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ABSTRACT: Organic−inorganic hybrid perovskite-based solar cells (PSCs) have made impressive progress during the
past few years, and record power conversion eﬃciency over 23% has been achieved. However, for solution-processed
perovskite ﬁlms, one of the major challenges for ﬁlm quality improvement is the lack of a regulation strategy for the
colloids in the precursor solution. Here, we demonstrate facet-dependent colloid engineering to adjust the quality of a
perovskite ﬁlm and its photovoltaic performance. This is realized by the development of a facet passivation strategy to
synthesize PbI2 (S-PbI2) with tunable morphology. Further, facet-dependent PbI2 colloid regulation is demonstrated, and
the relations among the morphology of the PbI2 crystal, features of PbI2 colloids, the morphology of the PbI2 ﬁlm, and the
photovoltaic performance of MAPbI3 are established. The PSCs based on 10% S-PbI2 exhibited a best PCE of 20.22% with
improved device reproducibility and hysteresis index compared to that using commercial PbI2 (∼18%).

T

silicon alternative due to its solution processability, low
processing cost, abundant raw materials, high light utilization
eﬃciency, ﬂexibility, and acceptable long-term stability.6−9 To
boost the photovoltaic performance of PSCs, one of the most
eﬀective strategies is to improve the quality of the solutionprocessed perovskite ﬁlm. Strategies, such as processing

he emerging development of eﬃcient electronic
devices (e.g., solar cells, light-emitting diodes, photodetectors, and transistors) based on organic−inorganic
hybrid lead halide perovskite materials has been one of the
most exciting research ﬁelds in the past few years.1−5
Perovskite materials have been identiﬁed to be the most
promising candidate in next-generation photovoltaic devices.
Speciﬁcally, perovskite solar cells (PSCs) have obtained the
newest record power conversion eﬃciency (PCE) of 23.3%
and hold great promise in large-scale commercialization as a
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Figure 1. (a−j) SEM images of S-PbI2 synthesized with diﬀerent AA concentrations: (a,f) 5% S-PbI2, (b,g) 10% S-PbI2, (c,h) 20% S-PbI2,
(d,i) 40% S-PbI2, and (e,j) 80% S-PbI2. (k) Schematic diagram of the morphology evolution of S-PbI2 under increased AA concentration. (l)
XRD patterns of S-PbI2 samples. (m) Intensity ratio of the evolution of the (001) diﬀraction peak to the (101) diﬀraction peak in XRD
patterns.

engineering,10−14 interface engineering,15−18 solvent engineering,19−22 composition engineering,23−25 additive engineering,26−29 and colloidal engineering,30−36 have been developed
to modify the crystallinity, orientation, grain size, defect trap
states, carrier transportation, and optical responses of the
perovskite ﬁlm.
When fabricating a perovskite ﬁlm via the solution method,
the precursor solution is primarily prepared. It has been
noticed that the characteristics of the colloids in precursor
solution strongly determine the features of the perovskite
ﬁlm.30−36 In 2015, Yan et al. reported that adjusting the
stoichiometric ratio of PbI2/MAI/MACl could tune the
coordination degree and mode of PbI2/MAI colloids in the
initial colloidal dispersion, leading to improved quality of the
MAPbI3 ﬁlm using a one-step spin-coating method.32 Thereafter, dimethyl sulfoxide (DMSO),33,34 hydrohalic acids,35 and
aging time36 are proposed to be eﬀective in changing the
characteristics of a PbI2/MAI colloidal dispersion. In addition
to the one-step spin-coating ﬁlm formation method, adjusting
the PbI2 colloidal dispersion in a sequential ﬁlm fabrication
process has also made some progress. Wu et al.30 used a small
amount of H2O to make a homogeneous PbI2 precursor by
changing the dispersibility of the PbI2 colloids. It was found

that the morphology, crystallinity, and orientation of the PbI2
ﬁlm are shown to be tunable upon H2O addition. Later, Li et
al.31 used acetonitrile (ACN) to reduce the average size of PbI2
colloids, though the size distribution of PbI2 colloids was still
shown to be unchanged. Despite the progress being made, the
main determinant factors and the underlying mechanism for
colloidal control are still lacking understanding.
It has been demonstrated that the raw materials in the
precursor solution of MAPbI3 perovskite actually form a
colloidal dispersion rather than really dissolved solution;
therefore, the characteristics of raw material should also have
an impact on the colloidal properties, which further determines
the quality of the perovskite ﬁlm.37 This helps explain the
diverse results obtained from diﬀerent laboratories even
following the same ﬁlm fabrication process because diﬀerent
raw materials (from diﬀerent manufacturers and/or diﬀerent
batches) could lead to diﬀerent features of colloids in the
precursor. However, little has been known about how the
features of the raw materials inﬂuence the properties of colloids
in a precursor, the quality of the perovskite ﬁlm, and the
photovoltaic performance of PSCs.
In this work, a facet-dependent colloid engineering strategy
is developed to demonstrate how raw materials colloids
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engineering may translate into ﬁlm features and whole device
performance. For the ﬁrst time, synthesized PbI2 (S-PbI2) with
controlled morphology and size distribution is realized, and its
growth mechanism is theoretically investigated via ﬁrstprinciples calculation. It is found that the hydrogen (H)
atom could preferentially adsorb and chemically bond with the
I atom on the (101) facet of the PbI2 crystal and lower its
surface energy. This facet passivation capability leads to
diversity in the growth rate of diﬀerent facets, leading to
tunable morphology of the PbI2 crystal. It is further observed
that the PbI2 colloid in the prepared precursor shows a tunable
size distribution depending on the facet proportion of the PbI2
crystal. As a result, the properties of the corresponding PbI2
ﬁlms as well as MAPbI3 ﬁlms can be facilely adjusted
depending on diﬀerent PbI2 raw materials. The n−i−p PSC
device using S-PbI2 as a raw material shows a PCE of 20.22%
(under reverse scan) compared to that using commercial PbI2
(C-PbI2) of 18%. More importantly, the device based on SPbI2 also exhibits superior device reproducibility and hysteresis
index compared to that based on C-PbI2.
It has been reported that a weak acid environment is
necessary to obtain the PbI2 phase (pH ≤ 6) instead of the
Pb(OH)I phase (pH ≥ 7), and a small amount of acetate acid
(AA) has been used to create such a weak acid environment.38
Following this procedure, we surprisingly found that by
adjusting the AA concentration in the reaction solution, the
morphology (both shape and size) of the prepared PbI2 crystal
is shown to be diﬀerent. Figures 1 and S1 show the SEM
images and photographs of the as-prepared S-PbI2 samples,
respectively. It can be observed that the morphology of the
PbI2 crystal changes as the AA concentration increases.
Speciﬁcally, as the AA concentration increases from 5 to 80
wt % (named as 5% S-PbI2−80% S-PbI2), the proportion of
the (101) facet of the PbI2 crystal increases, while the
proportion of the (001) facet decreases. It is worth noting that
when the AA content is very low (5% S-PbI2), there are many
unstructured PbI2 crystals existing (Figure 1a), and a wellshaped hexagonal tetradecahedron structure with a neat surface
is formed as the AA concentration increases (Figure 1f−j).
This observation indicates the important role of AA in the
formation of a well-shaped PbI2 crystal. In addition, it is found
that the size of the PbI2 crystal dramatically decreases when the
AA concentration increases (Figure S2). Table 1 collects the

proportion of the top surface and increasing proportion of
the bevel surface of the PbI2 crystal as the AA concentration
increases. Moreover, due to the easy evaporability of AA, the
prepared S-PbI2 shows no organic residue (Figure S3). The
purity of the raw material is most important to obtain for a
perovskite ﬁlm with high quality; therefore, the S-PbI 2
prepared in our work can be directly applied in perovskite
ﬁlm fabrication.
To disclose the mechanism of the morphology evolution of
the S-PbI2 samples, the crystal growth model is adopted to
describe the growth kinetics of the PbI2 crystal. The Wulﬀ’s
theorem notes that the thermodynamically controlled crystal
growth process tends to minimize the total surface free energy
of the crystal; therefore, the growth rate of a certain facet is
proportional to its surface free energy per unit area (eV/Å2).39
This means that the facet with higher surface energy possesses
a faster growth rate, which would cause the gradual
disappearance of this facet during the growth procedure,
leading to the reduced proportion of this facet in the ﬁnal
crystal.40 It has been well-established that the presence of a
capping agent can preferentially interact with a speciﬁc facet of
a crystal, and the order of the surface energies of diﬀerent
facets could also be changed.41,42 In our case, because the
increased AA concentration is observed to lead to morphology
variation of the PbI2 crystal, it is reasonable to hypothesize that
the hydrogen (H) atom might function as a capping agent and
change the surface energy of the PbI2 crystal.
To verify this assumption, density functional theory (DFT)
(calculation details can be seen in the Supporting Information)
is carried out to calculate the surface energies of (101) and
(001) facets of the PbI2 crystal before and after H adsorption.
The calculated surface energies of clean (001) and (101) facets
of the PbI2 crystal with and without H adsorption are listed in
Table 2. It should be noted that that (001) facet is not able to
be terminated by Pb, while the (101) facet terminated by Pb
shows much higher values (0.175 eV/Å2) than that terminated
by I (0.114 eV/Å2). This result means that Pb exposure is not
favorable in the PbI2 crystal; therefore, the bonding of the
CH3COO− group with Pb2+ during PbI2 formation is not
thermodynamically possible. Therefore, the case of PbI2(001)
and (101) facets terminated by I atoms is considered in this
work.
When no H atom is presented, the (001) facet of the PbI2
crystal shows the lowest surface energy. Due to the nature of
the layered structure of the PbI2 crystal, the surface energy of
the (001) facet is related to the interlayer van der Waals (vdW)
interaction, which is negligible without vdW-DF included
(0.003 eV/Å2). Even if considering the vdW-DF exchange−
correlation functional, which suggests stronger interlayer
interaction, the calculated surface energy of the (001) facet
is also much lower compared to that of the (101) facet. This
result indicates the dominant exposure of (001) facets in a
naturally formed PbI2 crystal, which is in agreement with our
experimental ﬁnding of the extra exposure of the (00l) facet
when PbI2 is prepared using a classical precipitation method
from a supersaturated PbI2 precursor in neutral aqueous
solution (Figure S4).
When the H atom is presented, starting from the relaxed
clean surface conﬁgurations, the I−H bond length is manually
set to 1.650 Å in the unrelaxed structures of the (001) and
(101) facets. As illustrated in Figure 2a, it is found that the
(001) facet is less stable after being fully covered by H atoms.
The distance between the H-adsorbed I atom and the adjacent

Table 1. Proportion of (001) and (101) Facets and Crystal
Size in Diﬀerent S-PbI2 Samples
sample (μm)

AA conc.
(wt %)

(001)
(%)a

(101)
(%)a

mean size
(μm)b

5% S-PbI2
10% S-PbI2
20% S-PbI2
40% S-PbI2
80% S-PbI2

5
10
20
40
80

75.8
66.7
59.2
44.7
34.3

24.2
33.3
40.8
55.3
65.7

22.51
20.21
16.48
10.68
4.25

a

Calculated from the surface area of each facet of 10 typical particles
in the SEM image. bCalculated from every particle in the SEM image.

proportion of (001) and (101) facets as well as the mean
crystal size of the S-PbI2 samples. From the XRD measurement
(Figure 1l,m), it can be observed that the intensities of (00l)
peaks signiﬁcantly reduce, while the intensities of (h0l) peaks
increase as the AA concentration increases. This is in
agreement with SEM images that show the reducing
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Table 2. Calculated Surface Energies (σ) for the Clean PbI2(001) and (101) Facets Terminated by the Pb Layer (σPb‑ter.) and I
Layer (σI‑ter.), Calculated Surface Energies for the Fully H Covered (σH) PbI2(001) and (101) Facets Terminated by I Atoms,
and Single H Binding Energies (Eb)a
facet

σPb−ter. (eV/Å2)

σI−ter. (eV/Å2)

σH (eV/Å2)

(001)
(101)

n/a
0.175

0.027
0.114

0.141
0.079

Eb (eV)
−0.037
−0.252 (i)

LI−H (Å)
−0.221 (o)

1.710
1.633 (i)

1.723 (o)

For the (001) facet, only I termination is applicable. The last column lists the I−H bond length (LI−H). “(i)” and “(o)” denote the inner and outer
I sites, as depicted in Figure 2b.

a

Figure 2. Unrelaxed and relaxed structures of (a) (001) and (b) (101) facets of the PbI2 crystal that are fully covered by H atoms viewed
along the z-axis (perpendicular to the direction of the slab stacking) of the supercells. The x-direction of all of the supercells is cut to
emphasize the surface structure. “(i)” and “(o)” in (b) denote the inner and outer adsorbed H sites, respectively. The gray spheres represent
the Pb atoms, purple are for I atoms, and cyan are for H atoms. (c) Illustration of the growth mechanism of the PbI2 crystal under diﬀerent
H concentrations.

atom and the rest, 0.44 e−, is from the adjacent Pb−I bonding.
The H-covered (101) facet has a surface energy of 0.079 eV/
Å2, which is lower than that of both the clean (101) surface
(0.114 eV/Å2) and the fully hydrogenated (001) surface
(0.141 eV/Å2). All of these results show that H preferentially
adsorbs on the (101) facet of the PbI2 crystal and signiﬁcantly
lowers its surface energy. As a result, when the H concentration
is high, according to Wulﬀ’s theorem discussed above, the Hcovered (101) facet with lowered surface energy will expose
more in the formed PbI2 crystal. These results perfectly explain
the morphology evolution of the PbI2 crystal as the AA
concentration increases, observed in Figure 1.
The growth process of the the PbI2 crystal with a hexagonal
tetradecahedron structure is depicted in Figure 2c. For the
crystal growth, the PbI2 monomer will ﬁrst adsorb on all of the
PbI2 facets and then migrate to the edges of these facets to
promote facet growth. According to the calculation results
above, under low H concentration, the surface energy of the
(101) facet is higher (i.e., higher growth rate of the (101)
facet), and thus, its adjacent facet (001) will become dominant
in the ﬁnal crystal, shaped like a plate. While under high H
concentration, the (101) facet is “passivated” by the adsorbed
H atoms, and the surface energy of the (101) facet becomes
lower (i.e., higher growth rate of the (001) facet). Therefore,
the (101) facet will be in higher proportion in the ﬁnal crystal,
shaped like a frustum. It is worth noting that under high H

Pb atoms increases signiﬁcantly from 3.248 to 3.674 Å upon
the existence of the H atom. In addition, our Bader charge
analysis reveals that the charge transfer between the Hadsorbed I atom and its neighboring Pb atoms almost vanishes
in the relaxed conﬁguration. A similar conﬁgurational
relaxation is found in the single H adsorption (1/32 H
coverage) case, where the binding energy (Eb) between the H
and I atoms on the (001) facet is also negligible, as listed in
Table 2. Besides, the H-covered (001) facet has a much higher
surface energy (0.141 eV/Å2) even compared to the clean
(001) facet (0.027 eV/Å2). These results demonstrate that the
Pb−I bonds are eﬀectively “broken” upon H binding with I on
the (001) facet, which means that the bonding of H on the
(001) facet is unfavorable. In other words, H adsorption on the
(001) surface can be regarded as a vdW interaction rather than
bonding, which is better to be considered as a hydrogenated
(001) surface. On the contrary, the (101) surface appears to
“hold” the adsorbed H atoms in a more superior way because it
accommodates the H atoms by undergoing more signiﬁcant
surface reconstruction without breaking any Pb−I bonds
(Figure 2b). With the assistance of stronger binding, the inner
H atoms (site “(i)”) are pulled even closer to the surface.
Therefore, all of the adsorbed H atoms form an overall “zigzag”
contour, which supports a more energetically favorable charge
density distribution on the surface. The adsorbed I atom site
holds 7.58 e− in this conﬁguration; about 0.14 e− is from the H
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Figure 3. (a) Photographs, (b) Tyndall eﬀect, and (c) DLS measurements of S-PbI2 colloidal dispersions in DMF. Schematic diagram of the
formation of a PbI2 colloidal dispersion and PbI2 ﬁlm from (d) 5% S-PbI2 and (e) 80% S-PbI2. (f−j) SEM images, (k) grain size distribution,
and (l) XRD of PbI2 ﬁlms made from diﬀerent S-PbI2 samples.

forming PbI2 colloids in DMF, layered PbI2 will be exfoliated
by a DMF molecule through the (101) facet or defect sites on
the (001) facet due to the coordination interaction between
nitrogen in DMF and Pb2+ in PbI2.43 In this case, PbI2 colloid
ﬂakelets composed of (001) planes could be formed. This can
be evidenced by the DLS measurement that the PbI2 colloids
show two distinguished size distributions, which are attributed
to the lateral dimension and longitudinal dimension of the PbI2
(001) plate (Figure S5). Therefore, the size distribution of
PbI2 colloids shows a high dependence on the proportion of
diﬀerent facets and the crystal size of PbI2 raw material (Figure
3d,e). It is worth noting that the commercial PbI2 (C-PbI2)
material (from Sigma-Aldrich) shows an average size at ∼900
nm with a relatively broad size distribution (Figure 3c), which
is consistent with the results reported in the literature.31,32 This

concentration the lateral growth of a small PbI2 crystal is
simultaneously restrained because of H passivation of the
(101) facet; therefore, the size of the PbI2 crystal becomes
smaller as the AA concentration increases.
To demonstrate the facet-dependent variation on the
features of PbI2 colloids, we characterize the S-PbI2 colloidal
dispersions in DMF. The Tyndall eﬀect of all of the S-PbI2
dispersions (Figure 3b) indicates their colloidal nature. The
dynamic light scattering (DLS) measurements (Figure 3c)
demonstrate that the S-PbI2 colloidal dispersions show a
decreased average size and narrowed size distribution as the
AA content increases. For example, 5% S-PbI2 dispersion
shows an average size at ∼1000 nm with a broad size
distribution, while 80% S-PbI2 dispersion shows an average size
at ∼420 nm with a much narrower size distribution. When
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Figure 4. (a−e) SEM images of MAPbI3 made from diﬀerent S-PbI2 ﬁlms. Schematic diagram of the conversion from PbI2 grains into
MAPbI3 grains in (f) 5 and (g) 80% S-PbI2 ﬁlms. (h) Grain size distribution and (i) XRD pattern of MAPbI3 ﬁlms.

ﬁlm (Figure S7), which is consistent with the observed
morphology evolution in S-PbI2. The XRD patterns of these SPbI2 ﬁlms (Figure 3l) show only typical (00l) peaks, which
indicates the parallel orientation of PbI2, which veriﬁes the
exfoliation of PbI2 (00l) planes by a DMF molecule when
forming PbI2 colloidal dispersion. In addition, the decreased
intensity of (00l) peaks indicates that the reduced size and
narrowed size distribution of S-PbI2 colloids (from 5% S-PbI2
to 80% PbI2) lead to the suppressive (001) orientation.
Meanwhile, the full width at half-maximum (fwhm) of the
(001) peaks tends to broaden. This is in agreement with the
SEM observation of the decreased grain size of S-PbI2 ﬁlms. It
is worth noting that, owing to the (001) orientation, the rootmean-square (RMS) roughness of all of the S-PbI2 ﬁlms is
measured to be less than 10 nm (Figure S8). Moreover, the
absorption spectra of S-PbI2 ﬁlms (Figure S9) also show
distinct diﬀerences. For example, a 5% S-PbI2 ﬁlm with larger
voids shows higher absorption intensity. This is due to the light
scattering and refraction eﬀect of those microsized voids on the
ﬁlm.44 All of the observations above can be explained as
follows: the features of the PbI2 crystal determine the
properties of the PbI2 colloid, which further determines the
morphology evolution of the PbI2 ﬁlm. All in all, these results
demonstrate a facile method to adjust the features of the PbI2
ﬁlm (morphology, orientation, and optical property) via raw

broad size distribution of the C-PbI2 colloidal dispersion is in
accordance with the inhomogeneous crystal size of the C-PbI2
raw material (Figure S6), demonstrating again the dependence
between raw material and colloids in dispersion.
A series of S-PbI2 ﬁlms made from diﬀerent S-PbI2
precursors are then characterized, and a disciplinary evolution
of the ﬁlm morphology can be observed. The S-PbI2 ﬁlms
(Figure 3f−j) show increased surface coverage with the gradual
disappearance of voids on the ﬁlm as the AA concentration
increases. This morphology evolution is shown to be closely
dependent on the size distribution of PbI2 colloids. For
example, as depicted in Figure 3d, 5% S-PbI2 with a larger
average size and broader size distribution leads to PbI2 colloids
with a larger average size and broader size distribution. This
broad size distribution of PbI2 colloids leads to noncontinuous
morphology of the 5% S-PbI2 ﬁlm with distinct large voids, and
the size distribution of the grains is also broad (Figure 3k). As
the AA content increases, the continuity is improved and the
grain size is reduced. An 80% S-PbI2, with a smaller average
size and narrower size distribution of crystals (Figure 1j),
forms a colloidal dispersion with reduced colloid size as well as
a narrowed size distribution (Figure 3e). This 80% S-PbI2
dispersion leads to a denser PbI2 ﬁlm composed of small PbI2
grains with a narrow size distribution (Figure 3k). For C-PbI2,
the deposited C-PbI2 ﬁlm shows medium-sized voids on the
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Figure 5. (a) PCE distribution of the PSCs with diﬀerent PbI2 as a raw material. (b) EQE spectrum together with integrated JSC for PSC
based on 10% S-PbI2. (c) J−V curve with reverse (1.2 to −0.2 V) and forward (−0.2 to 1.2 V) scans of the best device based on 10% S-PbI2.
(d) Stabilized output holding the voltage at the maximum power point (0.94 V) for the 10% S-PbI2-based PSC device.

to play a key role in determining the photovoltaic performance
of the ﬁlm.49−51 However, a MAPbI3 ﬁlm made from a 5% SPbI2 ﬁlm shows ﬂuctuating surface morphology (Figure S10),
which is due to the overlarge space for volume expansion. The
morphology of diﬀerent MAPbI3 ﬁlms can be also identiﬁed by
AFM images (Figure S11), where the RMS surface roughness
reduces as the AA concentration increases. Except for the
diﬀerent morphologies, all of these MAPbI3 ﬁlms show similar
XRD peaks (Figure 4i), which indicates the formation of a
typical tetragonal phase MAPbI3 crystal with space group I4/
mcm.48 Besides, the optical properties (UV−vis and PL spectra
in Figure S12) of these MAPbI3 ﬁlms are observed to be wellmatched, indicating the optical identity of these ﬁlms.
We further investigate the photovoltaic performance of the
PSCs using diﬀerent S-PbI2 as raw materials. The device
architecture is based on a regular n−i−p structure of ITO/
SnO2/perovskite/spiro-OMeTAD/Au. More details are described in the the Experimental Section. Figure 5a shows the
PCE distribution of the PSCs with C-PbI2 and all S-PbI2
samples. It is found that the C-PbI2-based PSCs yield average
PCEs of about 18% with wide statistical distribution. With
respect to the S-PbI2-based PSCs, an apparent improvement of
both the PCE and device reproducibility can be found as the
AA concentration increases, where 10% S-PbI2-based PSCs
perform best. However, further increasing the AA concentration would lead to PSCs with a decreased PCE. Figure S13
displays the detailed characteristics of these devices, where a
slight diﬀerence is observed in the short-circuit current density
(JSC), but the open-circuit voltage (VOC) and ﬁll factor (FF)
hold the same tendency with the PCE. We attributed this
phenomenon to the quality of the perovskite ﬁlms induced by
diﬀerent raw materials. As discussed above, although a 5% SPbI2 ﬁlm with large voids allows volume expansion, the
relatively rough surface hampers the formation of a planar ﬁlm
and might increase the defect density along grain boundaries

material engineering of the PbI2 crystal. More importantly, this
controllability of the PbI2 ﬁlm is of great strategic signiﬁcance
because when making the MAPbI3 ﬁlm following a sequential
ﬁlm deposition process the morphology and orientation of the
PbI2 ﬁlm have been reported to show decisive impact on the
quality of the resultant MAPbI3 ﬁlm.45 This strong correlation
is the basis for regulation and control of the properties of the
MAPbI3 perovskite ﬁlm through raw material engineering.
The MAPbI3 ﬁlms converted from S-PbI2 ﬁlms are
sequentially prepared by deposition of the MAI layer on top
of the S-PbI2 ﬁlms followed by a postannealing process. The
SEM images in Figure 4a−e show the morphology of these
MAPbI3 ﬁlms. It can be found that compact ﬁlms composed of
densely packed MAPbI3 grains with a size of several hundred
nanometers are formed. The average size of the MAPbI3 grains
decreases, and the size distribution narrows (Figure 4h, from 5
to 80% MAPbI3). This morphology variation can be explained
by the variation of available space for volume expansion from
PbI2 to MAPbI3. It has been reported that the volume of PbI2
will expand upon intercalation of MAI molecules into the PbI2
planes to form a MAPbI3 perovskite structure. This volume
expansion originates from the crystallographic reconstruction
of edge-sharing octahedra of the PbI2 structure (density 6.16
g/cm3) to corner-sharing octahedra of the MAPbI3 perovskite
structure (density 4.16 g/cm3), which involves ∼2.0 times the
volume expansion.46−48 In this case, a 5% S-PbI2 ﬁlm with
larger voids possesses larger available space, allowing for
volume expansion compared to the 80% S-PbI2 one with
negligible voids (Figure 4f,g). According to the grain size
statistics analysis in Figure 4h, the porous 5% S-PbI2 ﬁlm leads
to a MAPbI3 ﬁlm with larger grains, while the compact 80% SPbI2 ﬁlm with negligible voids leads to a MAPbI3 ﬁlm with
smaller grains. The tunable space for volume expansion is
beneﬁcial to control the compressive strain between the grains,
and this residual strain in the perovskite ﬁlm has been shown
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and holds great promise for further boosting of the PCE of
PSCs in the future.

(GBs). To quantitatively conﬁrm that, we developed spacecharge-limited current (SCLC) measurements by sandwiching
the diﬀerent perovskite ﬁlms between indium tin oxide (ITO)
and gold (Au) and characterized the evolution of the SCLC
with diﬀerent biases. The defect densities of diﬀerent samples
are shown in Figures S14 and S15. Note that the C-PbI2-based
sample has the highest trap density (8.95 ± 0.92 × 1017 cm−3),
while the value of 5% S-PbI2 is 7.97 ± 0.67 × 1017 cm−3 and
that of 20% S-PbI2 is 7.24 ± 0.61 × 1017 cm−3. PSCs fabricated
by 10% S-PbI2 have the lowest trap density (4.96 ± 0.80 ×
1017 cm−3), which primarily agrees with the PCE distribution
of these PSCs. When increasing AA concentration, the void
size of S-PbI2 decreases and a denser perovskite ﬁlm can be
formed. However, the limited available space on the PbI2 ﬁlm
will lead to small grains of perovskite ﬁlm, accompanied by
strong compressive strain during volume expansion of the
grains, which leads to relatively poor performance. Thus, the
10% S-PbI2-based perovskite ﬁlm possesses the best ﬁlm
quality, yielding the highest PCE in the resulting PSCs. More
importantly, it shows higher device reproducibility as well as
lower hysteresis compared with the C-PbI2 one. Figure 5b
shows the spectrum of the external quantum eﬃciency (EQE)
of 10% S-PbI2-based PSCs along with the integrated JSC by
calculating the overlap integral between the EQE spectrum and
standard AM1.5 solar emission. A high EQE over 90% can be
achieved in the range of 370−400 and 450−550 nm, and an
EQE over 80% can be found in the whole range of the visible
light region. The integrated JSC value agrees well with the
average measured results, conﬁrming the accuracy of the device
performance. Figure 5c shows the current density−voltage (J−
V) curves of the best 10% S-PbI2-based PSC (forward and
reverse scan directions, scan speed set at 33 mV/s). The bestperforming device exhibits negligible hysteresis (hysteresis
index of 0.018 compared to 0.113 for the C-PbI2 device)
(Figure S16), with a VOC of 1.1 V, JSC of 23.31 mA/cm2, FF of
78.21%, and PCE of 20.22% by reverse scan and a VOC of
1.109 V, JSC of 23.38 mA/cm2, FF of 77.26%, and PCE of
19.86% by forward scan. In addition, a stabilized PCE of
19.91% is shown in Figure 5d, which is achieved by holding the
bias voltage at 0.94 V at the maximum power point.
In summary, we developed a facile strategy to synthesize
PbI2 crystals with controllable facet exposure, based on which
facet-dependent colloid engineering toward the features of the
MAPbI3 ﬁlm and its photovoltaic performance is demonstrated. Theoretical calculation reveals that a H atom can
preferentially adsorb and chemically bond with an I atom on
the (101) facet of the PbI2 crystal and lower its surface energy,
enabling controllability of the morphology of the PbI2 crystal.
By using the diﬀerent PbI2 crystal with tunable morphology,
facet-dependent evolution of the features of PbI2 colloids and
spin-coated PbI2 ﬁlms can be realized. Taking advantage of the
robust controllability of the characteristics of the S-PbI2 ﬁlms,
the photovoltaic performance of the MAPbI3 ﬁlm can be
facilely adjusted. The perovskite ﬁlm using 10% S-PbI2 as a raw
material yields a superior PCE of 20.22% compared to that
using C-PbI2 (18%). More importantly, PSCs based on S-PbI2
also show superior device reproducibility and hysteresis index.
This work, for the ﬁrst time, addresses the signiﬁcant role of
raw material (i.e., PbI2) on the photovoltaic performance of
the PSCs. This universal facet-dependent colloid engineering
strategy could provide an important practical regulative
method for the fabrication of high-quality perovskite ﬁlms
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