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1. Introduction

Two dimensional (2D)-layered materials such as graphene,
transition-metal dichalcogenides, transition-metal carbides and
nitrides (MXenes), and elemental 2D structures have been stud-
ied extensively over the past two decades.[1–4] About a decade ago,

single- and/or few-layered nanosheets
obtained from bulk black phosphorus
(BP) crystal were introduced as a new
member of the family of 2D materials.[5]

Since then, researchers have made excel-
lent progress in BP research and showed
that BP nanosheets exhibit unique defined
and controllable electronic properties,
including tunable bandgap, and high
carrier mobility, making them attractive
for optoelectronic and photovoltaic (PV)
devices.[6–9]

Recently, research into exploring func-
tionalization strategies and scaling up BP
nanosheets has been the subject of intense
investigations. The tunability of the proper-
ties of functionalized BP nanosheets and
their application has gained increasing
attention in materials research.[10] In this
context, atomic doping using single-atoms
(single-atom doping) as a means to pre-

cisely control the surface functionalization and properties of
the materials has become an active research topic for BP sheets
as well as other 2D materials.[11,12] Several theoretical studies
have reported that single-atom doping of BP nanosheets should
lead to modulation of their electronic structures and enhance
their stability.[13,14] Despite the direction provided by the
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Controlled functionalization of 2D black phosphorus (BP) nanosheets provides
unique opportunities to tune their chemical, physical, and electronic properties.
Herein, the preparation of single-atom nickel-doped BP (Ni–BP) sheets using a
simple solution-based strategy is reported. Using the Ni–BP sheets as a pas-
sivation layer on top of a perovskite film leads to standard perovskite solar cells
(PSCs) with improved performance. The standard n–i–p PSCs with the Ni–BP
interlayer achieve maximum power conversion efficiencies of over 22%, with
negligible hysteresis and a modest improvement in stability when subjected to
different testing conditions. The perovskite films prepared with Ni–BP sheets-
based passivation are found to have reduced defect densities as well as improved
charge-transfer properties and carrier lifetimes. Density-functional theory cal-
culations support the experimental results through showing that the atomic
Ni-doping increases the work function of the BP interlayer, enabling better hole
extraction, as well as increasing the surface hydrophobicity of the BP layer, hence
reducing water sorption into the perovskite film.
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theoretical results and the use of atomic doping of 2D BP nano-
sheets in catalysis, these materials have not been studied to any
extent in the context of solar cells. Examples of atomic doping of
2D BP nanosheets for catalysis include that of Wang et al.[15] who
demonstrated excellent photocatalytic performance of lantha-
num single-atom-doped BP, while Chen et al.[16] showed that
BP nanosheets with palladium single-atom doping can act as effi-
cient catalysts for organic transformations. Therefore, the devel-
opment of simple strategies that can be used to effectively
functionalize BP nanosheets at the atomic level would be of great
value. It should be noted that single-atom doping of most 2D
materials relies strongly on a high-temperature annealing step
(>500 °C),[17] but the low sublimation temperature of BP
(350–500 °C) makes the doping process very challenging.[18]

Single-junction organic–inorganic metal–halide perovskite
solar cells (PSCs) have seen sustained attention owing to their
distinctive optoelectronic properties, simple solution processabil-
ity, and low fabrication costs. PSCs with a standard device
architecture have now reached an exceptional certified power
conversion efficiency (PCE) of over 26%, which makes them
an appealing candidate for next-generation thin-film PV
technologies.[19] Despite the enormous progress toward improv-
ing device efficiency, PSCs still suffer from poor long-term
stability, limiting their widespread deployment and commercial-
ization. Indeed, the intrinsic instability of the perovskite materi-
als used in solar cells and their high sensitivity to moisture, heat,
and short wavelength illumination are currently the key obstacles
to realization of stable commercial devices.[20–22] Over the past
few years, the operational stability of PSCs has been improved
by composition tuning, additive incorporation, phase stabiliza-
tion and surface passivation.[3,23–25] The latter method has been
widely adopted as an effective approach to suppress the impact of
surface defects of perovskite films, leading to improved charge
extraction and hence device performance as well as stability.
For example, it has been reported that small amounts of residual
lead (II) iodide (PbI2) on the surface of the perovskite film can
passivate the surface defects leading to improved efficiency
and stability.[26] Recently, Ren et al.[27] introduced 3-(phenyl)
propylammonium iodide (PPAI) as a perovskite-film surface
treatment to inhibit iodide migration, which has been identified
as a key issue that causes the rapid degradation of PSCs. The
PPAI-treated n–i–p PSCs with a standard architecture showed
excellent efficiency and improved stability, delivering a high

PCE of 24.2% and maintaining about 92% of their initial
efficiency after being exposed to continuous light illumination
at the maximum power point (MPP) under ambient conditions
(relative humidity [RH]= 40� 5%). As such, the search for new
functional materials that can be used as an efficient passivation
layer for perovskite films is an active area of research.[28,29]

In this work, we report the synthesis of single-atom nickel-
doped BP (Ni–BP) using a facile three-step solution-processing
method (Figure 1). Considering their suitable energy band align-
ment and hydrophobic surface properties, the newly designed
Ni–BP flakes were employed as an effective passivation layer
on CsMAFAPbI3-based perovskite films for PSCs. A combina-
tion of experimental investigations and density-functional theory
(DFT) calculations revealed that the use of the Ni–BP passivation
layer reduced the defect density of the perovskite films, increased
the charge-carrier lifetime and enhanced the overall device per-
formance. More importantly, unencapsulated defect-passivated
PSCs showed improved stability due to the enhanced surface
hydrophobicity of the Ni–BP.

2. Results and Discussion

Figure 1 shows a schematic of the step-by-step synthesis
procedure of the 2D Ni–BP nanosheets. In brief, bulk BP was
exfoliated in N-methyl-2-pyrrolidone, followed by stirring with
nickel(II) nitrate hexahydrate [Ni(NO3)2·6H2O] overnight. The
weight ratio of BP and Ni(NO3)2·6H2O was 20:1. After centrifug-
ing the solution, the precipitate containing BP and Ni(NO3)2 was
freeze-dried before being treated with hydrazine monohydrate
vapor. Then, the sample was annealed at 250 °C for 2 h under
a flow of argon (Ar) to give the Ni–BP flakes.

To investigate the structural and chemical properties of
the Ni–BP, transmission electron microscopy (TEM), high-
resolution TEM (HRTEM), and energy-dispersive X-ray (EDX)
spectroscopy elemental mapping images were collected. The
TEM image shown in Figure 2a reveals that the Ni–BP flakes
contain several 2D sheets with a relatively large lateral size
(>500 nm). The lattice spacing of the Ni–BP was measured to
be �0.26 nm (Figure 2b), demonstrating that the atomic
Ni-doping did not distort the structural lattice of the BP.[30]

It can be clearly observed from the HRTEM (Figure 2c) that
the edge of the BP flakes was brighter after Ni-doping, indicating
that the larger proportion of the doping has taken place on the BP

Figure 1. Schematic illustrating the nickel-doped black phosphorus (Ni–BP) preparation process.
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flake edges. However, Figure 2d shows that there are also
single bright dots across the Ni–BP flake, which suggested that
there was also Ni deposited across the surface of the BP flake. To
determine whether this was the case, the presence of the differ-
ent elements in the sample was investigated using electron-
energy-loss spectroscopy (EELS) and EDX spectroscopy. The
EELS and EDX elemental mapping images (Figure 2e–h; and
Figure S1, Supporting Information) clearly show the existence
of P, O, and Ni in the scanned area of the flake. The relatively
strong Ni signal at the edge confirmed that single-atom
Ni-doping occurred more effectively on the edge of BP flakes
(Figure 2h) with significantly less (if any) on the surface of
the flakes. This concentration of the Ni atoms on the edges of
the BP sheet is consistent with theoretical and experimental stud-
ies showing that the edge sites are more reactive. For example,
oxidation of 2D materials, including BP, often starts to occur at
the edge.[31–33] Interestingly, the oxidized edges can also act as
reactive sites to enhance their interaction with a dopant.[34]

Further evidence for the successful doping by atomic Ni of the
BP flakes was confirmed using X-ray photoelectron spectroscopy
(XPS) measurements, as illustrated in Figure 3a–c. The XPS
survey scan, as shown in Figure 3a, displays the presence of
P, O, and Ni, again demonstrating the successful preparation
of Ni–BP. The relatively weak Ni signal in the XPS survey scan
suggests that the amount of Ni in the sample is small, as expected
based on the sample preparation method. High-resolution (HR)
XPS spectra were used to explore the oxidation and doping states
of the BP flakes. As shown in Figure 3b, the Ni–BP sample shows
small peaks centered at a binding energy of around 129.5 eV.
This peak can be deconvoluted into two main doublets with a
splitting of 0.84 eV, which correspond to the P 2p3/2 and P
2p1/2 doublet associated with the P–P bonding.[35] Moreover, a
broad peak at higher binding energies between 131.5 and
136.5 eV (centered at around 134.0 eV) can be observed for
the Ni–BP sample. This broad peak is associated with the
oxidized P (POx).

[34] Figure 3c displays the HR XPS of the Ni

2p spectrum of the Ni–BP sample, which can be deconvoluted
into three spin–orbit split doublets with a splitting of 17.5 eV.
The binding energies of the Ni 2p3/2 core level were located at
853.3, 856.1, and 860.7 eV, which can be ascribed to Ni,
Ni–POx, and the corresponding satellite peak, respectively.[36]

To further investigate the structural features of the Ni–BP
flakes, X-ray-absorption spectroscopy (XAS) measurements were
carried out. Figure 3d shows the Ni K-edge X-ray-absorption
near-edge structure (XANES) spectra of the reference Ni foil,
NiO, and Ni–BP samples. Unlike Ni foil (Ni0), the Ni–BP sample
has an intense peak at a different onset energy, indicating
a cationic coordination environment of the Ni sites.
Interestingly, as displayed in Figure 3d, the Ni–BP sample
had slightly lower valence energy than that of NiO (Ni2þ), sug-
gesting that the Ni center is coordinatedmainly with the P atoms.
This finding from the XANES spectra was consistent with the
XPS results and previous literature on Ni–P interfaces.[37] The
bonding environment was further studied using Fourier-
transform extended X-ray-absorption fine structure (FT-EXAFS)
spectroscopy (Figure 3e). The presence of a very low intensity
peak at a high R-space (2.17 Å) indicates that the amount of
metallic Ni (Ni0) in the Ni–BP sample was negligible.
Furthermore, the local structures around the Ni sites of the
Ni–BP sample were characteristic of Ni�P bonds, which exhibit
slightly higher R-space values (1.67 Å) than the Ni─O bonds
(1.62 Å) in the reference NiO sample. To gain further insight into
the chemical configuration, EXAFS fitting was performed
(Figure 3f ), with the fitting parameters summarized in Table
S1, Supporting Information (ESI). Notably, the Ni–P structure
with a coordination number of six was used to fit the data.
It can be clearly observed from Figure 3f that the measured
(raw) data of the Ni–BP sample matches strongly with the fitted
data of a Ni–P structure, indicating that the atomic Ni was mainly
coordinated with the P atoms in the Ni–BP flakes.

To explore the effect of Ni–BP passivation on the
perovskite films, XPS measurements were carried out on

Figure 2. a) Transmission electron microscopy (TEM) and b–d) high-resolution TEM images of the Ni–BP flakes. e–h) TEM electron-energy-loss
spectroscopy elemental imaging of the Ni–BP flakes.
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Figure 4. a) Pb 4f core-level XPS spectra of perovskite films with and without (control) Ni–BP treatment. b) UV–vis spectra (inset shows Tauc plot). c) UPS
spectra of the secondary electron cutoff and d) valence region of control and Ni–BP-treated perovskite films. e) Energy-level diagram showing each
component of the PSCs.

Figure 3. a) X-ray photoelectron spectroscopy (XPS) survey scan, b) high-resolution XPS (HR XPS) of the P 2p, and c) HR XPS Ni 2p spectra of the Ni–BP
flakes. d) Normalized Ni K-edge X-ray-absorption near-edge structure spectra and e) Fourier transform–extended X-ray-absorption fine structure
(FT-EXAFS) spectra of Ni foil, NiO, and Ni–BP samples. f ) EXAFS raw data and fitting for the optimized model of the Ni–P structure.
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Cs0.01MA0.01FA0.98PbI3 perovskite films with and without the
surface treatment (Figure S2, Supporting Information). The
Ni–BP was spin-coated onto the perovskite layer from a
chlorobenzene solution, a solvent in which the perovskite was
insoluble. It can be seen from the XPS Pb 4f core-level spectra
(Figure 4a) that the neat control perovskite film had two
additional peaks at 137.5 and 142.5 eV when compared to the
perovskite film treated with Ni–BP flakes. The extra peaks in
the untreated film correspond to spin–orbit split doublets with
a splitting of 5.0 eV, which are assigned to metallic Pb0. Thus,
the untreated control film has iodide vacancies. After Ni–BP
treatment, the Pb0 peaks disappeared, and a clear reduction in
the intensity of the two main peaks corresponding to Pb 4f7/2
and Pb 4f5/2 was observed, indicating that the surface iodide
vacancies have been removed.[25,38] Ultraviolet–visible (UV–vis)

absorption and ultraviolet photoelectron spectroscopy (UPS)
spectra were conducted to further understand the effect of
Ni–BP treatment on the perovskite films. As shown in
Figure 4b, the Ni–BP treatment led to no significant changes
in the UV–vis-absorption spectrum, which corresponds to the
bulk light-absorption properties of the film. The bandgaps of
the untreated control and Ni–BP-treated perovskite films were
calculated to be around 1.55 eV. Analysis of the UPS data
(Figure 4c,d) revealed that the valence band maximum was
slightly less deep for the Ni–BP-passivated perovskite layer,
which would be expected to lead to an improvement in charge
extraction and an increase in the open-circuit voltage (Voc) of
the devices (Figure 4e).

To evaluate the crystallinity of the perovskite film with and
without the Ni–BP treatment, X-ray diffraction (XRD) analysis

Figure 5. Statistical distribution of a) open-circuit voltage (Voc), b) short-circuit current density ( Jsc), c) fill factor (FF), and d) PCE of PSCs constructed
with and without (control) Ni–BP passivation of the perovskite layer. e) Current density–voltage ( J–V ) curves and f ) external quantum efficiency of the
best-performing control and Ni–BP-treated devices. g) J–V curves of the control and Ni–BP-treated devices measured in the forward and reverse scan
directions. h) Photoluminescence (PL) spectra and i) time-resolved PL decays of perovskite films with and without (control) Ni–BP surface passivation on
bare glass. j) Dark J–V curves of the hole-only space-charge-limited-current devices.
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was performed (Figure S3, Supporting Information). Compared
to the perovskite film without Ni–BP treatment (the control film),
the (001) diffraction peak of the residual PbI2 at 12.6° was weaker,
indicating that the Ni–BP treatment reduced the PbI2 content.
Controlling the amount of residual PbI2 is advantageous as exces-
sive amounts can cause hysteresis in the current density–voltage
(J–V ) characteristics.[26] In comparison with the neat control
film, the complete disappearance of the characteristic peak asso-
ciated with the non-perovskite δ-FAPbI3 phase at 11.7° suggests
that Ni–BP passivation stabilizes the active α-FAPbI3 phase
by resisting moisture penetration and transformation to the
δ-FAPbI3 phase.[39] Top-view scanning electron microscopy
(SEM) images of the perovskite films with and without the
Ni–BP surface treatment show that the two films have a similar
surface morphology including average crystal grain sizes
(Figure S4, Supporting Information).

To understand the effect of the Ni–BP treatment on the PV
performance, PSCs with the configuration of indium-doped
tin oxide (ITO)/SnO2/perovskite/spiro-OMeTAD/Au with and
without (control) the Ni–BP layer on top of the perovskite layer
were fabricated and measured under standard 1 sun (AM 1.5G)
solar illumination. Figure S4c, Supporting Information, displays
the cross-sectional SEM of the complete device. The detailed PV
parameters including Voc, short-circuit current density (Jsc), fill
factor (FF), and PCE are summarized in Figure 5a–d. Figure 5e
displays the J–V characteristics of the champion devices with an
active area of 0.2 cm2. As shown in Figure 5e, the best control
devices without passivation delivered a maximum PCE of
20.5% with a Voc of 1.10 V, a Jsc of 24.0 mA cm�2, and FF of
0.78. In contrast, the best Ni–BP-treated devices exhibited a sig-
nificantly improvedmaximum PCE of 22.2%with a Voc of 1.11 V,
a Jsc of 24.7 mA cm�2, and a notable FF of 0.81. The PCE
enhancement was derived from all the key characteristics, that
is, an improved Voc, Jsc, and FF. The external quantum efficiency
(EQE) spectra of the devices with and without Ni–BP treatment
are shown in Figure 5f. The integrated Jsc values from the EQE
spectra were calculated to be 23.0, and 23.3mA cm�2 for the con-
trol and Ni–BP-treated devices, respectively, both of which are
within the accepted variance of the measured Jsc. In addition,
one of the important tests for PV devices PSCs is the hysteresis
behavior observed in the J–V curves during measurements.
Interestingly, in addition to the enhanced PCE, the hysteresis
behavior was largely reduced for the devices with the Ni–BP pas-
sivation (Figure 5g). To quantitatively evaluate the hysteresis
behavior of the devices, the hysteresis index (HI) can be calcu-
lated from the following equation.[40]

HI ¼ PCEreverse � PCEforward

PCEreverse
(1)

The HI was found to be significantly reduced from 0.118 to a
negligible value of 0.001 after passivating the perovskite films
with the Ni–BP flakes, suggesting that Ni–BP treatment reduces
the surface defects of the perovskite film and reduces the charge
accumulation at the perovskite/hole transporting layer (HTL)
interface, both of which have been found to cause severe
hysteresis.[41]

Further, steady-state photoluminescence (PL) and time-
resolved PL (TRPL) measurements were used to study the

charge-carrier dynamics of the perovskite films before and after
Ni–BP passivation. As shown in Figure 5h, the PL intensity of
the Ni–BP-treated film was considerably higher as compared
to the control perovskite film, with only a slight blueshift
(2 nm) in the PL peak position. This can be attributed to the
effective passivation of the perovskite surface, resulting in the
suppression of trap-induced non-radiative charge recombina-
tion.[42] The suppression of surface defects was further con-
firmed by the increased average carrier lifetime from 16.9 to
40.8 ns after Ni–BP passivation (Figure 5i). Detailed TRPL
parameters of the control and Ni–BP-treated perovskite films
have been summarized in Table S2, Supporting Information.
To estimate the effect of the Ni–BP on the trap-state density,
space-charge-limited-current measurements were undertaken.
Figure 5j presents the dark J–V curves of a hole-only device with
the structure of ITO/poly(3,4-ethylenedioxythiophene):poly(sty-
rene sulfonate)/perovskite/spiro-OMeTAD/Au with and without
Ni–BP passivation of the perovskite layer. The trap density (ntrap)
can be estimated according to the following equation.[43]

ntrap ¼
2ε0εrVTFL

eL2
(2)

where ε0 is the vacuum permittivity (8.854� 10�12 Fm�1), εr is
the relative dielectric constant (28.8), VTFL is the onset voltage
of trap-filled limit, e is the elementary charge of the electron
(1.60� 10�19 C), and L is the thickness of the perovskite film.
As expected, the Ni–BP-treated device had a lower trap density
of 4.82� 1014 cm�3 in comparison with the control device
(8.84� 1014 cm�3). These results clearly demonstrate the excellent
passivation effect of Ni–BP flakes and are consistent with the PL
and TRPL results. The PV parameters of our best-performing

Figure 6. Stability tests of unencapsulated PSCs with and without
(control) Ni–BP surface treatment aged a) at 85 °C in a nitrogen
atmosphere for 1800 h and b) at the maximum power point under con-
tinuous light irradiation at 85 °C and 50% relative humidity for 200 h.
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devices fabricated with Ni–BP passivation layer are compared with
values reported in the literature for devices employing BP deriv-
atives (Table S3, Supporting Information).

Given the good performance of the Ni–BP-treated PSCs, we
next tested their stability following the International Summit on
Organic Photovoltaic Stability (ISOS) protocols, specifically
ISOS-D-2I and ISOS-L-2.[44] In the first part, we studied storage
stability in an inert (N2) environment at 85 °C (Figure 6a).
While both the control and treated PSCs showed an initial rapid
drop in the PCE, the Ni–BP-treated device exhibited slightly better
stability over 1800 h, retaining more than 40% of its initial PV per-
formance, while the control device decayed to �20% of the initial
PCE. We postulate that the slight improvement observed arises
from the Ni–BP reducing the Pb content at the interface with
the spiro-OMeTAD HTL, as evidenced by our XPS results, and
inhibiting iodide ion migration from the perovskite to the spiro-
OMeTAD. Iodide migration into the HTL has been reported to
have an adverse effect on the charge extraction efficiency, leading
to lower device efficiency, stability, and increased hysteresis.[45,46]

Furthermore, we conducted a stability test of the unencapsu-
lated devices at the MPP under continuous light illumination at
85 °C in a room that had an RH of 50%. As shown in Figure 6b,

the control device showed a more rapid efficiency loss than that
of the Ni–BP-treated perovskite-film-based device. In particular,
the efficiency of the control cell declined to almost 0% of its ini-
tial PCE after aging over �100min, while the Ni–BP-treated
device was able to maintain about 30% of its original efficiency
over the same time frame and under the same testing conditions.
The improved stability can be attributed partially to the suppres-
sion of the defects at the perovskite/HTL interface and a reduc-
tion of water penetration into the perovskite films.

To gain a degree of insight into the improvements in the PSC
performance through using the Ni–BP layer, we undertook a
series of DFT calculations. First, the electronic structures of
the BP and Ni–BP were calculated using the norm-conserving
Troullier–Martins pseudopotential as implemented in Spanish
Initiative for Electronic Simulations with Thousands of
Atoms.[47] We developed the Ni–BP structure by doping the phos-
phorene layer with Ni atoms (Figure 7a) and then compared it
with a pure BP lattice. The partial density of states calculations
for individual atoms are depicted in Figure 7b. According to the
DFT calculations, the work function changed from –4.87 to
–4.84 eV in moving from the pure phosphorene to the Ni–BP,
which is consistent with the UPS measurements.

Figure 7. a) Optimized structure of Ni–BP and b) the corresponding partial density of states (PDOS) calculations for individual atoms. c) Adsorption of
H2O on the Ni–BP structure after O2 molecule adsorption. d) Calculated adsorption free energy of H2O and O2 molecules on different surfaces. Although
a pure BP surface shows good hydrophobicity, considering the practical challenges, O2 molecules were adsorbed on the BP and Ni–BP surfaces before
calculating the adsorption energies of H2O.
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Moreover, we performed DFT calculations to evaluate the
surface hydrophobicity by calculating the adsorption free
energy of water on the different structures (Figure 7c,d). The
surface hydrophobicity is particularly important for the device
stability in humid conditions. As shown in Figure 7d, a pure
BP surface is relatively hydrophobic in accordance with
previous studies.[34,48] However, it is clear based on the adsorp-
tion energy values of oxygen (O2) and water (H2O) that the
pure BP tends to adsorb O2 molecules more rapidly than
H2O. Thus, in calculating the adsorption energies of H2O on
the surface, one needs to take into account that O2 has been
preadsorbed and has likely reacted to give POx as shown earlier
in the HR XPS measurements.[8] Therefore, we calculated the
adsorption energies of H2O molecules after adsorbing O2

molecules onto the pure BP and Ni–BP surfaces. It can be seen
from Figure 7d that single-atom Ni doping can significantly
increase the hydrophobicity of BP surface, demonstrating that
the Ni–BP passivation layer can protect the perovskite layer from
moisture ingress and subsequent degradation. To validate this
theoretical finding, the water contact angles of the control and
Ni–BP-treated perovskite films were measured (Figure S5,
Supporting Information). The contact angle of the Ni–BP-treated
film was measured to be 89°, which is considerably higher than
that of the neat BP film (55°). This indicates a significantly
enhanced film hydrophobicity, which is beneficial for moisture
resistivity and hence improved device operational stability under
humid conditions.

3. Conclusions

In conclusion, we have developed a novel and effective strategy
for introducing single-atom Ni doping onto BP flakes composed
of a small number of layers and demonstrated that high
efficiency PSCs increased stability can be fabricated using
Ni–BP as a surface passivation layer on the perovskite film.
Through XAS and HRTEM measurements, we confirmed
that the Ni was primarily anchored onto the edge of the BP flakes.
The introduction of Ni doping increased the work function of
the BP, and also increased the surface hydrophobicity, making
the Ni–BP flakes highly suitable as a passivation layer for stan-
dard PSCs. By employing the Ni–BP passivation layer, not only
were the optoelectronic properties of the perovskite films and
devices enhanced, but the trap-state densities were reduced.
As a result, the Ni–BP-treated devices showed significantly
improved PCEs of over 22% with negligible hysteresis.
Importantly, the unencapsulated Ni–BP-treated PSCs exhibited
improved stabilities under the testing conditions of high temper-
ature and humidity. Both the experimental measurements and
DFT calculations confirmed that the surface hydrophobicity of
Ni–BP plays a critical role in improving device stability.
We believe that our strategy offers a new direction for the con-
trollable doping of 2D materials, which can be used not only to
fabricate highly efficient and more stable PSCs but also other
optoelectronic devices. Thus, this work opens a new avenue
for employing low-dimensional materials as effective surface
treatments for PSCs. Future studies should focus on developing
strategies that can be used to prepare uniformly doped BP sheets

with large lateral sizes to enable fabrication of large-area devices
with improved stabilities.
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