
RSC
Applied Interfaces

GOLD
OPEN

ACCESS

RSC
Applied Interfaces

rsc.li/RSCApplInter

Accepted Manuscript

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been accepted 
for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  J. Wu, Y. Wang, F.

Lin, C. Ni, S. Xiong, M. Zhang, H. Wang and H. Wang, RSC Appl. Interfaces, 2026, DOI:

10.1039/D5LF00384A.

http://rsc.li/RSCApplInter
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5lf00384a
https://pubs.rsc.org/en/journals/journal/LF
http://crossmark.crossref.org/dialog/?doi=10.1039/D5LF00384A&domain=pdf&date_stamp=2026-03-16


1

Self-assembled Molecule Modified Nickel Oxide Surface for 

Air-Processed Blue Perovskite Light-Emitting Diodes 

Jiandong Wu1, Yujie Wang1, Fankai Lin1, Chaoran Ni1, Shuhao Xiong1, Miao Zhang2, 

Hongyue Wang1*, Hongqiang Wang1*

1 State Key Laboratory of Solidification Processing, Center for Nano Energy Materials, 

School of Materials Science and Engineering, Northwestern Polytechnical University 

and Shaanxi Joint Laboratory of Graphene, Xi'an, 710072, China.

2 Materials Institute of Atomic and Molecular Science, School of Physics & Information 

Science Shaanxi University of Science and Technology, Xi’an 710021, China.

Page 1 of 19 RSC Applied Interfaces

R
S

C
A

pp
lie

d
In

te
rf

ac
es

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

7/
20

26
 7

:4
2:

05
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5LF00384A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lf00384a


2

Abstract

Ambient-air fabrication of blue perovskite light-emitting diodes (PeLEDs) presents a 

significant pathway toward accelerating the commercialization of perovskite displays. 

However, a primary challenge still remains in deteriorating perovskite crystallization 

caused by absorption moisture on substrate surface. Herein, we engineered a novel 

composite interface comprising an inorganic transport layer and an ultra-thin self-

assembled molecular (SAM) layer to significantly enhance the crystallization quality 

of air-processed blue perovskites. The molecule of (2-(3,6-dibromo-9H-carbazol-9-

yl)ethyl) phosphonic acid (Br-2PACz) features a hydrophobic carbazole headgroup and 

a strongly anchoring phosphonic acid (P-OH) tail group. The tail group establishes 

robust covalent P-O-Ni bonding with NiOx nanoparticles, which effectively passivated 

surface defects on NiOx surface and concurrently create an enhanced interfacial dipole 

moment, thereby facilitating superior hole injection. Simultaneously, the peripheral 

carbazole headgroup enhances interfacial hydrophobicity of NiOx layer, thereby 

optimizing the crystallization of perovskites in ambient air. Ultimately, the air-

processed blue perovskite films on the Br-2PACz-modified layer exhibit suppressed 

defect densities and enhanced photoluminescence quantum yield (PLQY), leading to a 

substantial improvement in the external quantum efficiency (EQE) for blue PeLEDs 

from 0.73% to 3.32% under ambient air (T ≈ 21°C, RH ≈ 20%). 

Introduction

Solution-processed metal halide perovskites (MHPs) have attracted significant 

attention in the field of next-generation optoelectronics, owing to their high color purity, 

tunable bandgaps and high photoluminescence quantum yield (PLQY).1-3 The state-of-

the-art perovskite light-emitting diodes (PeLEDs) has achieved landmark efficiencies, 

with record external quantum efficiencies (EQE) now surpassing 30% for green and 

red PeLEDs,4, 5 as well as reaching above 26% for blue PeLEDs.6 However, the 

fabrication of these high-performance devices is currently confined to inert-atmosphere 

gloveboxes with nitrogen environments, which significantly hinders their 
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commercialization.7 The recent development of ambient air-processing techniques for 

perovskite film fabrication has demonstrated significant potential for low-cost and 

scalable manufacturing of PeLEDs.8, 9 However, there is still a major challenge that 

moisture and oxygen can disrupt the crystallization process of perovskites, resulting in 

poor film optical properties.10-12 Particularly for high moisture-sensitive blue 

perovskites, ambient humidity substantially degrades film quality and decreases 

photoluminescence quantum yield (PLQY), constraining the record EQE of air-

processed blue PeLEDs to only 5.89%.13, 14 Therefore, developing novel strategies that 

enable efficient and reproducible blue device fabrication under ambient air conditions 

is crucial for the future commercialization of PeLEDs.

Many efforts have been devoted to enhancing the crystallization quality of 

perovskite under ambient air conditions. For example, typical weakly polar antisolvents 

such as diethyl ether13 and n-hexane15 effectively narrow the crystallization window of 

perovskites in ambient air, thereby enhancing the crystallinity and luminescence 

properties of the blue perovskite films. As well a series of additive strategies have been 

developed to mitigate the detrimental effects of moisture by chemical elimination of 

residual water from perovskite precursors9, 16 and strengthening the ionic interaction 

among perovskite crystal to improve their environmental stability.17 However, these 

strategies improved the humidity stability of the perovskite active layer, simultaneously 

deteriorating interfacial properties under moisture attack remain the key constraint for 

high-performance air-processed PeLEDs.18 Particularly at buried interfaces, studies 

have confirmed that even trace amounts of moisture adsorbed on the substrate hole 

transport layers (HTLs) can severely disrupt the nucleation and crystallization 

processes of perovskites, ultimately leading to spectral instability and compromised 

luminescence performance in the perovskite films.19, 20 Inorganic nickel oxide (NiOx) 

has recently emerged as a preferred hole-transport material for air-processed PeLEDs 

due to its weak water-absorption nature.21 However, the pristine NiOx nanoparticles 

often suffers from a high density of defect states (e.g., Ni³⁺ species and oxygen 

vacancies) and an unideal band structure, which can cause severe non-radiative 
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recombination and create an energy barrier for hole injection.22 Moreover, these defects 

also function as primary site for moisture attack under ambient conditions, which 

markedly accelerates the hydrolytic degradation of prepared perovskite films.23 

Therefore, an ideal interfacial modifier is thus urgently needed to resolve the dual 

challenges in NiOx transport layers, requiring both enhanced hydrophobicity to enable 

moisture-resistant surface for perovskite crystallization in ambient air and optimized 

energy level alignment to promote hole injection.

Here, we propose and validated strategy that an ultra-thin modification layer of 

self-assembled molecule (SAM) address the dual-challenges of moisture adsorption 

and energy level mismatch for air-served NiOx layer. The molecular of (2-(3,6-

dibromo-9H-carbazol-9-yl)ethyl) phosphonic acid (Br-2PACz) integrates a 

hydrophobic carbazole headgroup and a strong phosphonic acid (P-OH) anchoring 

group.24 The P-OH groups establish a strong covalent P-O-Ni bond with the NiOx 

substrate, efficiently passivating surface defects of NiOx layer and increasing the 

surface potential for enhanced hole injection. Simultaneously, the peripheral carbazole 

groups enhances interfacial hydrophobicity, thereby optimizing the crystallization 

process of perovskites in ambient air. Capitalizing on this dual advancement, Br-

2PACz-modified HTLs yield air-processed blue perovskite films with suppressed trap 

states and enhanced PLQY (from 16.8% to 31.0%), ultimately boosting the EQE of air-

processed blue PeLEDs from 0.73% to 3.32% (T ≈ 21oC, RH ≈ 20%). Meanwhile, when 

scaled up the emission area of PeLEDs to 1.0 cm × 1.0 cm, which still maintaining an 

EQE of 1.83%.

Results and Discussion

The hole transport layers (HTLs) of Br-2PACz-modified NiOx were fabricated via 

spin-coating (see details in the supporting information). The presence of Br-2PACz 

simultaneously passivates the defects and improves the hydrophobicity of NiOx surface 

(Figure 1a and 1b). We conducted X-ray photoelectron spectroscopy (XPS) 

characterization to confirm the interaction between Br-2PACz molecules and NiOx. As 
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shown in Figure 1c, the characteristic peaks observed at 134.2 eV and 133.2 eV 

correspond to P 2p1/2 and P 2p3/2 respectively, which are associated with -P-OH and -

PO3
2- functional groups. The electronegative -PO3

2- group in Br-PACz provides a 

potential site for chemical interaction with NiOx. Meanwhile, the Ni 2p signal in the 

Br-2PACz modified film shifts by approximately 0.8 eV to lower binding energy 

(Figure 1d) and exhibits a reduced Ni3+ content by comparing with that of NiOx film 

(Table S1), which indicating the formation of a chemical bond between Br-2PACz and 

NiOx via a P-O-Ni. This strong anchoring between Br-2PACz and NiOx is further 

confirmed by the presence of the P-O-Ni signal at 532.2 eV in the O 1s spectrum (Figure 

S1). To evaluate the water resistance of these substrates, we measured the contact 

angles of water droplets on NiOx and Br-2PACz-modified film, respectively. As shown 

in Figure 1e and Figure S2, the Br-2PACz-modified film exhibits an increased contact 

angle, rising from 56.1° to 67.4° compared to NiOx film. The enhanced contact angle 

effectively prevents the adsorption of atmospheric moisture on the surface (Figure S3), 

thereby promoting more uniform nucleation and optimizing the crystal growth process 

of the perovskite. Additionally, the enhanced interfacial hydrophobicity effectively 

accelerates the perovskite crystallization rate, thereby shortening the window of 

exposure to ambient moisture during film formation, which contributes to the formation 

of high-quality, uniformly blue perovskite films under ambient air conditions (Note S1). 

Atomic Force Microscope (AFM) and Kelvin probe force microscopy (KPFM) were 

employed to characterize the surface roughness and surface potential of these films. As 

shown in Figure S4, the Br-2PACz-modified film exhibits a lower surface roughness 

of 3.46 nm compared to NiOx film (4.17 nm), indicating that Br-2PACz makes the NiOx 

surface flatter and helps reduce surface defects. By leveraging the pronounced 

conjugation group of carbazole, the Br-2PACz-modified film exhibits a significantly 

elevated average surface contact potential difference (CPD = 822 mV) by comparing 

with that of NiOx film (CPD = 432 mV), as show in Figure 1f and 1g. The increased 

surface potential effectively reduces the carrier transport barrier at the interface, thereby 

enhancing hole injection efficiency from the HTLs to perovskite film. 
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Figure 1. (a) Schematic illustration of the interactions of moisture and oxygen to (a) 

NiOx surface and (b) Br-2PACz-modified NiOx surface in ambient air conditions. High-

resolution XPS spectra of (c) P 2p and (d) Ni 2p of the prepared substrates. (e) The 

statistical water contact angles of NiOx and Br-2PACz modified films. (f) KPFM 

images of the NiOx and Br-2PACz modified films. (g) the extracted CPD changes of 

NiOx and Br-2PACz modified films (along the white line in Figure 1f).

The blue quasi-2D perovskite films were spin-coated onto the substrates and 

annealed under ambient conditions (T ≈ 21°C, RH ≈ 20%). As shown in Figure 2a, 

these perovskite films display a prominent primary PL emission peak at 480 nm, along 

with inapparent shoulder peaks at 435 nm and 465 nm, which are attributed to the PL 

from low-dimensional phases.25 Notably, a significant enhancement in PL intensity is 

observed in the film deposited on the Br-2PACz-modified NiOx substrate, indicating a 

considerable improvement in the radiative recombination efficiency of the perovskite. 

We employed UV-vis absorption spectroscopy to characterize the phase distribution of 

these quasi-2D perovskite films. As shown in Figure 2b, the absorption features at 432 
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nm and 462 nm can be assigned to the n = 2 and n = 3 phases, respectively. On the Br-

2PACz-modified NiOx substrate, the perovskite film exhibits an increased proportion 

of the n = 3 phase. This effectively alleviates the undesirable electron-phonon coupling 

induced by the quantum confinement of low-dimensional phases and promotes efficient 

charge carrier transport within the quasi-2D perovskite film.26 Consequently, the 

perovskite film on the Br-2PACz-modified NiOx shows a significant increase in PL 

quantum yield (PLQY) to 29.30%, up from 17.28% on the NiOx substrate (Figure 2c 

and Figure S5). Atomic force microscopy (AFM) was used to characterize the surface 

morphology of these perovskite films. As shown in Figure 2d, the film on the Br-

2PACz-modified NiOx substrate exhibits much smoother surface with a reduced 

roughness of 1.20 nm, compared to the 6.53 nm roughness of the film on the NiOx 

substrate. This enhanced film uniformity is attributed to the substantial reduction of 

perovskite components segregation on Br-2PACz-modified substrates (Figure S6), thus 

effectively passivating crystalline defects in the perovskite film.

We performed time-resolved photoluminescence (TRPL) measurement to 

character the carrier recombination dynamics of these perovskite films (Figure 2e), 

statistical result is shown in Table S2. The film on the Br-2PACz-modified substrate 

shows an enhanced average decay time (τavg) of 10.85 ns, which represents a two-fold 

increase compared to that of film on NiOx (τavg = 5.40 ns). Notably, on the Br-2PACz-

modified NiOx substrate, the increased fraction of τ2 (7.75 ns) in the perovskite film 

further confirms the reduction of trap-assisted recombination, thereby enhancing the 

luminescent performance of the perovskite film.27 To further investigates the carrier 

dynamics and trap density of the perovskite films, space-charge limited current (SCLC) 

measurements were conducted by fabricating hole-only devices. The dark current 

density-voltage (J-V) curves are presented in Figure 2f. The J-V curve in the SCLC 

model is typically divided into three distinct regions: the Ohmic region at low bias, the 

trap-filling limit (TFL) region, and the trap-free Child's region at high bias.28 The trap-

filling limited voltage (VTFL) can be extracted from the turning point between the 

Ohmic and TFL regions, which is used to calculate the trap density (Nt) using the 
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following equation:

𝑁𝑡 =
2𝜀0𝜀𝑟𝑉𝑇𝐹𝐿

𝑞𝐿2

Furthermore, the carrier mobility (μ) can be calculated by fitting the Child's 

region at high voltage using the Mott-Gurney Law:29

𝐽 =
9
8 𝜇𝜀0𝜀𝑟

𝑉2

𝐿3

Where J is the current density, μ is the carrier mobility, V is the applied voltage, 

ε0 is the vacuum permittivity, εr is the relative dielectric constant (εr ≈ 14.52), VTFL is 

the trap-filled limit voltage, q is the elemental charge (q = 1.60217 × 10-19) and L is the 

thickness of perovskite films (L ≈ 50 nm). As shown in Figure 2f, the VTFL for the 

device incorporated Br-2PACz is significantly reduced to 0.66 V, compared to 0.80 V 

for the control device. The calculated trap density (Nt) is also reduced from 5.14 × 1017 

cm-3 (NiOx) to 4.23 × 1017 cm-3 (With Br-2PACz). Meanwhile, the hole mobility (μ) 

increased from 1.21 × 10-5 cm2V-1s-1 (NiOx) to 1.45 × 10-5 cm2V-1s-1 (With Br-2PACz). 

This SCLC analysis provides strong support that the Br-2PACz modification not only 

effectively passivates the trap states within the perovskite film but also promotes the 

efficiency of hole transport. Kelvin probe force microscopy (KPFM) was employed to 

characterize the surface potential distribution of these perovskite films. As shown in 

Figures 2g and Figure S7, the Br-2PACz-modified NiOx substrate yields a perovskite 

film with a contact potential difference (CPD) of 519 mV, which is higher than that of 

perovskite film on NiOx (394 mV). This enhanced surface potential further confirms 

improved charge carrier transport capability within the perovskite layer,30 which are 

consistent with the results of enhanced PLQY and a prolonged carrier lifetime.
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Figure 2. (a) The PL spectra, (b) UV-vis spectra and (c) The statistical PLQY of air-

processed perovskite films on both substrates. (d) AFM images and (e) TRPL spectra 

of these air-processed perovskite films. (f) Space charge-limited current (SCLC) 

measurements based on different substrates (inset shows the device structure with 

active area of 0.04 cm2). (g) KPFM images of the perovskite films on NiOx and Br-

2PACz modified films.

The nucleation and crystallization processes of blue quasi-2D perovskites on 

substrates with and without Br-2PACz modification were further systematically 

investigated. To verify potential pre-nucleation interactions, perovskite components 

(PbBr2 and CsBr) were thoroughly blended with respective hole transport materials 

(NiOx and Br-2PACz). As shown in Figure 3a and 3b, when mixed with NiOx, the 

characteristic XPS signal of Pb 4f and Cs 3d remained nearly identical to those of pure 

PbBr2 and CsBr references, indicating the absence of chemical interaction. In contrast, 

introduction of Br-2PACz into the mixture induced clear shifts for both peaks toward 

lower binding energies. Meanwhile, FT-IR analysis reveals that the C-Br vibration peak 
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of the Br-2PACz exhibits a significantly redshifts from 733.31 cm-1 to 732.34 cm-1 upon 

mixing with the perovskite components (Figure S8).31 These results confirm the pre-

interaction between Br-2PACz and the perovskite components, which helps establish 

abundant nucleation sites on the buried interface that direct and facilitate perovskite 

crystallization on the substrate.32

We continuously monitored the PL intensity evolution during the spin-coating and 

annealing stages of perovskite film by using a home-made in-situ PL spectroscopy 

system, aiming to elucidate the perovskite growth dynamics on these substrates. All PL 

spectra were acquired under identical measurement conditions. As shown in Figure 3c 

and 3d, perovskite films processed on Br-2PACz-modified NiOx substrates exhibited 

significantly enhanced PL intensity during spin-coating, as well an extended PL thermal 

quenching duration was observed throughout the annealing process (Figure 3e and 3f), 

collectively indicating improved crystallinity and reduced defect density in the 

perovskite films. The formation of luminescent crystals determines the PL intensity, 

and the time required to reach the maximum intensity serves as an indicator of the 

crystallization rate.33 We further investigated the growth kinetics of distinct n-phases 

by analyzing the temporal evolution of their corresponding PL intensities extracted 

from Figure 3c and 3d during the spin-coating process, as summarized in Figure 3g. 

The characteristic emission signals for n = 2, n = 3, and n = 4 phases in the quasi-2D 

perovskite were monitored at 430 nm, 465 nm, and 479 nm, respectively. On the NiOx 

substrate, all n-phase PL intensities exhibited continuous enhancement throughout the 

entire spin-coating duration, indicating ongoing perovskite crystallization. In contrast, 

on the Br-2PACz-modified NiOx substrate, the PL intensities of all n-phases reached 

their maximum at 62.7 s and subsequently stabilized during the remaining spin-coating 

time. This shortened time to reach the PL maximum demonstrates that Br-2PACz 

significantly accelerates the crystallization rate of all perovskite n-phases. X-ray 

diffraction (XRD) was employed to characterize these prepared films. As shown in 

Figure S9, the perovskite film deposited on the Br-2PACz modified NiOx substrate 

exhibits a notably higher intensity of the characteristic (200) peak, indicating the 
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enhanced crystallinity of perovskite film.34 Therefore, we conclude that the abundant 

nucleation sites provided by Br-2PACz at the interface effectively accelerate the 

crystallization rate of air-processed quasi-2D perovskites, which significantly shortens 

the timeframe during which moisture hampers perovskite crystallization, thereby 

enabling the formation of uniformity perovskite films with substantially improved 

luminescence performance (Figure 3h).

Figure 3. XPS spectra of (a) Pb 4f and (b) Cs 3d for the mixture with NiOx, Br-2PACz 

and perovskite components of CsBr and PbBr2. In-situ PL spectra of perovskite 

fabrication during (c, d) spin-coating and (e, f) annealing process on NiOx and Br-

2PACz modified films, respectively. (g) The extracted evolution of PL intensity from 

the in-situ PL spectra in spin-coating (Figure 3c and 3d). (h) Schematic illustration of 

the crystallization process of air-processed perovskites on NiOx and Br-2PACz-

modified substrates. 
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We using the NiOx layer, with and without Br-2PACz modification, as hole 

transport substrate layers for spin-coating blue perovskite films under ambient air 

conditions (T ≈ 21oC, RH ≈ 20%), and then electron transport layers (ETLs) and 

aluminum (Al) were evaporated to fabricate blue PeLEDs. The device structure and 

SEM image in cross-sectional view of corresponding PeLEDs are shown in Figure 4a. 

Ultraviolet Photoelectron Spectrometer (UPS) were used to assess the carrier injection 

barriers between these HTLs and the perovskite layer. As show in Figure 4b and Figure 

S10, the Br-2PACz modified NiOx layer demonstrated a deeper HOMO energy level of 

-5.98 eV compared to -5.18 eV for the pure NiOx. Since the blue perovskite has a deeper 

valence band maximum (VBM), the deepened HOMO level of Br-2PACz modified 

NiOx effectively mitigates the hole injection barrier, contributing to improve PeLEDs 

performance. Figure 4c presents the current density-voltage-luminance (J-V-L) curves 

of these blue PeLEDs, where the lower current density and turn-on voltage of Br-

2PACz contained PeLEDs indicates reduced interfacial defects, thereby resulting in a 

maximum brightness of 1512 cd/m² and a peak EQE of 3.32% for the champion device, 

these values are higher than the Control devices with maximum brightness of 1036 

cd/m² and a peak EQE of 0.73% (Figure 4d). To further evaluate the operational 

stability of these air-processed PeLEDs, we measured their operational half-lifetime 

(T50) under the initial luminance of 100 cd m2, with the constant voltage of 4 V. As 

shown in Figure S11, the T50 of PeLEDs incorporating Br-2PACz reach to 268.2 s, 

which is approximately 3.17 times higher than that of the NiOx-based device (T50 = 

84.5 s).

Benefiting from the enhanced interfacial hydrophobicity and uniform 

crystallization control of the perovskite, we successfully achieved the scalable 

fabrication of large-area PeLEDs with a 1.0 cm × 1.0 cm emitting area under ambient 

air conditions. As shown in Figure 4e, the large-area devices containing Br-2PACz 

exhibited an enhanced brightness of 653 cd/m² and a peak EQE of 1.83% (Figure 4f), 

outperforming the control devices (maximum brightness: 271 cd/m², EQE: 0.57%). 

Furthermore, all air-processed blue PeLEDs incorporating Br-2PACz maintained 
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exceptional color stability, exhibiting negligible spectral shift as the operating voltage 

was increased from 4.0 V to 7.0 V (Figure 4g and Figure S12). Statistical analysis of 8 

devices reveals that all air-processed PeLEDs incorporating Br-2PACz exhibited 

enhanced EQE compared to the control devices, alongside demonstrating excellent 

performance reproducibility of the Br-2PACz involved blue PeLEDs (Figure 4h and 

Figure S13).

Figure 4. (a) The PeLEDs structure and corresponding cross-sectional diagram of 

devices. (b) Schematic illustration of the hole injection between hole transport layer 

and prepared perovskite films. Current density-voltage-luminance (J-V-L) curves and 

EQE-voltage curves of air-processed PeLEDs with emitting area of (c, d) 0.2 cm × 0.2 

cm and (e, f) 1.0 cm×1.0 cm. (g) EL spectra of the air-processed PeLEDs based on a 

Br-2PACz-modified substrate, measured at different voltages. (h) The statistic of EQE 

of these air-processed PeLEDs on Br-2PACz-modified substrate.

Conclusion  

In summary, the Br-2PACz modification strategy effectively mitigates the detrimental 

Page 13 of 19 RSC Applied Interfaces

R
S

C
A

pp
lie

d
In

te
rf

ac
es

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/1

7/
20

26
 7

:4
2:

05
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5LF00384A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lf00384a


14

impact of interfacial moisture adsorption on the crystallization of perovskites in 

ambient air, owing to the enhanced defect passivation and improved hydrophobicity. 

Meanwhile, the Br-2PACz molecules on the NiOx surface provide pre-nucleation 

coordination sites for perovskite components, promoting uniform perovskite film 

crystallization on the substrate. This optimized crystallization process results in air-

processed blue perovskite films with suppressed defect densities and a higher PLQY. 

Consequently, the EQE of air-processed blue PeLEDs is significantly enhanced from 

0.73% to 3.32% by comparing with control devices. Notably, the emission area of the 

PeLEDs can be scaled up to 1.0 cm × 1.0 cm while maintaining an EQE of 1.83%. This 

study offers a novel interfacial design strategy for the ambient-air fabrication of 

perovskite optoelectronic devices, thereby promotes the commercialization of 

perovskite-based displays.
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