction for inorganic perovskite solar cells
to exceed 20% efficiency. Adv. Energy Mater. 12(1), 2103007
(2022). https://doi.org/10.1002/aenm.202103007

B. Chen, J. Song, X. Dai, Y. Liu, P.N. Rudd et al., Synergistic
effect of elevated device temperature and excess charge carri-
ers on the rapid light-induced degradation of perovskite solar
cells. Adv. Mater. 31(35), €1902413 (2019). https://doi.org/
10.1002/adma.201902413

Y. Ding, B. Ding, H. Kanda, O.J. Usiobo, T. Gallet et al.,
Single-crystalline TiO, nanoparticles for stable and efficient
perovskite modules. Nat. Nanotechnol. 17(6), 598-605 (2022).
https://doi.org/10.1038/s41565-022-01108-1

J. Liang, X. Hu, C. Wang, C. Liang, C. Chen et al., Origins and
influences of metallic lead in perovskite solar cells. Joule 6(4),
816-833 (2022). https://doi.org/10.1016/j.joule.2022.03.005
Z.Dong, W. Li, H. Wang, X. Jiang, H. Liu et al., High-temper-
ature perovskite solar cells. Sol. RRL 5(9), 2100370 (2021).
https://doi.org/10.1002/s01r.202100370

G. Li, Z. Su, L. Canil, D. Hughes, M.H. Aldamasy et al.,
Highly efficient p-i-n perovskite solar cells that endure temper-
ature variations. Science 379(6630), 399-403 (2023). https://
doi.org/10.1126/science.add7331

F. Wang, Z. Qiu, Y. Chen, Y. Zhang, Z. Huang et al., Temper-
ature-insensitive efficient inorganic perovskite photovoltaics
by bulk heterojunctions. Adv. Mater. 34(9), e2108357 (2022).
https://doi.org/10.1002/adma.202108357

Y. An, C. Wang, G. Cao, X. Li, Heterojunction perovskite
solar cells: opto-electro-thermal physics, modeling, and exper-
iment. ACS Nano 14(4), 5017-5026 (2020). https://doi.org/10.
1021/acsnano.0c01392

S. Zandi, P. Saxena, N.E. Gorji, Numerical simulation of heat
distribution in RGO-contacted perovskite solar cells using
COMSOL. Sol. Energy 197, 105-110 (2020). https://doi.org/
10.1016/j.so0lener.2019.12.050

S. Anandan, V. Ramalingam, Thermal management of elec-
tronics: a review of literature. Therm. Sci. 12(2), 5-26 (2008).
https://doi.org/10.2298/tsci0802005a

R. van Erp, R. Soleimanzadeh, L. Nela, G. Kampitsis, E. Mati-
oli, Co-designing electronics with microfluidics for more sus-
tainable cooling. Nature 585(7824), 211-216 (2020). https://
doi.org/10.1038/541586-020-2666-1

H. Yu, X. Cheng, Y. Wang, Y. Liu, K. Rong et al., Waterproof
perovskite-hexagonal boron nitride hybrid nanolasers with
low lasing thresholds and high operating temperature. ACS
Photonics 5(11), 4520-4528 (2018). https://doi.org/10.1021/
acsphotonics.8b00977

L. Zhao, K. Roh, S. Kacmoli, K. Al Kurdi, S. Jhulki et al.,
Thermal management enables bright and stable perovskite

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

light-emitting diodes. Adv. Mater. 32(25), e2000752 (2020).
https://doi.org/10.1002/adma.202000752

L. Fu, T. Wang, J. Yu, W. Dai, H. Sun et al., An ultrathin high-
performance heat spreader fabricated with hydroxylated boron
nitride nanosheets. 2D Mater. 4(2), 025047 (2017). https://doi.
org/10.1088/2053-1583/aa636e

Z. Han, A. Fina, Thermal conductivity of carbon nanotubes
and their polymer nanocomposites: a review. Prog. Polym. Sci.
36(7), 914-944 (2011). https://doi.org/10.1016/j.progpolyms
¢i.2010.11.004

W. Guo, G. Li, Y. Zheng, C. Dong, Measurement of the ther-
mal conductivity of SiO, nanofluids with an optimized tran-
sient hot wire method. Thermochim. Acta 661, 84-97 (2018).
https://doi.org/10.1016/j.tca.2018.01.008

N. Wang, Q. Sun, T. Zhang, A. Mayoral, L. Li et al., Impreg-
nating subnanometer metallic nanocatalysts into self-pillared
zeolite nanosheets. J. Am. Chem. Soc. 143(18), 6905-6914
(2021). https://doi.org/10.1021/jacs.1c00578

K. Choi, J. Lee, H. Choi, G.-W. Kim, H.I. Kim et al., Heat
dissipation effects on the stability of planar perovskite solar
cells. Energy Environ. Sci. 13(12), 5059-5067 (2020). https:/
doi.org/10.1039/DOEE02859B

F. Pei, N. Li, Y. Chen, X. Niu, Y. Zhang et al., Thermal man-
agement enables more efficient and stable perovskite solar
cells. ACS Energy Lett. 6(9), 3029-3036 (2021). https://doi.
org/10.1021/acsenergylett.1c00999

W. Wang, J. Zhang, K. Lin, J. Wang, B. Hu et al., Heat diffu-
sion optimization in high performance perovskite solar cells
integrated with zeolite. J. Energy Chem. 86, 308-317 (2023).
https://doi.org/10.1016/j.jechem.2023.07.001

N. Yang, F. Pei, J. Dou, Y. Zhao, Z. Huang et al., Improv-
ing heat transfer enables durable perovskite solar cells. Adv.
Energy Mater. 12(24), 2200869 (2022). https://doi.org/10.
1002/aenm.202200869

A. VahidMohammadi, J. Rosen, Y. Gogotsi, The world of
two-dimensional carbides and nitrides (MXenes). Science
372(6547), eabf1581 (2021). https://doi.org/10.1126/scien
ce.abf1581

M. Naguib, M. Kurtoglu, V. Presser, J. Lu, J. Niu et al., Two-
dimensional nanocrystals produced by exfoliation of Ti; AlC,.
Adv. Mater. 23(37), 4248-4253 (2011). https://doi.org/10.
1002/adma.201102306

Y. Cao, Q. Deng, Z. Liu, D. Shen, T. Wang et al., Enhanced
thermal properties of poly(vinylidene fluoride) composites
with ultrathin nanosheets of MXene. RSC Adv. 7(33), 20494—
20501 (2017). https://doi.org/10.1039/c7ra00184c

T. Chen, G. Tong, E. Xu, H. Li, P. Li et al., Accelerating hole
extraction by inserting 2D Ti;C,-MXene interlayer to all inor-
ganic perovskite solar cells with long-term stability. J. Mater.
Chem. A 7(36), 20597-20603 (2019). https://doi.org/10.1039/
CI9TA06035A

X. Chen, W. Xu, N. Ding, Y. Ji, G. Pan et al., Dual interfa-
cial modification engineering with 2D MXene quantum dots
and copper sulphide nanocrystals enabled high-performance

@ Springer


https://doi.org/10.1002/adma.202301140
https://doi.org/10.1002/aenm.202103007
https://doi.org/10.1002/adma.201902413
https://doi.org/10.1002/adma.201902413
https://doi.org/10.1038/s41565-022-01108-1
https://doi.org/10.1016/j.joule.2022.03.005
https://doi.org/10.1002/solr.202100370
https://doi.org/10.1126/science.add7331
https://doi.org/10.1126/science.add7331
https://doi.org/10.1002/adma.202108357
https://doi.org/10.1021/acsnano.0c01392
https://doi.org/10.1021/acsnano.0c01392
https://doi.org/10.1016/j.solener.2019.12.050
https://doi.org/10.1016/j.solener.2019.12.050
https://doi.org/10.2298/tsci0802005a
https://doi.org/10.1038/s41586-020-2666-1
https://doi.org/10.1038/s41586-020-2666-1
https://doi.org/10.1021/acsphotonics.8b00977
https://doi.org/10.1021/acsphotonics.8b00977
https://doi.org/10.1002/adma.202000752
https://doi.org/10.1088/2053-1583/aa636e
https://doi.org/10.1088/2053-1583/aa636e
https://doi.org/10.1016/j.progpolymsci.2010.11.004
https://doi.org/10.1016/j.progpolymsci.2010.11.004
https://doi.org/10.1016/j.tca.2018.01.008
https://doi.org/10.1021/jacs.1c00578
https://doi.org/10.1039/D0EE02859B
https://doi.org/10.1039/D0EE02859B
https://doi.org/10.1021/acsenergylett.1c00999
https://doi.org/10.1021/acsenergylett.1c00999
https://doi.org/10.1016/j.jechem.2023.07.001
https://doi.org/10.1002/aenm.202200869
https://doi.org/10.1002/aenm.202200869
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1126/science.abf1581
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1002/adma.201102306
https://doi.org/10.1039/c7ra00184c
https://doi.org/10.1039/C9TA06035A
https://doi.org/10.1039/C9TA06035A

18 Page 16 of 16

Nano-Micro Lett. (2026) 18:18

42.

43.

44.

45.

46.

47.

perovskite solar cells. Adv. Funct. Mater. 30(30), 2003295
(2020). https://doi.org/10.1002/adfm.202003295

Z. Guo, L. Gao, Z. Xu, S. Teo, C. Zhang et al., High electrical
conductivity 2D MXene serves as additive of perovskite for
efficient solar cells. Small 14(47), 1802738 (2018). https://doi.
org/10.1002/smll.201802738

S. Palei, G. Murali, C.-H. Kim, I. In, S.-Y. Lee et al., A review
on interface engineering of MXenes for perovskite solar cells.
Nano-Micro Lett. 15(1), 123 (2023). https://doi.org/10.1007/
s40820-023-01083-9

Y. Yang, H. Lu, S. Feng, L. Yang, H. Dong et al., Modulation
of perovskite crystallization processes towards highly effi-
cient and stable perovskite solar cells with MXene quantum
dot-modified SnO,. Energy Environ. Sci. 14(6), 3447-3454
(2021). https://doi.org/10.1039/D1EE00056J

Y. Zhao, X. Zhang, X. Han, C. Hou, H. Wang et al., Tuning
the reactivity of Pbl, film via monolayer Ti;C,T, MXene for
two-step-processed CH;NH;Pbl; solar cells. Chem. Eng. J.
417, 127912 (2021). https://doi.org/10.1016/j.cej.2020.127912

Q. Zhuang, C. Zhang, C. Gong, H. Li, H. Li et al., Tailoring
multifunctional anion modifiers to modulate interfacial chemi-
cal interactions for efficient and stable perovskite solar cells.
Nano Energy 102, 107747 (2022). https://doi.org/10.1016/].
nanoen.2022.107747

J.H. Heo, F. Zhang, J.K. Park, H.J. Lee, D.S. Lee et al., Surface
engineering with oxidized Ti;C,T, MXene enables efficient
and stable p-i-n-structured CsPbl; perovskite solar cells. Joule

© The authors

48.

49.

50.

51.

52.

6(7), 1672-1688 (2022). https://doi.org/10.1016/j.joule.2022.
05.013

L. Yang, D. Kan, C. Dall’ Agnese, Y. Dall’ Agnese, B. Wang
et al., Performance improvement of MXene-based perovskite
solar cells upon property transition from metallic to semicon-
ductive by oxidation of Ti;C,T, in air. J. Mater. Chem. A 9(8),
5016-5025 (2021). https://doi.org/10.1039/DOTA11397B

T. Liu, S.-Y. Yue, S. Ratnasingham, T. Degousée, P. Varsini
et al., Unusual thermal boundary resistance in halide perovs-
kites: a way to tune ultralow thermal conductivity for thermo-
electrics. ACS Appl. Mater. Interfaces 11(50), 47507-47515
(2019). https://doi.org/10.1021/acsami.9b14174

P. Saxena, N.E. Gorji, COMSOL simulation of heat distribu-
tion in perovskite solar cells: coupled optical—electrical—ther-
mal 3-D analysis. IEEE J. Photovolt. 9(6), 1693—-1698 (2019).
https://doi.org/10.1109/JPHOTOV.2019.2940886

Y. Liu, Z. Yang, D. Cui, X. Ren, J. Sun et al., Two-inch-sized
perovskite CH;NH;PbX; (X = Cl, Br, I) crystals: growth and
characterization. Adv. Mater. 27(35), 5176-5183 (2015).
https://doi.org/10.1002/adma.201502597

Y. Zhao, B. Li, C. Tian, X. Han, Y. Qiu et al., Anhydrous
organic etching derived fluorine-rich terminated MXene
nanosheets for efficient and stable perovskite solar cells.
Chem. Eng. J. 469, 143862 (2023). https://doi.org/10.1016/j.
cej.2023.143862

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40820-025-01855-5


https://doi.org/10.1002/adfm.202003295
https://doi.org/10.1002/smll.201802738
https://doi.org/10.1002/smll.201802738
https://doi.org/10.1007/s40820-023-01083-9
https://doi.org/10.1007/s40820-023-01083-9
https://doi.org/10.1039/D1EE00056J
https://doi.org/10.1016/j.cej.2020.127912
https://doi.org/10.1016/j.nanoen.2022.107747
https://doi.org/10.1016/j.nanoen.2022.107747
https://doi.org/10.1016/j.joule.2022.05.013
https://doi.org/10.1016/j.joule.2022.05.013
https://doi.org/10.1039/D0TA11397B
https://doi.org/10.1021/acsami.9b14174
https://doi.org/10.1109/JPHOTOV.2019.2940886
https://doi.org/10.1002/adma.201502597
https://doi.org/10.1016/j.cej.2023.143862
https://doi.org/10.1016/j.cej.2023.143862

	Multifunctional MXene for Thermal Management in Perovskite Solar Cells
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Preparation of Ti3C2TX Dispersion in DMF
	2.3 Device Fabrication
	2.4 Characterizations

	3 Results and Discussion
	3.1 Synthesis and Characterization of Ti3C2TX Nanosheets
	3.2 Improving Heat Transfer within the Perovskite Layer
	3.3 Multifunctional Effect of Ti3C2TX on Perovskite Layer
	3.4 Photovoltaic and Thermal Aging Performances of PSCs

	4 Conclusion
	Acknowledgements 
	References


