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of ionic-liquid-passivated mixed-
cation perovskite probed with in situ photoelectron
spectroscopy†

Suresh Maniyarasu, a Ben F. Spencer, bc Hongbo Mo, b Alex S. Walton, d

Andrew G. Thomas*bc and Wendy R. Flavell *ac

In recent times, mixed-cation metal halide perovskites have shown promising photovoltaic performance,

and the long-term stability of these metal halide perovskites has also been considerably improved by

incorporating additives into the perovskite precursor. Here, the role of ionic liquid additives in improving

the stability of perovskite is investigated by in situ surface sensitive studies. A small amount (0.3 mol%) of

1-octyl-3-methylimidazolium chloride ionic liquid (IL) is incorporated into FA0.9Cs0.1PbI3 (FACs) (where

FA represents the formamidinium cation, CH](NH2)2
+). The thermal- and moisture-induced

decomposition of FACs and IL-FACs is investigated using near-ambient pressure X-ray photoelectron

spectroscopy (NAP-XPS). A comparative study of the pristine and IL-incorporated FACs compositions

shows that the IL additive prevents the out-diffusion of organic ions (FA+) from the lattice for

temperatures up to 100 �C under 9 mbar water vapour and up to 150 �C under UHV conditions. Both

compositions exhibit better stability under 9 mbar water vapour (equivalent to �30% relative humidity)

compared with conventional methylammonium lead iodide (MAPbI3). The champion device fabricated

with IL additive exhibits an improved power conversion efficiency (PCE) of 16% compared with the 13%

PCE of the pristine FACs sample. Overall, the results suggest that the IL additive acts to improve the

device performance as well as the stability of perovskites under thermal annealing in dry environments,

but that a careful choice of IL will be necessary for full passivation in wet environments.
1. Introduction

In recent times, mixed-cation hybrid perovskites have emerged
as the leading energy-harvesting material among photovoltaic
researchers due to their superior optoelectronic properties. The
power conversion efficiency (PCE) of perovskite solar cells
(PSCs) is now 25.7% (certied 25.2%), which has almost
reached the PCE of commercialized silicon photovoltaic tech-
nology.1,2 However, both extrinsic (temperature, moisture, and
oxygen) and intrinsic (defects) factors limit the long-term
stability of perovskite material and hinder the large-scale
commercialization of PSCs.3,4 Most of the high-efficiency re-
ported PSCs are processed by a low-temperature and low-cost
solution method, which oen results in polycrystalline thin
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lms with numerous grain boundaries and defects on the
surface.5 The photovoltaic performance and stability of PSCs are
highly dependent on themorphology of the perovskite lm, and
defects facilitate the decomposition of perovskite upon contact
with environmental conditions or through ion migration under
device operational conditions.6–8 Above a certain humidity level,
reactions with moisture/oxygen cause the perovskite phase to
turn into a hydrated intermediate phase. In addition, thermal
stress also leads to the organic components in the lattice
decomposing into volatile by-products.9,10 Hence, the develop-
ment of improved quality of perovskite thin lms is paramount
in order to achieve better operational stability and device
performance.

Several approaches have been developed to control the
perovskite crystal growth and morphology, in which additives
incorporated into the precursor solution play an important role
as dopants, crystallization agents, or in passivating defect
sites.11 Alkali cations introduced from caesium iodide,
rubidium iodide or potassium iodide have been used as addi-
tives to the perovskite precursor, induce uniform crystal growth
and grain boundary passivation, resulting in improved device
performance and retarded thermal decomposition.12,13 In recent
years, ionic liquids (ILs) have been intensively investigated as
promising additives in PSCs due to their attractive and unique
This journal is © The Royal Society of Chemistry 2022
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features such as low vapour pressure, high ionic conductivity,
and high thermal stability.14,15 Introduction of these liquid-
crystalline compounds into the perovskite precursor can effec-
tively tune the crystallization kinetics of the perovskite layer,
and passivate the defects at grain boundaries and surfaces,
which results in improved device performance and stability
against device operational conditions.16,17 Shahiduzzaman et al.
incorporated 1 wt% of 1-hexyl-3-methylimidazolium chloride in
the methylammonium lead iodide (MAPbI3) precursor in N,N-
dimethylformamide (DMF) to form a uniform MAPbI3 thin lm
by a spin-coating method. The presence of IL in the perovskite
precursor slowed down the evaporation of the solvent (DMF)
during annealing and facilitated the formation of homogeneous
nucleation sites, which then grew together to form uniform
spherical MAPbI3 nanoparticles.18 Seo et al. added 5 mol% of
methylammonium formate (MaF) to the MAPbI3 precursor and
improved the PCE to 19.5%.19 The improvement in efficiency
was ascribed to the larger grain size, which resulted in efficient
charge collection and thus better photovoltaic performance.
The authors proposed a mechanism for crystal growth. HCOO�

in MaF initially coordinates with Pb2+ in the precursor, then
iodide (I�) gradually replaces HCOO� during sample annealing
and produces a homogeneous and highly oriented crystal with
no impurity phase.19 Bai et al., reported the use of 1 butyl 3
methylimidazolium tetrauoroborate IL in the triple mixed
cation perovskite composition (FA0.83MA0.17)0.95-
Cs0.05Pb(I0.9Br0.1)3. PSCs fabricated with 0.3 mol% of IL in this
triple cation composition exhibited a PCE of 19.8%, which
remained stable under full-spectrum sunlight at 70–75 �C for
more than 1800 hours.20

Although there have been several investigations of the use of
ILs to tune the perovskite crystal growth, there have been very
few investigations of the surface stability. R. Xia et al. used ex
situ X-ray photoelectron spectroscopy (XPS) to investigate the
thermal decomposition of 1-(4-ethenylbenzyl)-3-
(3,3,4,4,5,5,6,6,7,7,8,8,8) tridecauorooctylimidazolium iodide-
(ETI-) incorporated MAPbI3 thin lms aer heating at 60 �C in
a N2 atmosphere. They demonstrated that the MAPbI3 sample
without ETI content decomposed forming PbI2 and metallic
Pb0, whereas, in samples containing 1% and 4% of ETI the
formation of metallic Pb was suppressed. The authors proposed
that the ETI additive was segregated to the interfacial-grain
boundaries, inhibiting the out-diffusion of MA+ cation from
the lattice.21 However, to the best of our knowledge there have
been no in situ investigations of the separate effects of thermal
annealing and exposure to atmospheric gases on the surfaces,
and so a detailed understanding of the thermal decomposition
of these IL-assisted perovskite materials requires further
investigation.

In this work, we prepared a methylammonium- (MA-) free
mixed-cation composition FA0.9Cs0.1PbI3 (denoted as FACs
hereaer) and incorporated 0.3 mol% of 1-octyl-3-
methylimidazolium chloride (OMIM Cl) into the FACs (deno-
ted as IL-FACs) to fabricate high-quality perovskite thin lms
with large crystal domains. These samples were entirely pro-
cessed under environmental conditions at room temperature
with relative humidity (RH) of around 30–50%. The thermal and
This journal is © The Royal Society of Chemistry 2022
moisture-induced thermal decomposition of these samples was
studied using XPS and near-ambient pressure XPS (NAP-XPS) at
temperatures up to 150 �C. NAP-XPS was used to investigate
moisture-induced degradation at room temperature (RT) and
thermal decomposition under humid conditions, recording
spectra in situ in the presence of 9 mbar of water vapour pres-
sure (which is approximately equivalent to 30% RH). Our XPS
results suggest that the incorporation of IL hinders the
decomposition of organic cation from the lattice, even when not
every FACs unit at the surface is protected by an IL cation. The
incorporation of OMIM Cl into FACs was also found to improve
the crystallinity, which resulted in a signicant improvement of
PCE from 13% to 16%. However, the IL-FACs bonding is dis-
rupted on annealing in water and the organic cation in the
lattice is decomposed into gaseous by-products. The combina-
tion of XPS and NAP-XPS investigations provides insights into
designing a stable perovskite composition.

2. Experimental section
2.1 Materials

Indium tin oxide (ITO) substrates (Ossila), pre-patterned ITO
substrates for OPV testing (Ossila S211), titanium diisoprop-
oxide bis(acetylacetonate) (Sigma-Aldrich), 1-butanol (Sigma-
Aldrich), formamidine acetate salt (Sigma-Aldrich), hydroiodic
acid (57 wt% in H2O from Sigma-Aldrich), lead iodide (Alfa
Aesar, 99.9985% metal basis), caesium iodide (Sigma-Aldrich),
1-octyl-3-methylimidazolium chloride (Sigma-Aldrich, $97%),
N,N-dimethylformamide (DMF, Sigma-Aldrich), dimethyl sulf-
oxide (DMSO, Sigma-Aldrich), ethyl acetate (Sigma-Aldrich),
Spiro-OMeTAD (Sigma-Aldrich, 99%), chlorobenzene (Sigma-
Aldrich, 99.8%), 4-tert-butylpyridine (Sigma-Aldrich, 98%),
bis(triuoromethane) sulfonimide lithium salt (Li-TFSI, Sigma-
Aldrich).

2.2 Preparation of perovskite precursor solution

The FA0.9Cs0.1PbI3 precursor was prepared by dissolving 1.2 M
of PbI2 in a mixed solvent of DMF and DMSO (4 : 1 volume
ratio). The solution was stirred on a hot plate at 70 �C. Once
obtained, the saturated PbI2 solution, FAI (1.08 M) and CsI (0.12
M) were added together at room temperature and stirred until
the FAI and CsI dissolved completely. The ionic-liquid-
incorporated perovskite precursor was prepared by adding
0.05 M of ILs (1-octyl-3-methylimidazolium chloride) into the
FA0.9Cs0.1PbI3 precursor solution and stirring at room temper-
ature for 12 hours. This nominal concentration of IL passivates
the FACs with ca. 0.05 OMIM Cl molecules per FACs unit. All
precursors were ltered using a 0.25 mm PTFE lter prior to
deposition.

2.3 Deposition of perovskite samples

The preparation of formamidinium iodide (FAI) powder and
TiO2 electrodes followed the same procedure as reported in our
previous work.13 The perovskite lms were processed using
a one-step solution processing method (Fig. 1) under ambient
conditions at 35–40% relative humidity. 100 ml of perovskite
J. Mater. Chem. A, 2022, 10, 18206–18217 | 18207
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Fig. 1 Schematic representation of perovskite precursor preparation and the thin film fabrication procedure. The inset image shows SEM images
of an IL-incorporated FACs thin film.
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solution was dropped onto a pre-heated TiO2 substrate held at
70 �C and spin-coated using a two-step program of 1000 rpm for
10 s followed by 4000 rpm for 30 s. 200 ml of antisolvent (ethyl
acetate) was dripped onto the substrate during the second
program at 10 s prior to completion. The substrates were then
immediately transferred to a pre-heated hot plate and annealed
at 100 �C for 10 minutes. The nal thickness of the prepared
sample was estimated to be �350 nm, as measured using
a Veeco Dektak 8 Surface prolometer. All samples were placed
in an air-tight container and stored in a vacuum desiccator prior
to and between measurements.

2.4 Device preparation (planar architecture)

ITO-patterned substrates were ultra-sonicated with Hellmanex
detergent solution, DI water, acetone, and ethanol for 10
minutes each. The cleaned substrates were blown dry with air
and treated with a UV ozone cleaner for 15 minutes. The
compact-layer TiO2 and perovskite layers were deposited as
detailed above. The hole transport layer (Spiro-OMeTAD) solu-
tion was prepared by dissolving 70 mg of Spiro-OMeTAD in 1 ml
of chlorobenzene. To further improve the conductivity, 35 ml of
4-tert-butylpyridine and 20 ml of bis(triuoromethane)sulfoni-
mide lithium salt (520 mg dissolved in acetonitrile) were added
to the prepared Spiro-OMeTAD solution. 80 ml of this solution
was spin coated at 4000 rpm for 20 s on top of the perovskite
thin lms. Finally, 80 nm of gold electrode was deposited using
a thermal evaporator.

2.5 Characterization

The crystalline properties of both thin lms was measured
using Cu Ka X-ray diffractometer (D8 Advance, Bruker). The
18208 | J. Mater. Chem. A, 2022, 10, 18206–18217
lms were measured in the 2q range of 7–42� at a scan rate of 4�

per minute. The surface morphology of both lms was
measured using a scanning electron microscope (Quanta 250).
Light absorption and photoluminescence measurements were
carried out using an ultraviolet-visible-near-infrared spectrom-
eter (Lambda 1050, PerkinElmer) and a FLS980 spectrometer
(Edinburgh Instruments), respectively. The measured wave-
length range in the light absorption and PL measurements was
550–850 nm and the excitation wavelength in the PL measure-
ments was 450 nm. The UV and PL spectra were recorded from
samples deposited on cleaned soda-lime glass substrates to
avoid the IR absorbance of ITO. The photovoltaic properties (J–V
characteristics) were measured at RT (25 �C) under illumination
from a class AAA solar simulator (Oriel) equipped with AM 1.5G
spectral distribution (450 W xenon lamp). The PSCs were
measured using a solar cell I–V test system (Ossila, Manual-
S211) to dene the active area of 0.24 cm2. The J–V parame-
ters of the devices were measured using Keithley source meter.
2.6 XPS

Thermal degradation of both compositions in the absence of
water vapour was measured using an ESCA 2SR X-ray photo-
electron spectrometer (ScientaOmicron GmBH) under ultra-
high vacuum (UHV, <10�8 mbar) conditions. The instrument
consists of a monochromatic Al Ka (1.49 keV, 20 mA emission at
300 W) source and Argus CU hemispherical electron energy
analyzer. To minimise air exposure, samples were loaded
immediately from the vacuum desiccator into the load lock
chamber and transferred to the analysis chamber for core level
measurements. The sample plate was heated using a resistive
heating lament attached to the sample base plate. The spectral
This journal is © The Royal Society of Chemistry 2022

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta03748c


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
2/

19
/2

02
5 

5:
47

:0
0 

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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
acquisition was started once the set temperature was stabilized
and this was maintained throughout the experiment. The
survey spectra and high-resolution core level spectra were
measured at pass energies of 80 eV and 20 eV, respectively.
Spectra were aligned on the binding energy scale relative to the
C 1s peak (285.3 eV).22 In addition, a check was made by
aligning to the 4f peak of metallic Pb (137 eV);23 both methods
generated consistent binding energies. All the spectra were
processed by subtracting the background using Shirley (I 3d, Pb
4f and N 1s) or linear (C 1s and Cs 3d) background models and
the spectra were deconvoluted using Gaussian/Lorentzian
[GL(30), 70% Gaussian and 30% Lorentzian] line shapes in
CasaXPS soware. The peak intensities were corrected using
their corresponding relative sensitivity factors (RSF) from the
Scoeld library in order to calculate the surface
stoichiometries.24

2.7 NAP-XPS

The NAP-XPS instrument specications (Specs-group) and the
measurement details have been reported in our previous
publications.13 The moisture-induced degradation was carried
out in the NAP gas cell using a pressure of 9 mbar water vapour.
The samples were measured before exposure to water, during
exposure, and aer pumping out the water vapour to attain UHV
conditions (aer exposure). A similar procedure was followed
for the thermal stress measurements. Once the pressure
reached 9 mbar, the temperature was raised to 100 �C and this
temperature was maintained throughout spectral acquisition.
The temperature was then raised to 150 �C and a further data set
was acquired. Aer-exposure measurements were conducted at
room temperature under UHV conditions.

2.8 Control of degradation by X-ray irradiation

For each sample condition (in XPS and in NAP-XPS), the
samples were exposed to X-ray irradiation for around 5 hours.
Sample degradation leading to the formation of metallic lead
may occur through X-ray irradiation, for example using intense
synchrotron radiation.23 In previous work, we have assessed the
extent of X-ray-induced degradation of MAPI-based perov-
skites.13,25 This indicates that, using lab-based sources such as
those used here, beam-induced degradation is not signicant
over the timescale of our experiments, compared (for example)
with the degradation induced by annealing. The sample posi-
tion was moved by 0.5 mm to a fresh position (as the X-ray spot
size is 300 mm) for each new condition.

3. Results
3.1 Crystallography, optical, morphological properties and
device performance

The preparation of FACsPbI3 and OMIM Cl-incorporated
FACsPbI3 thin lms is illustrated schematically in Fig. 1 and
described in detail in the experimental section (Section 2). The
inuence of the OMIM Cl on FACsPbI3 crystal growth was
investigated by X-ray diffraction (XRD). Fig. 2(a) shows the XRD
patterns of the FACs and IL-FACs lms. All observed reections
This journal is © The Royal Society of Chemistry 2022
are attributable to the perovskite, with strong reections at
13.9� and 28.1� corresponding to the (101) and (201) plane of a-
FAPbI3 phase.26 Upon incorporating the IL into the perovskite
precursor, the diffraction peaks become somewhat narrower,
suggesting an enhanced crystallinity. There is an increase in the
relative intensities of the {110} and (111) reections, indicating
changes in the texture of the lm. Neither sample shows any
reection at 2q ¼ 12.7�, attributable to PbI2,26 indicating the
complete conversion of perovskite from its precursor phase and
an absence of degradation. The top-view surface morphology of
both lms was measured by scanning electron microscopy
(SEM) and is shown in Fig. 2(b) and (c). The FACs perovskite
thin lm in Fig. 2(b) shows a smaller grain size with lots of
pinholes, whereas the IL-incorporated FACs sample exhibits
larger domains with a smooth and at morphology as shown in
Fig. 2(c). The improvement in the grain size is ascribed to the
higher boiling point of IL than DMF and DMSO, which retards
the crystal growth resulting in larger grain size with reduced
grain boundaries compared with the pristine FACs lm.27,28 The
stability of perovskite thin lms is highly dependent on
a smooth morphology and large crystal size, because the
degradation is believed to be initiated from the surface and
grain boundaries.6

In order to investigate the effect of OMIM Cl on the opto-
electronic properties, we acquired absorbance and steady-state
photoluminescence (PL) spectra of perovskite thin lm in the
presence/absence of OMIM Cl. Fig. 2(d) shows absorption
characteristics of FACs and IL-FACs thin lms directly grown on
a bare glass substrate. Both samples exhibit a narrow absorp-
tion peak at �803 nm, however, the IL-incorporated sample
shows a higher absorbance across the entire wavelength region
which can be related to the uniform crystal growth. Both
compositions give a bandgap value of 1.54 � 0.01 eV, which is
consistent with the reported literature.29 Fig. 2(e) shows the
corresponding PL spectra showing that the IL-FACs sample
shows a threefold increase in the PL intensity compared with
the pristine FACs sample. The improved PL intensity in the IL-
FACs sample suggests the reduction of trap/defect density sites
in the perovskite thin lm, which might otherwise lead to non-
radiative recombination losses in the device.30 The inuence of
OMIM Cl on the photovoltaic performance was studied by
fabricating planar devices. The current density–voltage (J–V)
characteristics of FACsPbI3 and FACsPbI3/OMIM Cl devices are
shown in Fig. 2(f). The champion device prepared with
a FACsPbI3/OMIM Cl lm exhibits a short-circuit current
density (JSC) of 23.8� 1.0 mA cm�2, open-circuit voltage (VOC) of
1.01� 0.05 V, ll factor (FF) of 66.7� 1.5%, yielding a PCE (ƞ) of
16.0 � 1.0%, whereas the FACsPbI3 device conguration
demonstrates a JSC of 23.8 � 1.0 mA cm�2, VOC of 0.99 � 0.05 V,
FF of 57.2 � 1.5%, yielding a PCE (ƞ) of 13.5 � 1.0%. The
enhancement of overall performance in the IL-based device is
consistent with the suppression of non-radiative recombination
losses (as evident from the PL results) and uniform crystal
growth and lm formation.28,31 The effect of hysteresis was
studied and the graphs are shown in Fig. S1 in the ESI.† Both
devices exhibit hysteresis, however, a signicant improvement
was observed in FACsPbI3/OMIM Cl-compared to FACsPbI3-
J. Mater. Chem. A, 2022, 10, 18206–18217 | 18209
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Fig. 2 (a) XRD diffraction patterns of the FACs (black) and OMIM Cl-incorporated FACs (red, denoted as IL-FACs) thin films. (b, c) SEM images of
FACs and IL-FACs thin films. (d, e) UV absorbance and photoluminescence spectra of FACs (black) and IL-FACs thin films (red). (f). Reverse scan
J–V curves of the device prepared with FACs (black) and IL-FACs (red) thin films. The inset image in (f) shows a schematic figure of the planar
device architecture.
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based devices. The lower hysteresis in IL-based devices is
attributed to the larger crystal domains having fewer grain
boundaries, which reduces the charge carrier recombination
losses during device operation.20 The IL-additive-based devices
retained 80% of their original PCE aer 1000 hours of storage
under dark conditions at room temperature, compared to 50%
for cells based on FACs only. We associate the drop with the
intercalation of some water with the IL, a point we return to
below.
3.2 Thermal decomposition of FACs and IL-FACs under UHV
conditions

The thermal decomposition of the FACs and IL-FACs perovskite
thin lms was studied using XPS at two different temperatures
(100 �C and 150 �C) under UHV conditions. Fig. 3(a)–(d) illus-
trates the high-resolution (Pb 4f, I 3d, N 1s and Cs 3d) core level
spectra of the FACs and IL-FACs lms obtained at RT, 100 �C,
and 150 �C respectively. The XPS overview spectra of FACs and
IL-FACs are shown in Fig. S2 in the ESI.† As shown in Fig. 3(a)(i),
at room temperature, the Pb 4f core-level spectra of pristine
FACs showed two characteristic peaks at 138.7� 0.1 eV (Pb 4f7/2)
and 143.6 � 0.1 eV (Pb 4f5/2) binding energy (BE), representing
the chemical state of Pb2+ in the perovskite phase.13,23 In addi-
tion, there is a small additional doublet at lower binding energy
(137 � 0.1 eV and 141.9 � 0.1 eV BE), which can be assigned to
18210 | J. Mater. Chem. A, 2022, 10, 18206–18217
metallic Pb (herein denoted as Pb0).13 This is an indicator either
of incomplete conversion to perovskite from the precursor
solution32 or of sample degradation.33 In contrast the spectrum
of the IL-incorporated sample (Fig. 3(a)(iv)) does not show any
peak at 137 � 0.1 eV BE, suggesting that the IL in the perovskite
precursor induced complete conversion of perovskite and/or
suppressed initial degradation, consistent with the XRD
results. Relative to FACs, the position of the Pb 4f core doublet
in pristine IL-FACs is shied �0.1 eV towards lower binding
energies, to 138.6 � 0.1 eV and 143.5 � 0.1 eV BE, an effect
which has been noted previously,28,31 and which we discuss
further below. As depicted in Fig. 3(a)(ii) and (iii), the Pb 4f core
level of FACs shows a BE shi of +0.1 eV on heating in UHV to
100 �C and 150 �C, previously assigned to the decomposition of
perovskite into the PbI2 phase (and supported by the chemical
quantication discussed below).23 As reported in our previous
work, PbI2 readily decomposes into Pb0 and I2 on thermal
annealing (and under intense X-ray irradiation), which leads to
a sharp increase in the amount of Pb0 detected at the surface
(Fig. 3(a)(iii)).13,25 In contrast, the sample containing OMIM Cl
showed no shi in the Pb 4f BE position on heating, and no
peak due to Pb0, except for a very small feature in the sample
annealed at 150 �C. This indicates the initiation of decompo-
sition of the perovskite.

The high-resolution I 3d core level spectra are used to
investigate the X-site (halogen) component of the ABX3 lattice.
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 High-resolution core level spectra of FACs13 and IL-FACs thin filmsmeasured at RT, and at two different temperatures (100 �C and 150 �C)
under UHV conditions (a) Pb 4f, (b) I 3d, (c) N 1s, and (d) Cs 3d. Spectra labelled (i, iv), (ii, v), and (iii, vi) correspond to the FACs and IL-FACs samples
measured at RT, 100 �C, and 150 �C, respectively. For each condition, all spectra are normalized to the intensity of the Pb 4f7/2 core level from
Pb2+.
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Fig. 3(b) shows the I 3d doublet, which, in FACs, exhibits two
characteristic peaks at 619.5 � 0.1 eV and 631.0 � 0.1 eV, cor-
responding to the I 3d5/2 and I 3d3/2 peaks respectively.13 Rela-
tive to FACs, the I 3d core level in IL-FACs also showed a shi to
low binding energy (�0.2 eV), similar to the Pb 4f core level.
Shis to low binding energy on IL incorporation have been
attributed to bonding interaction between the perovskite halide
lattice and imidazolium in the IL structure; we return to this
topic below.27,28,31 With increasing temperature, the I 3d core
level in the FACs sample showed a BE shi of +0.1 eV (Fig. 3(-
b)(ii) and (iii)), consistent with the decomposition of perovskite
into PbI2 during sample heating under UHV conditions.13,23

There was no signicant change in the I 3d BE of IL-FACs on
heating as shown in Fig. 3(b)(iv)–(vi).

The surface chemical composition of the samples was
calculated by correcting the peak intensities using the RSFs; the
evolution with heating is shown in Fig. 4 and Table S1 in the
ESI.†

The decomposition of the organic components under
thermal stress is analysed using the C 1s and N 1s core-level
spectra. The C 1s spectra of FACs and IL-FACs are shown in
Fig. S3 in the ESI.† The C 1s spectra of the FACs sample show
two peaks at 285.3 � 0.1 eV and 288.6 � 0.1 eV BE, which
correspond to the adventitious carbon at the surface of the
perovskite and to the C atom in the formamidinium cation,
respectively.34 Following heat treatment in UHV conditions, the
intensity of both peaks gradually decreases, which implies the
decomposition of organic cation into gaseous products as re-
ported in our previous study.13 The C 1s spectra of the IL-FACs
composition are also shown in Fig. S3.† As can be seen in the
gure, additional broad structure is present at 286.0–288.0 eV
BE, which is tted using the established t for OMIM Cl, with
three components at slightly different BEs, corresponding to the
This journal is © The Royal Society of Chemistry 2022
three different environments of carbon atoms bound to N in the
imidazolium ring.35 The signal from the hydrocarbon chain of
the IL enhances the intensity at ca. 285 eV BE.35 Upon increasing
the temperature to 100 �C and 150 �C, no signicant changes
are observed in the peak intensities or BE positions. The N 1s
core-level spectra are shown in Fig. 3(c). The peak located at
400.9 � 0.1 eV BE represents the N atom in the FA cation and in
FACs, the intensity of the N signal is reduced on heating,
indicating the release of nitrogen from the surface.13 The
changes in C and N stoichiometry (Table S1†) show that within
error, the percentage rates of reduction of the FA C 1s and N 1s
signals are similar, reinforcing the conclusion that the organic
cation is lost via decomposition into gaseous products that are
not adsorbed on the surface; species including NH3, HCN and
C3N3H3 have been proposed.13,36 The N 1s spectra of IL-FACs
showed a �0.2 eV BE shi as compared to FACs, and an addi-
tional peak at higher binding energy (402.2 � 0.1 eV) which can
be assigned to the N atoms in the OMIM Cl ionic liquid.35 In this
case, there is no change (within error) observed in the chemical
ratios of C/Pb2+ and N/Pb2+ on annealing (Table S1† and
Fig. 4(c)), implying that the incorporation of IL into the perov-
skite suppresses decomposition under thermal annealing.

The C 1s and N 1s photoelectrons have similar kinetic
energies and thus probing depths, and so the data in Table S1†
allow us to make a rough estimate of the proportions of
perovskite (FA cation) and IL at the surface of the sample. We
note that the OMIM cation, if incorporated intact, has two N
atoms, ve C atoms attached to N (labelled C–N(IL) in Table
S1†) and a 7-atom hydrocarbon chain. The C–H stoichiometry in
Table S1† includes both the atoms in this chain, and the
adventitious carbon normally observed at the perovskite
surface. The FA cation contains two N atoms. Using these facts,
we can see (from comparison of themeasured N(IL) and C–N(IL)
J. Mater. Chem. A, 2022, 10, 18206–18217 | 18211
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Fig. 4 (a–d) Elemental composition changes of the FACs and IL-FACs samples determined from XPS as a function of sample heating (a) Pb0/
Pb2+, (b) I/Pb2+, (c) N*/Pb2+, and (d) Cs/Pb2+ (* the N/Pb2+ ratio presented in (c) includes only the N signal from the FA cation of the perovskite).
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signals) that the imidazolium moiety appears to be incorpo-
rated intact. Comparison of the N(FA), N(IL) and C–N(IL) stoi-
chiometries suggests a FA : IL ratio at the surface of roughly
3 : 1. We also observe a large increase in the C–H signal when
the IL is incorporated, from the hydrocarbon chain of the IL.
Because this signal also includes adventitious carbon, any
conclusions drawn must be tentative, but if we ascribe the
‘excess’ C–H signal over that observed in pristine FACs to the IL,
then the measured C–H and C–N(IL) stoichiometries are
roughly consistent with the nominal stoichiometry of the IL,
again suggesting that the OMIM cation is incorporated intact.

The effect of temperature on the alkali-metal cation (Cs+) is
investigated using the Cs 3d core-level. The Cs 3d core level
spectra of FACs and IL-FACs are shown in Fig. 3(d). The doublet
peaks at BEs of 725.1 � 0.1 eV and 739.0 � 0.1 eV can be
assigned to the Cs 3d5/2 and Cs 3d3/2 peaks respectively.13 In
both samples, the intensity of the Cs 3d5/2 peak and the Cs/Pb2+

stoichiometric ratio are gradually reduced with increasing
temperature as seen in Fig. 3(d) and in Table S1 in the ESI.†

In general, the signal observed from Cl 2p was either small or
absent. An absence of the IL anion in XPS of perovskite-IL
composites has also been noted by other authors,20 and it has
been suggested that the Cl� ion exchanges readily with the
lattice I� at the surface.28 As our XPS shows that the OMIM
cation is incorporated intact, we infer that the IL bonds to the
surface via the interaction between the OMIM cation and the
lattice I�, displacing Cl�. In general, we observe a small shi of
the core levels to low binding energy when IL is incorporated
into FACs. However, we do not necessarily regard this as
a conrmation of bonding between the two components.
18212 | J. Mater. Chem. A, 2022, 10, 18206–18217
Binding energy calibration in XPS of ILs is notoriously difficult,
due to charging under X-ray irradiation.37 Shis to both high
and low BE are observed, dependent on anion, chain length and
time under X-rays.37 Here, we choose to calibrate our BE scale
for FACs so that the aliphatic hydrocarbon peak of FACs appears
at 285.3 eV, consistent with previous literature.13,22 As we noted
above, this generates BEs that are consistent with choosing the
BE of Pb0 to be 137 eV BE.23 However, the accepted calibration of
the aliphatic C 1s of OMIM Cl is C 1s ¼ 285.0 eV BE,37 and
indeed, it was necessary to use this calibration to satisfactorily
t the OMIM C 1s spectrum (for example in Fig. S3†). Relative to
C 1s at 285.3 eV BE, I 3d, N 1s, Pb 4f and Cs 3d levels all show
a small shi (0.1–0.2 eV) to low BE on IL incorporation, which
we here attribute to BE calibration issues in the IL-incorporated
samples rather than to a bonding shi, as we would not expect
all core levels to shi in the latter scenario.
3.3 FACs and IL-FACs under 9 mbar water vapour pressure

The moisture stability of both compositions was studied by
employing NAP-XPS, in which the environment of the analysis
chamber may be adjusted to a specic pressure (up to
a maximum of ca. 9 mbar water vapour pressure, corresponding
to �30% RH). The NAP-XPS measurements of the FACs
composition exposed to 9 mbar of water vapour have been re-
ported in our previous study.13 The IL-FACs lm was exposed to
9 mbar of water vapour during spectral acquisition for approx-
imately 5 hours in the NAP-XPS measurement. A peak assigned
to O 1s was observed in the XPS spectrum of pristine IL-FACs
(Fig. S2†), which has been observed by other authors,31,38 and
is likely to be associated with water incorporation into the
This journal is © The Royal Society of Chemistry 2022
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IL.39,40 During NAP-XPS measurements, a peak at �536 eV BE
associated with gas phase water vapour was observed.41 The O 1s
core level signal showed an increase in intensity aer the NAP-
XPS measurements (Fig. S4 and Table S2†), suggesting further
incorporation of water aer exposure.

The high-resolution core-level spectra (Pb 4f, I 3d, C 1s, N 1s
and Cs 3d) of the IL-FACs measured at UHV conditions before
exposure, during exposure, and aer exposure to water vapour
are shown in Fig. 5(a)–(e). The Pb 4f, I 3d, N 1s and Cs 3d core
levels are located at 138.6 eV, 619.3 eV, 400.7 eV, and 725 �
0.1 eV, respectively. These core levels remain in the same BE
position during and aer water exposure, indicating that the
sample did not undergo signicant degradation upon exposure
to water vapour at room temperature. A similar result was found
previously for FACs.13 The lack of change in these spectra also
acts as a useful conrmation that there is insignicant beam
damage under the conditions of our experiment; for example, in
the Pb 4f spectrum, no additional doublet due to Pb0 is
observed at lower binding energy aer exposure.

As expected, the core level intensities are reduced during
exposure (Fig. 5), which is attributed to the attenuation of the
signals in the presence of moisture. The elemental ratios I/Pb2+,
N/Pb2+, Cs/Pb2+, and Pb0/Pb2+ before and aer exposure are
calculated for both compositions and reported in Table S2 in
the ESI.†13 Since the RSFs are not known for the analyser under
NAP conditions, the chemical composition during water expo-
sure is not calculated. The ratio of I/Pb2+ and N/Pb2+ for the
Fig. 5 High-resolution core level spectra of IL-FACs measured under U
vapour at room temperature (a) Pb 4f, (b) I 3d, (c) C 1s, (d) N 1s, and (e) Cs
before, during, and after exposure, respectively. For each condition, all s

This journal is © The Royal Society of Chemistry 2022
pristine FACs sample was found to be 2.6 � 0.2 and 1.2 � 0.2,
respectively, showing (within error) an insignicant decrease to
2.4 � 0.2 and 1.0 � 0.2, respectively aer exposure.13 Similar
values, which also show no signicant change aer exposure,
are seen for the IL-incorporated sample (Table S2†).

3.4 Thermal decomposition of FACs and IL-FACs under 9
mbar water vapour pressure

In order to further understand the decomposition, we per-
formed the moisture and thermal stress measurements simul-
taneously for both pristine and IL-FACs samples. Fig. 6 depicts
the high-resolution core level Pb 4f, I 3d and N 1s spectra of
FACs and IL-FACs samples measured under 9 mbar of water
vapour pressure with increasing temperature. Both samples
were measured initially at UHV conditions, then during heating
with simultaneous water exposure and again at room temper-
ature, aer pumping to regain UHV conditions aer the
experiment. As seen in Fig. 6, the positions of the 4f Pb2+ and I
3d signals of both samples are shied slightly to higher BE
when the temperature is increased to 150 �C, suggesting the
decomposition of perovskite into lead iodide (PbI2).13 This shi
appears to be larger in the case of IL-FACs. The N 1s spectra of
both samples show some loss of nitrogen at 100 �C in water
vapour, and a further increase of temperature to 150 �C
completely removed the FA cation from the lattice as no N signal
from FA (at 400.9 eV BE) was observed. In the case of IL-FACs,
the N 1s signal due to the N atoms in the IL (at 402.2 eV BE)
HV conditions, during exposure and after exposure to 9 mbar water
3d. Spectra labelled (i), (ii), and (iii) correspond to the sample measured
pectra are normalized to the intensity of Pb 4f7/2 core level from Pb2+.
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Fig. 6 High-resolution core level NAP-XPS spectra of (a, b) Pb 4f, (c, d) I 3d, (e, f) N 1s obtained from FACs (a, c, e) and IL-FACs (b, d, f) measured at
different conditions as noted. Spectra labelled (i), (ii), (iii) and (iv) correspond to the sample measured under UHV conditions, at 100 �C in 9 mbar
water vapour, 150 �C in 9 mbar water vapour and at room temperature in UHV conditions (after exposure), respectively. For each condition, all
spectra are normalized to the intensity of the Pb 4f7/2 core level from Pb2+.
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remains. The release of nitrogen is also conrmed by the cor-
responding C 1s spectra which are shown in Fig. S5 in the ESI.†
As can be seen from Fig. S5,† for both samples, the peak at 288.6
� 0.1 eV due to C bound to N in the FA cation was attenuated
with increasing temperature and completely removed at 150 �C.
Fig. 6 shows that (as in Fig. 3) the pristine FACs sample showed
the presence of some metallic Pb, and this increased somewhat
on annealing in water. The IL-FACs sample showed no signi-
cant signal due to Pb(0) at room temperature and on annealing
18214 | J. Mater. Chem. A, 2022, 10, 18206–18217
to 100 �C in water vapour, but it showed a strong metallic Pb
feature (Fig. 6(b)(iii)) and complete quenching of the FA N 1s
signal (Fig. 6(f)(iii)) on increasing the temperature to 150 �C.
These results contrast with those obtained on UHV annealing,
and suggest that the passivation effect provided by the IL is
largely removed on annealing in the presence of water vapour.
Indeed, the degradation via PbI2 to metallic Pb appears to be
rather more severe in the case of IL-FACs.
This journal is © The Royal Society of Chemistry 2022
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To provide a clear picture of degradation, the changes in the
elemental ratios between I/Pb2+, N/Pb2+, Cs/Pb2+, and Pb0/Pb2+

are calculated for both compositions and reported in Table S3
in the ESI.† The I/Pb2+ ratio for both pristine samples was found
to be 2.8� 0.2 which is close to nominal stoichiometry. Aer the
thermal treatment, the I/Pb2+ ratios were reduced to 1.7 � 0.2
and 2.0 � 0.2 for FACs and IL-FACs samples, respectively. The
corresponding N/Pb2+ ratios drop to 0.1 � 0.2 and 0.2 � 0.2
from 1.8 � 0.2 and 1.4 � 0.2, respectively. The alkali metal
content is analysed using Cs 3d spectra and reported in Fig. S5
in the ESI.† The Cs/Pb2+ ratio is calculated and reported in Table
S3 in the ESI.† The ratios of Cs/Pb2+ were calculated to be 0.08�
0.02 and 0.09 � 0.02 for the FACs and IL-FACs samples
respectively, and aer the thermal treatment in the presence of
water vapour, the corresponding ratios were 0.03 � 0.02 and
0.12 � 0.02, respectively. As we have previously noted,13 quan-
tication of the low alkali-ion concentrations by XPS is subject
to large errors, and a cautious interpretation is necessary.
Nevertheless, it appears that the loss of Cs+ from the perovskite
on heating in water is suppressed in IL-FACs compared to FACs.

The changes in surface O content of the samples during
annealing in water are presented in Table S4 and Fig. S6 of the
ESI.† At room temperature before exposure, very little O is
detected at the surface of FACs (Table S4†). However, a signicant
peak is observed at 532.8 � 0.1 eV BE for IL-FACs, consistent with
surface-adsorbed water and hydroxide (Fig. S4 and S6†).42 Aer
annealing to 150 �C in 9 mbar water vapour, in IL-FACs, this peak
is reduced somewhat in intensity, and (for both samples) a second
feature appears at 530.8 � 0.1 eV BE, consistent with incorpora-
tion of oxygen into the lattice at the surface of the sample,42 in
other words, a chemical oxidation of the sample surface. This
contrasts with the results obtained aer room temperature
exposure to water (Fig. S4 and Table S2†), where an increase in the
amount surface-adsorbed water is seen for IL-FACs.

4. Discussion

The long-term stability of metal halide perovskites has been
recently improved by altering the perovskite composition or
adding additives into the perovskite precursor whichmodulates
the perovskite growth kinetics and improves the crystal size.43

The comparative in situ study of FACs and IL-FACs thin lms
under thermal stress emphasizes the importance of including
additives into the lattice in order to improve the device perfor-
mance and stability. In general, the degradation of perovskite is
initiated by the migration of ions (predominantly the halide
anion, here I�) through vacancies in the perovskite lattice.13,44

Consistent with our previous results, ambient-processed FACs
shows a small amount of Pb0 and a lower than nominal value of
I/Pb2+ (2.7 � 0.2) (as shown in Fig. 3a(i) and 4(b)), which indi-
cates some initial degradation or incomplete conversion of
perovskite during sample preparation at ambient conditions.13

Under thermal annealing in vacuum at temperatures up to
150 �C, the FACs sample undergoes signicant decomposition
which is evidenced by the drop in the I/Pb2+ and N/Pb2+ ratios,
leaving PbI2 on the surface (as shown in Fig. 4). This is further
decomposed into Pb0 and I2 under thermal annealing and X-ray
This journal is © The Royal Society of Chemistry 2022
irradiation consistent with previously reported literature.13,45

The incorporation of a small amount of IL into the precursor
facilitates the complete conversion to perovskite with an
improvement in crystal size (Fig. 1(a) and (c)). Pristine IL-FACs
shows an I/Pb2+ ratio that is close to nominal and an absence of
metallic Pb0 as seen in Fig. 3(a) and 4(b). The IL-FACs compo-
sition appears to be stable on annealing; there is no signicant
drop in the I/Pb2+ and N/Pb2+ ratios and no signicant rise in
metallic Pb0 on thermal annealing up to 150 �C. On annealing,
the organic cation in the FACs sample is lost from the surface
and decomposes into gaseous by-products,36 and the proportion
of adventitious carbon content also decreases as reported in
Table S1 and Fig. S3 in the ESI.† In contrast, the IL sample
shows no signicant change in surface carbon content from
perovskite or IL sources on annealing, and a slight rise in
aliphatic carbon signal as seen in Fig. S3 and Table S1.†

Overall, these results clearly demonstrate that a small amount
of IL additive in the precursor (corresponding to 5 at% of IL per
FACs unit) improves the stability to thermal annealing in the
absence of water. The improvement in stability can be related to
the presence of IL molecules at the surface or grain boundaries
(where the experimentally-determined IL : FACs ratio is ca. 1 : 3),
which reduces the out-diffusion of the organic component at
elevated working temperatures.21 As we have previously noted, the
quantication of the dilute alkali-metal cation by XPS is subject to
large errors.13 However, it appears that alkali cations are lost from
both FACs and IL-FACs on UHV annealing (but only from FACs on
annealing in water). As Cs+ occupies the same site as the organic
cation,46 it is lost concomitantly with it as the perovskite lattice
degrades.13 Its loss from the surface of the IL-FACs composition
on UHV annealing is therefore perhaps surprising, but we note
that only about one third of FACs units are passivated by IL, and
Cs is quite volatile on heating in UHV.47–49

In general, humidity is known to inuence perovskite degra-
dation, but under ambient conditions it is difficult to control
precisely in order to deconvolute the separate effects of moisture
and temperature. This led us to investigate the samples using
NAP-XPS, in which the humidity can be controlled. The degra-
dation of FACs and IL-FACs was rst investigated under 9mbar of
water vapour (equivalent to 30% of RH) at room temperature. The
results in Section 3.3 demonstrate that neither of the composi-
tions studied here show a change in the metallic Pb content and
no signicant change in the I/Pb2+ and N/Pb2+ ratios aer expo-
sure to water. The core level signals of all the elements remain at
the same binding energy positions aer exposure, which
demonstrates that there is no signicant change in the chemical
environments at the surface of the samples. However, the O 1s
signal from IL-FACs is signicantly larger than from FACs and
increases aer water exposure, suggesting incorporation of water
into the IL. The results demonstrate that both the ambient pro-
cessed mixed-cation and the IL-incorporated sample are more
stable to water than the conventional MAPbI3 perovskite.25 The
comparison between the results from thermal annealing and
water exposure suggests that the decomposition of the perovskite
is largely triggered by the migration of ions.

To thoroughly understand the stability of the IL-FACs
composition, we further carried out the thermal annealing
J. Mater. Chem. A, 2022, 10, 18206–18217 | 18215
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and moisture treatments simultaneously for both composi-
tions. Section 3.4 shows that, in contrast to the results from
annealing in UHV, on annealing in the presence of water, both
FACs and IL-FACs undergo decomposition. The metallic Pb
feature emerges at 137 eV and becomes signicant with
increasing temperature as shown in Fig. 6, which indicates that
the sample is decomposed via the production of PbI2, consis-
tent with the BE shi in the I 3d and Pb 4f spectra.13,23 and the
changes in surface quantication. The organic cation is
completely lost aer annealing in water at 150 �C, evidenced by
the loss of the N 1s and C 1s signals associated with FA. In
contrast to the FACs sample, there is nometallic Pb observed up
to 100 �C for IL-FACs, but overall, it appears that the presence of
water vapour has largely removed the passivating effect of the IL
that was evident on thermal annealing in UHV. A number of
authors have studied the miscibility of OMIM-based ILs with
water,50,51 and it is clear that even the most hydrophobic ILs
show some miscibility.52 The presence of halide anions (as at
the surface of the perovskite) increases this miscibility, and
conformational changes in the IL cation are induced in the
presence of water.53 We recall that XPS showed that the ratio of
FA : IL at the surface is ca. 3 : 1, in other words the I : IL ratio is
expected to be around 9 : 1 (assuming nominal stoichiometry
for the perovskite). Thus there a signicant amount of perov-
skite surface I� which is not coordinated to OMIM cations. In
this scenario, we suggest that upon exposure to water, water
molecules can readily become intercalated with the surface-
adsorbed OMIM (as suggested by the O 1s signal in water
exposure experiments, Table S3†). On annealing to 150 �C,
oxygen becomes incorporated into the lattice at the surface of
the sample, a process that we anticipate is facilitated when the
water is trapped close to the surface as in the IL-FACs sample.
The OMIM passivating layer is disrupted, allowing lattice
decomposition (aided by ion migration) to proceed when the
sample is annealed.13 The drop in the measured PCE of 20%
over 1000 hours may therefore be attributed to this. Thus,
although the IL provides good passivation of the perovskite
surface to thermal annealing in dry environments, the choice of
IL for full passivation in environments needs some care.

5. Conclusions

We have investigated the decomposition behaviour of ionic-
liquid-incorporated mixed-cation perovskites under thermal
annealing in vacuum and in the presence of water. It is shown
that the addition of a small amount of IL to FACs improves the
perovskite nucleation and promotes larger crystal domains,
enhancing light-harvesting, device performance and stability. A
solar cell based on IL-FACs exhibited a power conversion effi-
ciency of 16%, which is higher than the equivalent device
prepared with FACs (13%). A signicant improvement of ll
factor is found in the IL-FACs devices due to the larger crystal
domains, which helps to suppress the charge carrier recombi-
nation.28,54 XPS results clearly demonstrate that a small amount
of IL additive in the precursor (producing an FA : IL ratio at the
surface of ca. 3 : 1) improves the stability to thermal annealing in
the absence of water. The improvement in stability can be related
18216 | J. Mater. Chem. A, 2022, 10, 18206–18217
to the binding of OMIM cations to the perovskite surface, which
reduces the out-diffusion of the organic component on anneal-
ing. Both FACs and IL-FACs exhibit superior moisture stability
under 9 mbar of water vapour at room temperature compared
with the conventional MAPbI3 perovskite.25 However, the
passivating effect of the IL is disrupted by the addition of water,
due to the miscibility of the IL with water in the presence of the
surface halide anions of the perovskite lattice, and, on annealing
in water, oxidation of the surface occurs. Thus, although the IL
provides good passivation of the perovskite surface to thermal
annealing in dry environments, a careful choice of IL for full
passivation in wet environments will be needed.
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