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Critical Role of Removing Impurities in Nickel Oxide on High-
Efficiency and Long-Term Stability of Inverted Perovskite Solar Cells

Shuangjie Wang+, Yuke Li+, Jiabao Yang, Tong Wang, Bowen Yang, Qi Cao, Xingyu Pu,
Lioz Etgar, Jian Han, Junsong Zhao, Xuanhua Li,* and Anders Hagfeldt

Abstract: The performance enhancement of inverted
perovskite solar cells applying nickel oxide (NiOx) as the
hole transport layer (HTL) has been limited by impurity
ions (such as nitrate ions). Herein, we have proposed a
strategy to obtain high-quality NiOx nanoparticles via an
ionic liquid-assisted synthesis method (NiOx-IL). Exper-
imental and theoretical results illustrate that the cation
of the ionic liquid can inhibit the adsorption of impurity
ions on nickel hydroxide through a strong hydrogen
bond and low adsorption energy, thereby obtaining
NiOx-IL HTL with high conductivity and strong hole-
extraction ability. Importantly, the removal of impurity
ions can effectively suppress the redox reaction between
the NiOx film and the perovskite film, thus slowing
down the deterioration of device performance. Con-
sequently, the modified inverted device shows a striking
efficiency exceeding 22.62%, and superior stability
maintaining 92% efficiency at a maximum power point
tracking under one sun illumination for 1000 h.

Introduction

The hole transport layer (HTL) has played a dominant role
in the device performance and long-term stability of
inverted perovskite solar cells (PSCs).[1–6] At present, various
organic hole transport materials (HTMs) have been applied,
especially poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) and poly(bis(4-
phenyl)(2,4,6-trimethylphenyl)amine) (PTAA). However,
their complicated fabrication process, intrinsic chemical
volatility, poor stability, and high cost hinder the large-scale
application toward commercialization. By comparison, sev-
eral inorganic HTMs such as CuSCN,[7,8] NiOx,

[9–12] CuI,[13,14]

VOx and WO3 have been used as substitutes for organic
HTMs.[15–17] Among those, NiOx has attracted extensive
attention because of its high optical transmittance, appro-
priate work function and inherent stability.[18–22] Currently,
NiOx HTL can be produced by sputtering, electrodeposition,
or pulsed laser deposition technologies.[23–28] However, these
methods are stringent and costly. Therefore, as a low-cost
alternative, researchers have developed a chemical precip-
itation method to successfully synthesize NiOx nanoparticles
for the preparation of HTL,[29–31] but the device efficiency
and stability of these NiOx-based PSCs are still lagging
behind.

The traditional low-temperature-processed NiOx nano-
particles can be obtained by a simple and flexible two-step
method,[3,21,30,32] in which Ni(OH)2 is firstly prepared through
the reaction between Ni(NO3)2 and NaOH, then it is
calcined to obtain NiOx nanoparticles, as shown in Fig-
ure 1a.[9,33–36] However, NO3

� ions are produced during the
synthesis and cannot be completely removed by the subse-
quent process. Instead, they are embedded in the Ni(OH)2
layer, causing impurities in the NiOx layer and consequently
deteriorating the device efficiency and long-term
stability.[32,35] Although these impurity ions could be re-
moved at high temperatures, they will cause poor dispersion
of the generated NiOx in aqueous solutions and seriously
affect the subsequent preparation of HTLs by solution spin
coating.[32,37,38] Therefore, it is particularly important to
effectively inhibit the impurity ions from adsorbing on the
surface of NiOx nanoparticles for realizing high-efficiency
PSCs under low-temperature process conditions.

Herein, we propose a simple route to obtain high-quality
NiOx nanoparticles via ionic liquid (IL)-assisted synthesis
(NiOx-IL). As shown in Figure 1a, different from the tradi-
tional method, we added 1-butyl-3-methylimidazolium tetra-
fluoroborate ([BMIm]BF4) IL into the Ni(NO3)2 precursor
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before reacting with NaOH. Because on the one hand, the
[BMIm]BF4 IL is easy to obtain and has high yield; on the
other hand, the multifunctional substitution of the imidazole
ring creates more chemical bonding sites. In addition, both
experimental and theoretical results illustrate that the
[BMIm]+ cation has lower adsorption energy than the NO3

�

impurity ions, and can adsorb on the surface of Ni(OH)2
through strong hydrogen bonds, which effectively inhibit the
existence of interlayer NO3

� ions in Ni(OH)2 (termed as
Ni(OH)2-IL). Then, the Ni(OH)2-IL nanoparticles were
thermally decomposed to produce NiOx-IL (Figure 1a). The
detailed synthesis method is described in the experimental

section in the Supporting Information. This strategy can also
improve the conductivity and hole extraction ability of the
corresponding HTL. More importantly, the removal of
impurity ions can effectively suppress the redox reaction at
the buried interface between the NiOx-IL film and the
perovskite film, which is conducive to maintaining the good
conductivity of HTL, delaying the decomposition of the
perovskite light-absorbing layer, and finally improving the
device stability. Consequently, the inverted PSC based on
NiOx-IL HTL exhibits a promising power conversion
efficiency (PCE) of 22.62% and markedly enhanced long-

Figure 1. a) Synthesis of NiOx and NiOx-IL nanoparticles. b) SEM images of Ni(OH)2 and Ni(OH)2-IL, the scale bar is 500 nm. c) Raman spectra of
the pure [BMIm]BF4 IL, control Ni(OH)2, and Ni(OH)2-IL. d) FT-IR spectra of the pristine IL and Ni(OH)2-IL, the right view represents an enlarged
image of FT-IR spectra in the range of 2900–3300 cm� 1. e) Calculated ESP profiles of the [BMIm]BF4. f) Adsorption configurations of [BMIm]+ and
NO3

� on Ni(OH)2: For [BMIm]+ adsorption, two possible models for the formation of hydrogen bonds on imidazole rings were proposed based on
ESP results; For NO3

� adsorption, the two adsorption configurations refer to that the lower part of N atom in NO3
� corresponds to O or Ni atom

in nickel hydroxide when NO3
� is adsorbed on nickel hydroxide (as can be seen from the top views of adsorption configurations in Figure S3 in the

Supporting Informtion).
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term storage stability and operational stability compared to
those of the traditional NiOx-based devices.

Results and Discussion

The synthesis process of [BMIm]BF4 IL is presented in
Figure S1 in the Supporting Information. The molecular
structure of synthesized [BMIm]BF4 was confirmed by

1H
NMR, as described in the Supporting Information. The
[BMIm]BF4 IL began to lose weight above 390 °C, which
ensured its good stability in the preparation of NiOx-IL
nanoparticles (Figure S2 in Supporting Information). In
addition, the conjugated structure of the imidazole ring
makes the [BMIm]+ have good conductivity. The scanning
electron microscopy (SEM) images show that the Ni(OH)2-
IL nanoparticles have a small particle size (Figure 1b). We
speculate that the long-chain structure of the [BMIm]BF4 IL
cation is similar to that of the surfactant, which hinders the
aggregation rate of nanoparticles and promotes the gener-
ation of nanoparticles with smaller size.[39]

We gained insights into the process of [BMIm]BF4 IL-
assisted synthesis by combining experimental measurements
and theoretical calculations. Firstly, Raman spectra were
provided to define the chemical groups of the control
precursor of Ni(OH)2 and target precursor of Ni(OH)2-IL.
In Figure 1c, the lattice vibration modes of Ni� O in the
Raman spectra of Ni(OH)2 were observed at 450 and
490 cm� 1, and the tensile mode of O� H appeared between
3590 and 3700 cm� 1.[40] Notably, the peaks at 994, 1047 and
1280 cm� 1 are attributed to the stretching vibration peak of
NO3

� .[32] These NO3
� impurity ions are introduced by the

synthesis reaction and embedded in the Ni(OH)2 interlayer
structure, which cannot be completely removed in the
subsequent washing process.[32] Conversely, the vibration
peaks of NO3

� in the Raman spectrum of Ni(OH)2-IL are
not observed, and the characteristic vibration peaks of
[BMIm]+ can be clearly observed. The results indicate that
[BMIm]BF4 IL plays an important role in synthesizing
Ni(OH)2-IL. Notably, no characteristic peaks of BF4

� are
observed in Raman spectra. This is due to the fact that a
small amount of BF4

� could be rapid hydrolyzed into F� by
combining with water molecules; then the F� ions combined
with Na+ ions in solution to form NaF, which were finally
removed in the subsequent washing step.[41]

Fourier Transform Infrared Spectroscopy (FTIR) was
conducted to verify the molecular interaction between
[BMIm]BF4 IL and Ni(OH)2. The infrared characteristic
absorption peaks of [BMIm]+ in Ni(OH)2-IL can be clearly
observed in Figure 1d. Peaks at 3163 and 3123 cm� 1 in the
spectrum of pure [BMIm]BF4 IL match the stretching
vibration peak of C(2)� H on the imidazolium ring (the inset
in Figure 1d), and shift 16.8 cm� 1 to lower wavenumber in
the Ni(OH)2-IL. By analyzing the molecular structure of
[BMIm]BF4 IL, we found that the six π electrons on the
imidazole ring are distributed on five atoms, and mainly
concentrated on N atoms of the imidazole ring. Among
them, the relatively low electron cloud density of C(2) atom
attributes to its location between the two N atoms, which

results in the hydrogen atom attaching to C(2) with the
strong ability to accept electrons.[42] As evidence, the electro-
static potential (ESP) of [BMIm]+ was calculated based on
density functional theory (DFT) to determine the distribu-
tion of its electron density. As presented in Figure 1e, the
lowest electron density (positive region) of [BMIm]+ is
distributed on the H atom connected to C(2). Accordingly,
we conjecture that the red shift of FTIR is due to the
existence of C(2)� H···O hydrogen bond between C(2)� H in
[BMIm]+ and Ni(OH)2-IL. Theoretical calculations were
performed to further investigate why the addition of
[BMIm]+ can remove NO3

� impurity ions in Ni(OH)2-IL.
According to the above FTIR results, we constructed the
stable structure for theoretical modeling where [BMIm]+

and NO3
� were adsorbed on the surface of Ni(OH)2

respectively, as shown in Figure 1f and Figure S3 in Support-
ing Information. The calculated results show that the
adsorption energy of [BMIm]+ adsorbed on the Ni(OH)2
surface (two different models, � 2.87 and � 2.11 eV) is lower
than that of NO3

� adsorption (� 1.70 and � 0.14 eV),
especially when [BMIm]+ was adsorbed by C(2)� H···O
hydrogen bond. Combining with FTIR and theoretical
calculation, it is concluded that the [BMIm]+ is prone to
adsorb on the surface of Ni(OH)2 by stable hydrogen bond.
Accordingly, it inhibits the adsorption of the NO3

� impurity
ions and provides an important prerequisite for the sub-
sequent production of NiOx-IL.

We further investigated the properties of control NiOx

and NiOx-IL prepared from the above-mentioned Ni(OH)2
and Ni(OH)2-IL, respectively. In Figure 2a, the N� O stretch-
ing vibration peak of NO3

� appears obviously as a single
broad peak in control NiOx, which is consistent with the
reported literature.[43,44] Instead, the vibration peak of NO3

�

is not observed in NiOx-IL, and the peaks of [BMIm]
+ can

still be observed in Raman spectra of NiOx-IL due to the
good thermal stability of [BMIm]BF4 IL. In X-ray diffrac-
tion (XRD) spectra, NiOx and NiOx-IL show similar
diffraction peaks (Figure 2b). SEM measurements show that
the NiOx-IL film is dense (Figure S4 in Supporting Informa-
tion), which might be due to the small size of NiOx-IL
nanoparticles.[45] The rough root mean square (RMS) of
NiOx and NiOx-IL films are 4.76 and 2.10 nm (Figure S5 in
Supporting Information), respectively. The contact angle of
perovskite precursor solution on NiOx-IL film (20.3°) is
slightly smaller than the control NiOx film (25.8°) (Figure S6
in Supporting Information). The NiOx and NiOx-IL films
have high light transmittance (Figure S7 in Supporting
Information).

X-ray photoelectron spectroscopy (XPS) analysis was
performed to clarify the oxidation state of NiOx-IL and the
results were compared with the control NiOx film. As shown
in Figure 2c, the NiOx and NiOx-IL films exhibit three main
peaks in the spectra of Ni 2p3/2. The peak centered at
860.8 eV refers to the shakeup process in the typical NiOx

structure and corresponds to the satellite peak.[34] Mean-
while, the peak at 853.3 eV is assigned to Ni2+ in Ni� O
octahedral bonding structure,[46,47] and the other peak at
855.2 eV is ascribed to Ni3+ due to the existence of Ni2+

vacancy.[48,49] It has been reported that the excess Ni3+ is the
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main reason for the p-type properties of nickel oxide film.[4]

Increasing the content of Ni3+ can induce the formation of
additional holes, reduce the resistivity, and increase the
conductivity of nickel oxide.[50–53] As calculated by XPS, the
Ni3+/Ni2+ ratios of NiOx-IL film (1.92) is higher than that of
the control NiOx film (1.35), indicating that the hole
conductivity of NiOx-IL film is improved. Moreover, the Ni
2p core level peak of NiOx-IL layer has an shift of �0.18 eV
compared to NiOx layer, which indicates that the change of
NiOx-IL chemical environment compared with NiOx (as
described in the later DFT calculation, electron transfer
occurred in the presence of [BMIm]+ adsorption).

We calculated the conductivity of NiOx and NiOx-IL
films, which is 9.2×10� 3 and 2.45×10� 2 mScm� 1 (Figure S8
in Supporting Information). The hole mobility increases
from 3.7×10� 3 (NiOx) to 7.01×10

� 3 (NiOx-IL) cm
2V� 1·s (Fig-

ure S9 in Supporting Information). Furthermore, conductive
AFM (c-AFM), as a significant interest to characterize the
local charge transport in nanometer scale, has been applied
to explore the spatially resolved conductivity of NiOx and
NiOx-IL film. In Figure 2d, the current flow in the NiOx-IL
film is greater than the control NiOx film, and the current
distribution is uniform, which illustrates the uniform distri-
bution of IL on the NiOx-IL film. Kelvin probe force
microscope (KPFM) was performed to study the influence
of IL-assisted synthesis method on the electronic energy
level of NiOx-IL film. The change in work function (WF) of
the measured sample surface is reflected by the contact
potential difference (CPD). A lower CPD represents a

higher WF in the local area of the film.
[30,54] As illustrated in

Figure 2e, the CPD of NiOx-IL film (0.31 V) is lower than
that of the control NiOx film (0.66 V), and the WF of NiOx-
IL film (4.79 V) is higher than that of control NiOx film
(4.44 V) (see Supporting Information). Furthermore, the
energy band diagram of different films was calculated from
ultraviolet photoelectron spectroscopy (UPS, Figures S10
and S11 in Supporting Information). In Figure 2f, compared
with control NiOx film, the valence band (VB) of NiOx-IL
film increases from 5.37 to 5.55 eV, and the Fermi level (EF)
increases from 4.43 to 4.77 eV, which is in accordance with
the result of KPFM. The VB offsets for NiOx and NiOx-IL
relative to perovskites are 0.26 and 0.08 eV, respectively.
The decrease of offset is conducive to the rapid hole
extraction at the NiOx-IL/perovskite interface with low
energy loss.

The DFT was conducted to further explore the unique
effect of NO3

� and [BMIm]+ on NiO, and the formation
mechanism of the increase of Ni3+ content after the addition
of IL. We placed NO3

� and [BMIm]+ on each side of NiO
(100) surface. The NO3

� adsorbs on NiO (100) forming
O� Ni bond, and the [BMIm]+ adsorbs on NiO (100)
through the hydrogen bond (Figure S12 in Supporting
Information). As displayed in Figure 2g, the minimum
charge density (ρmin) of NiO layer adsorbing NO3

� impurity
ions is 0.06 eÅ� 2. However, the ρmin of NiO layer adsorbing
[BMIm]+ decreases to 0.01 eÅ� 2. The low charge density
indicates that more electron is transferred from NiO to
exogenous ions (NO3

� or [BMIm]+). To confirm the above

Figure 2. a) Raman spectra and b) XRD spectra of NiOx and NiOx-IL. c) XPS spectra of Ni 2p of control NiOx and NiOx-IL films. d) c-AFM and
e) KPFM images of NiOx and NiOx-IL films coated ITO glass. f) Energy band diagram of these different layers based on the parameters calculated
from UPS spectra. g) Charge density and h) charge density difference between NiO and IL (or NO3

� ), the inset in Figure 2h illustrates the effect of
NO3

� and [BMIm]+ ions on the gain and loss of electrons in NiO. i) Planar averaged potential of NiO covered by NO3
� and [BMIm]+, with respect

to the energy of VBM.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202116534 (4 of 9) © 2022 Wiley-VCH GmbH



conjecture, Figure 2h illustrates the charge density differ-
ence with NO3

� and [BMIm]+ adsorption. There is 0.52 e
gain for NiO layer with NO3

� adsorption; on the contrary,
the NiO layer with [BMIm]+ adsorption loses 0.43 e and
becomes more positive, thereby increasing the Ni3+ concen-
tration. This is consistent with the XPS results. Furthermore,
inspired by Tao’s work (study on the shift of VB relative to
vacuum energy level of nickel oxide adsorbed by halides),[55]

we get the VB shift when NiO is covered by NO3
� and

[BMIm]+. As shown in Figure 2i, the adsorption of
[BMIm]+ can potentially induce the VB of NiO layer
downshift, which contributes to the electron loss of NiO in
the presence of [BMIm]+ (inset in Figure 2h). It is consistent
with above UPS results. Notably, the shift value of VB from
DFT calculation is larger than the shift in the UPS experi-
ment results. We attribute this to the high coverage
adsorbates on the NiO surface.

We further evaluated device efficiency based on NiOx

and NiOx-IL HTL with a configuration of ITO/NiOx or
NiOx-IL (20 nm)/perovskite (750 nm)/PCBM+C60 (45 nm)/

BCP (10 nm)/Cr (5 nm)/Au (100 nm). The composition of
the perovskite light-absorbing layer is
Cs0.05(MA0.15FA0.85)0.95Pb(I0.85Br0.15)3. The performance of
devices optimized by [BMIm]BF4 IL with different concen-
trations was provided in Figure S13 and Table S1 in
Supporting Information. Figure 3a exhibits the current
density-voltage (J–V) curves of the optimal PSCs measured
under AM 1.5G at 100 mWcm� 2, and the detailed photo-
voltaic parameters are summarized in Table 1. Device using
NiOx-IL HTL delivers an impressive PCE of 22.62%, with
an open circuit voltage (Voc) of 1.13 V, a short circuit current
density (Jsc) of 23.75 mAcm

� 2, and a fill factor (FF) of
84.21%. Conversely, NiOx-based control device shows a
PCE of 19.80%. On the basis of the band gap of perovskite
(1.59 eV), the total Voc loss decreases from 0.50 (NiOx) to
0.46 V (NiOx-IL). The distribution of photovoltaic parame-
ters of different devices are shown in Figure S14 in
Supporting Information, and its statistical distribution is the
same as the change trend of the best photovoltaic parame-
ters. Meanwhile, the device based on NiOx-IL HTL exhibits

Figure 3. J–V characteristics of a) the devices based on NiOx and NiOx-IL HTLs under both the reverse and forward scan directions. b) IPCE
together with the corresponding integrated current density of these devices. c) Steady-state PCE measured under maximum power point tracking
for 300 s of the devices based on NiOx and NiOx-IL HTLs. d) J–V characteristics of the large area (1 cm2) device based on NiOx-IL HTL under both
the reverse and forward scan directions. e) PCE of the devices normalized to the initial efficiencies as a function of storage time in dark and
ambient air with relative humidity 40�5%, the data are taken from the average of 10 devices. f) MPP tracking of encapsulated PSCs based on
NiOx and NiOx-IL HTLs under one-sun irradiation at 45 °C and in ambient air.

Table 1: Statistical photovoltaic parameters of the devices based on NiOx and NiOx-IL HTLs under both the reverse and forward scan directions.
The scan rate of J–V measurement was 0.4 Vs� 1.

Devices Scan direction Voc [V] Jsc [mAcm� 2] FF [%] PCE [%] Hysteresis factor Rs [Ωcm2] Rsh [Ωcm2]

NiOx-IL Reverse 1.13 23.75 84.21 22.62 0.88 1.20 32787
Forward 1.13 23.67 83.82 22.42

NiOx Reverse 1.09 22.85 79.51 19.80 3.53 4.68 8808
Forward 1.09 22.78 76.73 19.10

Hysteresis factor=
PCEreverse � PCEforward

PCEreverse
.
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negligible hysteresis. The detailed parameters are presented
in Table 1. The integrated Jsc values from internal photon-
to-current efficiency (IPCE) are 21.84 and 22.86 mAcm� 2

for the device with NiOx and NiOx-IL HTLs (Figure 3b),
matching well with the results calculated from J–V measure-
ments. A steady-state power output (SPO) of 22.04% at
maximum power point (MPP) were obtain for the PSC
based on NiOx-IL (Figure 3c), indicating the high reliability
of the modified device performance. We also tried to
prepare large area (1 cm2) device using blade coating
method, and obtained a PCE of 20.19%, which proves the
feasibility of the new strategy for large area devices (Fig-
ure 3d). The PCE enhancement of NiOx-IL-based device is
mainly due to the improvement in Jsc, Voc, and FF. Since the
unchanged optical absorption of devices with NiOx and
NiOx-IL HTLs (Figure S15 and S16 in Supporting Informa-
tion), the increment of Jsc for NiOx-IL-based devcie is
attributed to the promoted carriers extraction ability;[56,57]

the increased Voc likely stems from the reduced interfacial
recombination and matched energy level;[58] and the im-
provement in FF is mainly due to the decreased series
resistance (Rs) and increased shunt resistance (Rsh), as
shown in Figure S17–S20 in Supporting Information and
Table 1.

We studied the PCE evolution trend of the devices based
on NiOx and NiOx-IL HTLs after long-term storage (dark,
air, 25 °C, 40�5% relative humidity). As shown in Fig-
ure 3e, the PCE of unencapsulated device using NiOx-IL
HTL remains approximately 90% after 6000 h storage, while
the efficiency of NiOx-based device decreases to about 71%
of its initial efficiency. More importantly, we conducted
operational stability measurements at MPP tracking under
one-sun irradiation in ambient air for different encapsulated
devices. As depicted in Figure 3f, the NiOx-based device
declined rapidly under MPP tracking, only retained 49% of
its initial SPO after 505 h ageing. In contrast, the NiOx-IL-
based device maintained 92% of its initial SPO after 1000 h,
exhibiting superior operational stability.

Thus, we further investigated the outstanding stability of
the target devices both theoretically and experimentally. It
is reported that there is an interfacial degradation reaction
[as illustrated in Eq. (1) and (2)] between Ni3+ on the
surface of NiOx HTL and A-site cationic salt in perovskite,
which will accelerate the reduction of Ni�3+ to Ni�2+ in
NiOx film and the degradation of perovskite, and generate
interstitial iodine through deprotonating A-site cation and
oxidizing iodide species, resulting in serious instability of
device:[59,60]

HAPbI3$ PbI2þA gð Þþ
1
2
I2 gð ÞþH

þþe� (1)

Ni�3þOxþe
� þHþ$Ni�2þOxH (2)

where HA+ is the protonated A-site cation (such as
CH3NH3

+ and NH=CH� NH3
+), and A is the deprotonated

A-site cation (CH3NH2 and NH=CH� NH2).
DFT calculations have been used to investigate the effect

of NO3
� and [BMIm]+ on reactions (1) and (2). The reaction

energy of Equation (1) is the same, which comes from the
decomposition of perovskite. The reaction energy of Equa-
tion (2) can be described as follows Equations (3) and (4):

DEðNO�3 Þ ¼EðNi
�2þOxH� NO

�
3 Þ

� EðNi�3þOx� NO
�
3 Þ� EðH

þþe� Þ
(3)

DE BMImð Þþð Þ¼EðNi�2þOxH� BMImð ÞþÞ

� EðNi�3þOx� BMImð ÞþÞ� EðHþþe� Þ
(4)

Among them, EðNi�3þOx� NO
�
3 Þ,

EðNi�3þOx� BMImð ÞþÞ, EðNi�2þOxH� NO
�

3 Þ and
EðNi�2þOxH� BMImð ÞþÞ represent the energy of NO3

� ,
[BMIm]+, NO3

� and H, [BMIm]+ and H adsorbed on the
NiO surface, respectively. According to the theoretical
calculation (Figure 4a), the reaction energy difference
between Equation (3) and (4) is 0.43 eV, indicating that the
energy of [BMIm]+ adsorption in Equation (4) is lower than
that of NO3

� adsorption in formula (3). This result means
that the [BMIm]+ adsorption can effectively slow the
progression of Equation (2), thereby delaying the oxidation-
reduction reaction at the NiO/perovskite interface. Mean-
while, for NiO and NiO-IL, the number of electron transfer
was 0.62 and 0.60 e (Figure 4b), respectively. From the
results of the two-dimensional (2D) slices of charge density
distribution (Figure 4c), the H� O interaction is formed
between the NO3

� impurity ions in control NiO and the
adsorbed H+ produced by perovskite decomposition
[Eq. (1)], leading to stronger adsorption of H+ on the
control NiO, which prompts the redox reactions at the NiO/
perovskite interface and accelerates the decomposition of
perovskite layer. Based on the above results, the NiOx-IL
greatly reduces the adverse factors existing in control NiOx

(Figure 4d), thus effectively improving the stability of
device.

We also verified the influence degree of NO3
� and

[BMIm]+ adsorption on the interfacial reaction between
NiOx and perovskite through experiments. It can be seen
from Equation (2) that H+ in control NiOx and NiOx-IL all
comes from the decomposition of perovskite materials in
Equation (1), and the charge of exogenous ions could have a
direct influence on the reaction in Equation (2). We used
photographs and UV/Vis spectra to indentify the degree of
reaction of NiOx films treated by pure MAI perovskite
precursor, MAI perovskite precursor containing NO3

� , or
[BMIm]+ according to the work of McGehee et al.[59] The
detailed methods are illustrated in Supplementary Notes. As
illustrated in Figure 4e, the NiOx surface was bleached after
the pure MAI solution treatment; and the MAI solution
containing NO3

� bleached the NiOx surface more obviously.
On the contrary, the MAI solution containing [BMIm]+ did
not cause obvious change on NiOx surface. The correspond-
ing UV/Vis spectra also confirmed our observation (Fig-
ure 4f). From our analysis (Figure 4d), the negative charge
of NO3

� impurity ions could promote the reaction (2), thus
accelerating the decomposition of MAI in the reaction (1);
on the contrary, the introduction of [BMIm]+ could
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effectively inhibit the adsorption of NO3
� in NiOx and slow

down the interfacial degradation reaction. The above results
further indicate that the presence of [BMIm]+ can effec-
tively suppress the reaction between NiOx and perovskite
precursor materials, which plays a positive role in improving
the stability of the device. Additionally, we investigated the
changes of elements in MAI after the reaction between
NiOx film and MAI by XPS. As shown in Figure S21 and
S22 in Supporting Information, compared with pristine NiOx

film, the XPS spectra of I 3d in NiOx film treated with MAI
solution shows lower intensity, and the MA+ species are
mostly transformed into MA. The results imply that Ni3+

defect sites exhibit Brønsted acid–base properties and
deprotonate the MA+, further confirming the above (1) and
(2) reactions between the interfaces.

According to the redox reaction between the interface of
NiOx or NiOx-IL HTL and perovskite layer, the amount of
Ni3+ in HTL decreases and the amount of Ni2+ increases
during the reaction process. Therefore, we used lift-off
method (Figure 4g, the details are described in Supporting
Information) to concretely study the content changes of Ni3+

and Ni2+ in NiOx and NiOx-IL buried films after the
interfacial reaction for long-term actual operation (above
operational stability measurements: one sun, ambient air,
MPP tracking, 1000 h).[59,61] As shown in Figure 4h, it is
calculated that the ratio of Ni3+/Ni2+ in the control NiOx

film decreases from 1.35 to 0.77, while the Ni3+/Ni2+ ratio of
NiOx-IL film decreases slightly from 1.92 to 1.71. The results
clearly show that the NiOx-IL HTL assisted by the
[BMIm]BF4 IL can effectively delay the redox reaction
between the HTL/perovskite layer interface and reduce the

Figure 4. H atom adsorbs on the NiO (100) surface containing NO3
� and [BMIm]+ : a) optimized geometry b) charge density difference (isovalue is

0.003 ebohr� 3 for NO3
� adsorption, and 0.08 ebohr� 3 for [BMIm]+ adsorption). c) the 2D slice of charge density difference. d) Schematic diagram

of the influence of NO3
� impurity ions and [BMIm]+ additive on the redox reaction between the interface. e) Photographs of NiOx films after

treatment with a drop of pure MAI perovskite precursor, MAI precursor containing NO3
� , or [BMIm]+, respectively. f) Change in absorbance of

NiOx films treated with various solutions. g) Schematic diagram of method for testing the effect of oxidation-reduction reaction at the NiOx/
perovskite interface on the change of Ni3+ content in NiOx and NiOx-IL films; XPS spectra of Ni 2p in h) NiOx and i) NiOx-IL films after long-term
operational stability measurements (one sun, ambient air, MPP tracking, 1000 h).
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reduction of Ni3+ to Ni2+, inhibit the decomposition of
perovskite material, and ultimately improve the operational
stability of device.

Conclusion

In this work, we innovatively synthesized NiOx-IL assisted
by [BMIm]BF4 IL to obtain high quality HTL. On the one
hand, experimental and theoretical results show that the
[BMIm]BF4 IL forms a strong hydrogen bond with nickel
hydroxide, effectively hindering the existence of the impur-
ity ligand NO3

� in NiOx HTL and improving the conductiv-
ity of the corresponding HTL; on the other hand, compared
with the control NiOx-containing impurity, the removal of
NO3

� ions can effectively slow down the redox reaction at
the NiOx/perovskite interface, thus improving the stability of
the device. As a consequence, NiOx-IL as HTL enabled the
hysteresis-free device with an efficiency of up to 22.62%.
More importantly, the device based on NiOx-IL showed a
significant improvement in ambient air and remained 90%
of its initial PCE for 6000 h. Furthermore, remarkable
operational stability was also realized in the modified
encapsulated device which can retain 92% of the initial
efficiency after 1000 h at MPP tracking under one-sun
irradiation. This strategy provides a new understanding for
the interfacial reaction of PSCs and opens a new route for
improving the performance of the HTL.
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