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Acetone complexes for high-performance
perovskite photovoltaics with reduced
nonradiative recombination†

Zhen Wang,a Chenguang Yang,ab Yuying Cui,b Li Xiea and Feng Hao *b

Solvent engineering has been widely employed in the preparation of high-quality perovskite films for

emerging halide perovskite solar cells (PSCs). However, the heavy use of toxic solvents (such as N-

methyl-2-pyrrolidone (NMP), N,N-dimethylformamide (DMF), etc.) has caused critical concerns for

health and the environment. Herein, a greener solvent acetone was applied to partially replace DMF and

NMP for depositing high-quality perovskite thin films. During the film deposition, an acetone–MAI–PbI2
intermediate was formed to modulate the crystallization process and reduce the grain boundary gaps to

achieve high quality perovskite films. The results of photoluminescence spectroscopy, transient photo-

voltage decay, and Mott–Schottky analysis indicated that this solvent engineering with acetone enabled

suppressed trap-assisted nonradiative recombination and facilitated the charge extraction in the corres-

ponding PSC devices. Consequently, the target devices achieved a power conversion efficiency (PCE) of

19.45%, and the open-circuit voltage was enhanced by 70 mV due to the reduced nonradiative recombi-

nation. This work provides an idea to alleviate the toxicity of processing solvents that hinders the mass

production of PSCs.

1. Introduction

Perovskite solar cells (PSCs) are attractive candidates for next-
generation photovoltaic technology due to their remarkable
efficiencies and low-cost fabrication process.1 PSCs have
achieved a certified power conversion efficiency (PCE) record
of 25.5%, which is attributed to the outstanding properties of
perovskite semiconductors, such as high defect tolerance, low
exciton binding energy, long diffusion length, strong optical
absorption, and ambipolar charge transport.2–7 By means of a
low-temperature solution process, perovskite films with low
trap density and high crystallinity can be obtained owing to the
low activation barrier for crystallization.8,9 The one-step spin
coating method is one of the most common deposition meth-
ods for preparing high-efficiency PSC devices by virtue of its
simplicity and scalability.10,11

The solution chemistry of perovskite precursors has a strong
influence on the crystallization dynamics.12,13 The growth
kinetics of perovskite crystals critically depends on the solution

of colloidal precursors with PbXn complexes.14,15 The colloids
can serve as nucleation centers, which are further organized on
the substrate forming a solid intermediate phase.16 Their
structure and stability determine the size and optoelectronic
quality of the generated perovskite particles.17 In general, the
stability of solvent-induced intermediates is closely associated
with their coordination ability with PbI2.18 Polar aprotic sol-
vents, such as N,N-dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), N,N-dimethylacetamide (DMAC), and N-
methyl-2-pyrrolidone (NMP), are widely used to form
intermediates.19–24

However, DMF, DMSO, DMCA and NMP are highly toxic and
environmentally hazardous, and are widely utilized in most
high-performance PSC devices currently.25–28 A crucial factor
limiting the large-scale production of PSCs is the massive use of
these toxic solvents.29–31 Recently, some attempts have been
made to replace the toxic solvents with less toxic g-
butyrolactone (GBL) and acetonitrile (ACN), although some-
times it is accompanied by the compromise of the device
performance.32,33 Ramadan et al. fabricated perovskite films
which were deposited from ACN solvent only with a PCE of
18.5%.34 Huang et al. applied a solvent mixture of GBL and
DMSO to form efficient PSCs with a PCE of 17.02% in an
ambient environment.35 On the way to green production of
PSCs, it is crucial and urgent to replace the toxic solvents with
green ones.36–38
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Acetone is a non-toxic, Lewis base solvent with high volatility
and low boiling point. Zhang et al. used acetone to assist the
low-temperature crystallization of CsPbI2Br perovskite films.
The addition of acetone improved the strength of the lead-
Lewis base interaction and the wettability of the perovskite
precursors.39 This demonstrated that the introduction of
environmentally-friendly solvent acetone is conducive to form-
ing high-quality perovskite films. However, the specific inter-
action between acetone and perovskite is poorly investigated
and not yet understood.

Herein, a solvent mixture of acetone, DMF, and NMP is
applied for the deposition of methylammonium lead iodide
(MAPbI3) perovskite films. The interaction between acetone
and perovskite was systematically probed by Fourier transform
infrared spectroscopy (FT-IR) and X-ray diffraction (XRD). It was
revealed that the addition of acetone can form acetone–MAI–
PbI2 complexes to regulate the crystallization process and
reduce the grain boundary gaps, resulting in the formation of
high-quality perovskite films. A series of carrier dynamic char-
acterization tests further disclosed that the formation of acet-
one complexes could not only inhibit the nonradiative
recombination but also facilitate the charge extraction. With
these effects, the PCE and the open-circuit voltage (Voc) of the
corresponding devices were significantly improved. Meanwhile,
the target device also showed improved humidity stability
owing to the high hydrophobicity of the as-prepared
perovskite film.

2. Results and discussion

The precursor solution was prepared by replacing some of the
toxic solvent with acetone. The corresponding environmental
and health impacts of different solvents are listed in Table S1
(ESI†). Compared with DMF and NMP, acetone shows better
environmental friendliness and lower health damage. The
control and target were denoted by mixing acetone and a
solvent mixture (NMP : DMF = 9 : 8 (v : v)) at volume ratios of
0 : 300 and 50 : 250, respectively. Then it was spin-coated on a
NiOx substrate to form the perovskite layer. X-ray diffraction
(XRD) measurements were performed to identify the crystalline
phase for the target and control films, as shown in Fig. 1a. It
was noted that a new crystalline peak emerged at 10.41 for the
perovskite film with acetone. It was conjectured that this peak
was ascribed to the complexes of acetone, PbI2, and MAI. To
verify this speculation, the UV-Vis absorption spectra of PbI2,
MAI, and equivalent PbI2 and MAI dissolved in acetone were
collected, as shown in Fig. 1b. A sharp peak at 324 nm was
assigned for MAI absorption in acetone solution and a broader
peak at 339 nm was ascribed for PbI2 absorption in acetone
solution. In particular, a new absorption peak at 374 nm
presented in the solution with equivalent PbI2 and MAI dis-
solved in acetone. This indicated that this emerged absorption
peak can be attributed to a new complex formed by acetone
with MAI and PbI2. Afterward, a supersaturated solution was
prepared by dissolving an equimolar ratio of PbI2 and MAI in

Fig. 1 (a) XRD spectra of the control and target perovskite films. (b) UV-Vis absorbance spectra of PbI2, MAI, and MAI-PbI2 dissolved in acetone. (c) XRD
spectra of the acetone–MAI–PbI2 complex powder, PbI2 powder, and MAI powder. (d) The FT-IR spectra of the control and target perovskite films.
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acetone, and then dried into a powder. The XRD patterns of
acetone–MAI–PbI2, PbI2, and MAI powder are exhibited in
Fig. 1c, respectively. The peak of acetone–MAI–PbI2 powder
cannot be assigned in the existing database, thus confirming
the formation of acetone complexes with PbI2 and MAI (Fig. S4,
ESI†). As shown in Fig. 1c, the acetone–MAI–PbI2 powder
exhibited a characteristic peak at 10.41, which is consistent
with the extra XRD peak in the target perovskite film (Fig. 1a).
The presence of the acetone–MAI–PbI2 complex is further
confirmed from the Fourier transform infrared spectroscopy
(FT-IR) spectra. As shown in Fig. 1d, compared to the control
perovskite film, the target film showed an additional peak at
1683 cm�1, which is ascribed to the CQO stretching of
acetone.40 Similarly, the stretching vibration peak of the C–N
bond at 1056 cm�1 of the control film shifted to 1071 cm�1 for
the target film owing to the coordination between N and the
carbonyl of acetone.41 Therefore, it was confirmed that the
acetone–MAI–PbI2 complexes were formed by the coordination
reaction between acetone with MAI and PbI2. Moreover, the
carbonyl of acetone interacts with the lead ion in PbI2,39 while
the carbonyl of acetone interacts with both N and Pb ions in the
acetone–MAI–PbI2 complex. The schematic diagram of the
acetone–MAI–PbI2 complex is shown in Fig. S5 (ESI†).

Since the acetone–MAI–PbI2 complexes are presented in the
precursor solution, it is noteworthy to explore the influences of
the complexes on the crystallization process of the perovskite
films. XRD spectra of the perovskite films were collected with
different annealing times. The diffraction intensity at the (110),

(220), and (310) crystal plane of the control and target perovskite
films was significantly enhanced with increasing the annealing
time, as shown in Fig. 2a and b. Moreover, the diffraction intensity
of the peak at 10.41 gradually diminished during the annealing
process for the target film. This indicated that the acetone–MAI–
PbI2 complex was in decline with the increase of the annealing time,
which may affect the crystallization process of the perovskite film.
Fig. 2c and d show the scanning electron microscopy (SEM) images
for the control and target perovskite films. The target film with
acetone showed reduced grain size and more compact boundaries.
The average grain size of the target film with acetone was around
135 nm, while the grain size averaged at 216 nm for the control
perovskite film (Fig. S6, ESI†). The formation of the acetone–MAI–
PbI2 complexes in the precursor film leads to an increased number
of nucleation sites and thus reduced the grain size of the target
perovskite film.

Inverted PSCs with FTO/NiOx/perovskite/PC61BM/PEI/Ag
structure were assembled to explore the role of the intermedi-
ates on the photovoltaic performance. The current density–
voltage ( J–V) curves were collected under simulated AM 1.5 G
(100 mW cm�2) solar illumination (Fig. S7 and Table S2, ESI†).
The volume ratio of acetone to NMP/DMF mixture was varied
from 0 : 300 to 60 : 240, and the best performance was attained
at the optimal ratio of 50 : 250. The specific properties of the
PSC devices are presented in Fig. 3a and Table 1. The target
device exhibited a PCE of 19.45%, with a short-circuit photo-
current density ( Jsc) of 22.01 mA cm�2, an open-circuit voltage
(Voc) of 1.12 V, and a fill factor (FF) of 79.02%, respectively. While for

Fig. 2 XRD profiles for the control (a) and target (b) films with different annealing times. Top view SEM of the control perovskite film (c) and the target
film (d).
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the control device, it only achieved a PCE of 18.12%, a Jsc of
21.04 mA cm�2, a Voc of 1.05 V, and a FF of 82.14%. The
performance enhancement of the target device was manifested in
the enlargement of the Voc and Jsc value. The integrated photocurrent
densities ( Jint) were interpreted from the incident photon-to-electron
conversion efficiency (IPCE) spectra, which also can reflect the
accuracy of Jsc. The target devices generated a Jint of
21.71 mA cm�2 compared to the control devices with
20.70 mA cm�2, both of which were highly in accordance with the
Jsc value, as shown in Fig. 3b. At the maximum power point (MPP),
both the stabilized current density and the steady-state power output
were monitored in 220 s (Fig. 3c). The control device exhibited a
steady Jsc of 19.95 mA cm�2 and a PCE of 17.78% at the MPP of
0.90 V, while the target device showed a steady Jsc of 20.54 mA cm�2

and a PCE of 18.79% at the MPP of 0.94 V. A batch of 25
independent devices for the control and target experiment were
prepared to further confirm the repeatability of the photovoltaic

performance. The target devices exhibited a significantly higher Voc

and PCE than the control devices (Fig. 3d and Fig. S8, ESI†). The
improvement of Voc and Jsc may be related to the high-quality
perovskite film crystallized from the acetone–MAI–PbI2 complex.

Ultraviolet and visible (UV-Vis) spectra of the perovskite
films were collected in Fig. 4a. Typically, the target film showed
slightly enhanced absorption at the wavelength of 550–750 nm,
which was mainly related to the more compact morphology
compared to the control film, as presented in Fig. 2. Moreover,
based on the steady-state photoluminescence (PL) spectra, it
showed that the PL intensity of the target film was enhanced
about 10 times compared to the control one (Fig. 4b), thus
indicating the superior crystalline quality for the target
film.42,43 Furthermore, transient photocurrent decay (TPC)
was measured to monitor the charge transport in the device.
As shown in Fig. 4c, it demonstrated that the photocurrent
decay time of the target device (0.69 ms) was prominently
shorter than that of the control one (1.57 ms). It suggested that
faster charge transport occurred in the target devices.44

Besides, transient photovoltage decay (TPV) was further mea-
sured to investigate the charge recombination lifetime. It
showed that the target device reached up to 12.46 ms compared
to 5.38 ms of the control one, which was presented in Fig. 4d.
This suggested that the charge recombination in the target
device was substantially diminished.45

In addition, the J–V property was probed at different light
intensities (1–100 mW cm�2) to further investigate the charge

Fig. 3 (a) J–V curves of the control and target devices. (b) IPCE spectra and the corresponding integrated photocurrent density (Jint) for the control and
target devices. (c) The steady-state power output and photocurrent of the devices. (d) Statistical distributions of Voc for a batch of 25 independent
devices.

Table 1 Photovoltaic parameters for the control and target devices

Jsc (mA cm�2) Voc (V) FF (%) PCE (%)

Control Reverse 21.04 1.05 82.14 18.12
Forward 20.99 1.05 81.95 18.02
Average 21.02 � 0.02 1.05 � 0.01 82.04 � 0.10 18.07 � 0.05

Target Reverse 22.01 1.12 79.02 19.45
Forward 21.84 1.12 76.43 18.71
Average 21.93 � 0.09 1.12 � 0.01 77.73 � 1.29 19.08 � 0.37
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recombination kinetics. The curves of Voc versus light intensity
are shown in Fig. 4e. Notably, a slope of 1.46 kBTq�1 was

acquired for the target device. While a slope of 1.66 kBTq�1

was attained for the control device. Consequently, the slope of

Fig. 4 (a) UV-Vis absorption and (b) steady-state PL spectra for the control and target film, (c) normalized TPC and (d) TPV, (e) Voc dependence on the
light intensity, (f) Nyquist plots for the control and target devices. The inset of (f) shows the corresponding equivalent circuit for the fitting.

Fig. 5 SCLC plots of electron-only devices for (a) the control and (b) target devices with a structure of FTO/SnO2/perovskite/PC61BM/Ag; (c) photo-
CELIV current transients and (d) Mott–Schottky plots at 20 kHz under dark conditions for the control and target devices.
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the target device was more closer to 1, thus reflecting the
suppressed Shockley–Read–Hall (SRH) recombination in the
target device.46 Finally, the charge transport properties of
the PSCs were elucidated by electrochemical impedance
spectroscopy (EIS). Fig. 4f and Table S3 (ESI†) depicted the
Nyquist plots under dark conditions. The target device dis-
played a higher recombination resistance (Rrec) of 575 O
compared to the 310 O for the control device, which implied
that the target device was more restrained in charge recombi-
nation than the control device.47 A slight reduced series resis-
tance (Rs) indicated better crystalline quality in the target
device.48

Additionally, the trap state density (Nt) can be evaluated
based on the space charge-limited current (SCLC),49 which can
be determined via the trap-filled limit voltage (VTFL) according
to the equation:

Nt ¼
2ee0VTFL

eL2
(1)

Where e is the relative dielectric constant of MAPbI3, e0 is the
vacuum permittivity, L is the thickness of the perovskite film
(L = 420 nm) and e is the elementary charge of an electron,
respectively.47 An electron-only device with an FTO/SnO2/per-
ovskite/PC61BM/Ag structure was used to measure the VTFL in
the dark. As shown in Fig. 5a and b, the VTFL value of the target
device was 0.83 V, and it was a bit lower than that of the control
device (0.92 V). Therefore, the target film exhibited a lower Nt

value of 3.64 � 1016 cm�3 compared to that of the control
device (4.03 � 1016 cm�3). The decreased defect density indi-
cated that the acetone–MAI–PbI2 complex could effectively
passivate defects of perovskite films, which was consistent with
the PL results.50 The carrier mobility was determined from the
photo-generated carrier extraction via the linearly increasing
voltage (Photo-CELIV) technique.51,52 The electron mobility (me)
can be described as follows:

me ¼
2d2

3Atmax
2 1þ 0:36

Dj
j0

� � (2)

where Dj, j0, tmax, d, and A correspond to the maximum current,
displacement current, time at the maximum Dj of the extraction
peak, thickness of the device, and voltage rise speed, respec-
tively. Using an electron-only device with (FTO/SnO2/perovskite/
PC61BM/Ag) structure, the target device showed a me of 1.49 �
10�3 cm2 V�1 s�1, which is larger than that of the control one
(9.22 � 10�4 cm2 V�1 s�1), as shown in Fig. 5c and Table S4
(ESI†).

The electronic and doping characteristics of the devices were
investigated via Mott–Schottky (M–S) analysis.53 Under dark
conditions, the junction capacitance is calculated based on the
function of bias voltage, as shown in eqn (3):

1

C2
¼ 2

ee0qA2Nd
ðVbi � VÞ (3)

where V, e, e0 A, q and C are the applied potential, the relative
dielectric constant, the vacuum permittivity, the active area of

the device, the elementary charge and the measured capaci-
tance, respectively.54 The value of doping density of the donor
(Nd) and built-in potential (Vbi) are obtained from the M–S
curves. Vbi could be specified as an intercept with the X-axis of
the linear region in the Mott–Schottky diagram. Notably, as
shown in Fig. 5d, the Vbi of the control devices enhanced from
0.96 V to 1.12 V of the target devices, which is in accordance
with the increased Voc.55 As we know, one of the crucial factors
limiting the large-scale application of PSCs is the operation
stability.56 Herein, the performance stability of the devices
under humidity conditions was investigated. As shown in
Fig. S9 (ESI†), the unencapsulated target devices exhibited
better stability than the control devices at 20% relative humid-
ity and 25 1C, maintaining 80% of the original PCE after more
than 500 hours. The improvement in stability is mainly due to
the improvement of the film quality and reduction in trap
density.57 Fig. S10 (ESI†) presents the water contact angle of the
perovskite films. The target film showed a water contact angle
of 57.61, higher than that of the control film (40.81), which
supported that the acetone complex could enhance the hydro-
phobicity of the perovskite film.

3. Conclusions

In summary, high-quality perovskite thin films were deposited
using the eco-friendly solvent acetone to replace some of the
toxic NMP/DMF as the solvent. It demonstrated that the for-
mation of acetone–MAI–PbI2 complexes could obviously
improve the quality of the perovskite thin films by modulating
the crystallization process. The as-prepared perovskite films
exhibited reduced grain size and grain boundary gaps, with a
more compact morphology. The PL, TPC, TPV, and light
intensity dependence results of Voc demonstrated that the
target films were able to suppress the trap-assisted nonradiative
recombination. Also, the built-in potential (Vbi) was enhanced
for the target device, which can serve to increase the charge
extraction process. Therefore, the target devices exhibited
favorable improvement in Voc and Jsc, and the inverted MAPbI3

PSCs exhibited a substantial improvement of the PCE (19.45%).
The combination of improved hydrophobicity and decreased
trap density further contributed to better stability in a humid
environment. The green solvent acetone is expected to be
extendable to other perovskite compositions, which provides
a greener route towards the environmentally friendly manufac-
turing of PSCs.

Conflicts of interest

The authors declare that they have no conflict of interest.

Acknowledgements

This work was financially supported by the National Natural
Science Foundation of China NSFC (51702038 and 52102145),
the Xi’an Science and Technology Bureau Planning project

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 6

:4
2:

38
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma01165k


© 2022 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2022, 3, 2047–2055 |  2053

(Grant No. 21XJZZ0054), the Postdoctoral Science Foundation
of Shaanxi Province (Grant No. 2018BSHEDZZ101), the Science
and Technology Bureau of Beilin District, Xi’an (Grant No.
GX2035), the Key Project of the Science & Technology Depart-
ment of Sichuan Province (2020YFG0061) and the Recruitment
Program for Young Professionals.

References
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