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Dimensionality engineering has proved to be a reliable strategy for addressing the issue of perovskite
stability. In this study, a series of previously unreported low-dimensional organic—inorganic hybrid
perovskite single crystals were designed and grown by following a simple hydrothermal approach
involving solution processing. The as-prepared terpyridine-derived perovskite single crystals displayed
tunable structures and electronic dimensionality, which was closely associated with the crystal growth

conditions. The performed DFT calculations suggested that the fluctuating conduction band edge
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Hybrid organic-inorganic perovskites have attracted intense
research interest as active materials for electronic and opto-
electronic applications'™® because of their high absorption
coefficients,*” high carrier mobility levels®® and tunable band
gaps,'®™* among other features. The development of organic-
inorganic hybrid perovskite solar cells has proceeded rapidly,
and such devices with energy conversion efficiency levels
exceeding 25.5% have been produced in the past decade.*™**
The widely-employed perovskite materials include CH;NH;-
Pbl; (MAPbI;) and [HC(NH,),|PbI; (FAPbI;), which are three-
dimensional (3D) hybrid organic-inorganic
hybrid perovskites.*** Compared with the 3D organic-inorganic
hybrid perovskites, low-dimensional (LD) perovskites have
received considerable attention recently because of their struc-
tural versatility, e.g., 2D materials with layer structures, 1D
perovskites with connected octahedra and 0D materials with
isolated octahedra.””'® It is noteworthy that a particularly
diverse variety of 0D and 1D perovskites have been made by
incorporating organic cations with different sizes inside the Pb-
I framework as a result of being able to relax restrictions on the
sizes of the cations.”** The 1D and 1D-2D or 1D-3D halide
perovskite materials have recently emerged as a highly prom-
ising class of functional materials for a variety of applications. It
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has been found that deposition of a 1D layer on top of a 3D
material can increase the air and heat stabilities of the corre-
sponding device,” and that formation of 0D-2D hybrids can
simultaneously improve photoresponses and yield higher perfor-
mance levels in optoelectronic devices.*® These dimensionally
hybrid perovskite materials could be a superior choice for
acquiring stable perovskite solar cells. Concurrently, numerous
methods involving manipulating the components and growth
conditions have been developed to control these structures and
hence enable the acquisition of unique structural characteristics of
perovskites.>?® In this scenario, investigating and developing
novel LD perovskites by carrying out molecular crystal engineering
provides a new paradigm for constructing and developing new
perovskites-based optoelectronic devices.

In this study, we innovatively mixed certain amounts of
2,2:6,2-terpyridine (Tpy, J&K, >98%) and Pbl, as the precursors
to grow a new class of perovskite single crystals by means of
a hydrothermal method involving solution processing. The
dimensions and structures of the as-prepared perovskite single
crystals were controlled by tuning the growth pattern and
introduced concentration of HI, which allowed for an acquisi-
tion of a series of 0D and 1D terpyridine-based perovskite single
crystals. The structures of the new crystals were resolved and
refined, and the corresponding energy band structure, state
density and charge density distribution were obtained from
density functional theory (DFT) calculations. The present work
has provided a potential way to regulate the structure, namely
by introducing organic cations into the perovskite structure and
changing growth conditions, with this approach expected to
allow for further improvements of the performances of
perovskite-based photoelectronic devices in general.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Tpy2Pblg single crystal

Herein, we innovatively obtained the 0D Tpy,Pbls perovskite
structure. This material was grown by slowly cooling a saturated
perovskite precursor solution containing stoichiometric
amounts of Tpy and Pbl,; the cooling was achieved by following
a gradient cooling procedure and was carried out from 180 °C to
room temperature (Fig. 1). Fig. 1 shows the microstructure
along the <0 0 1> crystallographic orientation. At high temper-
atures of up to 180 °C, with the components in the precursor
solution vibrating violently, the 0D Tpy,Pbls perovskite single
crystal was obtained. The two building blocks in this case were
the inorganic [Pblg]'” octahedron and the organic cation
[Tpy]**. The detailed bond lengths of Pb-I are shown in Fig. 2.
One Pb atom was observed to be coordinated with six I atoms. In
the case of Tpy,Pblg, its [Pbls]*” octahedra were compressed,
due to a Jahn-Teller distortion involving the two opposite Pb-I
bonds being shorter than the other four Pb-I bonds, and this
compression was deemed to be associated with the rigidity of
the Tpy. Moreover, the organic components were identified to
be conjugated along the <0 0 1> direction. This microstructure
led to the monoclinic (C 1 2/m 1 space group) symmetry, and
the lengths of its unit cell were measured to be a = 13.0069(3) A,
b = 14.6783(3) A and ¢ = 10.1587(3) A. The 0D Tpy,Pbl,
perovskite single crystal was assumed to be structurally
unstable, considering the island-like nature of the [PbIg]*~
octahedra in the perovskite lattice.

Tpy4Pbslyg single crystal

The 1D Tpy,Pbsl;3 was obtained at a relatively low temperature
of 140 °C. Here, one Pb atom coordinated six I atoms, and the
corresponding bond lengths were found to be diverse, ranging
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from 3.1258 to 3.3439 A, and accordingly giving rise to a dis-
torted [Pblg]*~ octahedron. The five [Pbls]*~ octahedra on each
short chain of the 1D Tpy,Pbsl;5 single crystal exhibited a linear
arrangement via sharing the I-I edge of the octahedron while
each of the two parts was connected via sharing the I corner
(Fig. 1). The Tpy group was observed to be arranged along both
sides of the octahedra and they repeated along the <0 0 1>
crystal direction. Significantly, only one N atom was observed to
be bound to the H atom in the Tpy organic part of the 1D
Tpy.Pbsl;s single crystal, in contrast to two N atoms bound to
the H atoms in the 0D structure. Overall, the linear metal halide
chains were observed to be spaced apart by the TPy organic
cations to form a bulk assembly of 1D halide perovskites with
cell parameters of a = 12.8492(2) A, b = 12.89296(18) A and
¢ =15.7151(2) A.

Tpy,Pbszlg single crystal

Using a relatively low concentration of hydroiodic acid in the
precursor solution, we obtained a 1D Tpy,Pb;ls single crystal.
Here the [Pbls]'~ octahedra and [PbN;L,]*~ octahedra arranged
themselves in an alternating fashion via sharing the I-I edge of
the octahedron, and the Pb-Tpy complexes alternated between
the two sides of the octahedron (Fig. 1). The Pb-I bond was
found to be broken and a Pb-N bond formed during the crys-
tallization, attributed to the different abilities of I and N to
coordinate Pb. Thus, Tpy,Pb;I, crystallized in the orthorhombic
Phcen space group with cell parameters of a = 22.4598(5) A,
b =14.6783(3) A and ¢ = 10.1587(3) A. More details of the data for
the crystal diffraction refinements are summarized in Fig. S1.}
The measured powder X-ray diffraction (PXRD) pattern
together with the calculated single-crystal X-ray diffraction
(SCXRD) pattern confirmed the high purity of the crystals
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Fig. 1 Structures of OD Tpy,Pble, 1D Tpy4Pbslig and 1D Tpy,Pbslg single crystals.
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Fig. 2 Bond lengths and arrangements of [Pblg]*~ and [PbNzl,]*~ in the as-prepared perovskite single crystals.

(Fig. S11). The diffraction peaks were observed to be mainly at
low angles for all of the cases, which were related to the low-
dimensional octahedra. We took X-ray photoelectron spectros-
copy (XPS) measurements to determine the elemental compo-
sition and valence states of the 0D Tpy,Pblg, 1D Tpy,Pbsl;g and
1D Tpy,Pb;ls single crystals. As expected, the Pb 4f, I 3d, C 1s
and N 1s peaks were evidently detected in the full spectrum
scan, and the corresponding peaks at high resolution are also
provided in Fig. S2.f The spectrum of the LD perovskite
exhibited the characteristic I 4d peaks at 618.4-618.7 eV and
629.9-630.2 eV, with the observable differences in binding
energies attributed to slightly different chemical environments
of the Pb-I covalent bonds. Notably, the XPS results of all of the
single crystals each showed a weak N 1s signal at about 400 eV,
which could be split into two independent peaks as a conse-
quence of the presence of two types of N in different chemical
environments. The presence of the N 1s peak in the high-
resolution spectrum of every sample suggested that the N

——NIs
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Fig. 3 N 1s and Pb 4f regions of the XPS spectra of Tpy,Pbls, Tpys-
Pbslig and Tpy,Pbsle perovskite single crystals.
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signal derived from three components (Fig. 3). The main
component at 399.2 eV can be reasonably attributed to the
pyridine nitrogen.*® The protonation of the nitrogen atom was
related to these aromatic molecules acting as Lewis bases due to
the free electron pairs of nitrogen atoms in the rings.** The
other two components, located at higher binding energy levels
(401.2 eV, 401.7 eV), were likely associated with the Tpy nitrogen
atoms protonated in two different ways, in which the N atom
coordinated with H atoms or the Pb atom in our system,
respectively. Similarly, Pb 4f peaks for the Tpy,Pbsls species
were observed at positions corresponding to two different
chemical environments, in agreement with the values reported
for the single crystals of PbI,-BPy(i) and PbI,-BPy(u).>* These
results also demonstrated the simultaneous occurrence of two
situations for Tpy,Pbsls: one having the Pb atom coordinated
with both four I atoms and two N atoms, and the other having
the Pb atom coordinated with six I atoms.

Fig. S31 shows the UV-Vis absorption spectra of the single
crystals. The band edge exhibited a blue shift with the per-
formed changes in temperature and content of HI in the
precursor solution, and this shift was presumably associated
with the structural arrangement between the organic cations
and inorganic framework.® The strong absorption in the
visible-light range indicated that these crystals may have
potential applications in the field of photodetectors. The
thermal stability of the as-prepared single crystals was investi-
gated by conducting TGA/DSC characterizations from room
temperature to 800 °C as shown in Fig. S4.f The results indi-
cated decomposition temperatures of 220.0 °C, 225 °C and
274.06 °C for the as-prepared 0D Tpy,Pbls, 1D Tpy,PbsI;s and
1D Tpy,Pb;ls perovskites, respectively. The van der Waals and
Coulomb forces in the low-dimensional structure were
presumably too weak to resist the thermal vibrations of atoms.>

Fig. 4 shows the calculated band structure and projected
density of states (PDOS) of the 0D Tpy,Pblg, 1D Tpy,Pbsl;g, and
1D Tpy,Pb;ls single crystals. The bandgaps were calculated to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The calculated band structure and projected density of states (PDOS) of the OD Tpy,Pblg, 1D Tpy4Pbslig and 1D Tpy,Pbsle structures.

be 0.27 eV, 1.58 €V and 1.57 €V, respectively. For the 0D Tpy,Pbl,
perovskite, the fluctuating conduction band edge indicated an
obvious charge delocalization effect—with this effect origi-
nating from the w-conjugation effect, which enabled efficient
charge transport through the Tpy as C-2p and N-2p orbital states
in general make large contribution to such energy regions.**?
Note that the conjugation effect and corresponding electron
delocalization on Tpy would promote charge transport as
a result of strong orbital coupling.®*** In contrast, the relatively
narrow energy band structure below the Fermi level was related
to weak electron transfer between the isolated [Pblg]'~ octa-
hedra in the inorganic framework. The interaction between the
Pb-1 octahedra was apparently strengthened when the
temperature was decreased to 140 °C, leading to the formation
of the crystal of 1D Tpy,Pbsl,s with a direct bandgap. In the
band diagram, within the range 1.5-2.0 eV, flat energy bands
were observed and indicated a large electron effective mass; and
the fluctuation of the energy band edge below the Fermi level
further demonstrated relatively strong charge transport through
the 1D Pb-I inorganic chains. In particular, the potential wells
were distributed between the 1D Pb-I chains, which can be
overcome by quantum tunneling, allowing subsequent charge
transfer between Pb-I chains to occur. Fig. S5 shows the
conduction band minimum (CBM)- and valence band
minimum (VBM)-associated charge density distributions of the
single crystals. The CBM-associated charges were indicated to
be densely distributed throughout the [Pblg]*~ and [PbN;L,J*~
complexes and the VBM-associated charges were indicated to be
distributed on inorganic octahedral frameworks. The charge
carrier transport would therefore be promoted through elec-
tronic dimensionality coupling in this scenario.

We compiled a table of single-crystal parameters and
bandgap information on a series of organic-inorganic hybrid
perovskite materials (Table 1). In comparison, the bandgaps of

© 2021 The Author(s). Published by the Royal Society of Chemistry

0D Tpy,Pbls, 1D Tpy,Pbsl;s and 1D Tpy,Pb;ls single crystals
were found to be very similar to those of the previously reported
hybrid perovskite materials,* and hence indicated the potential
ability to use these materials as new alternative candidates for
applications in solar cells and relevant photoelectric devices.

We calculated the trap-state density (Ny.p) by means of
characterizing the dark I-V curves of the perovskite single
crystals. The applied voltage at the kink point is known as the
trap-filled limit voltage (Vigy), which allows for determining the
trap density by using the equation Niap = Virpr(26¢0)/eL?, where L
is the film thickness, and ¢ and ¢, represent the elementary
charge and vacuum permittivity, respectively.*® As shown in
Fig. S6,T the Vrgy, values of Tpy,Pbls, Tpy,Pbsl g and Tpy,Pbsle
single crystals were determined to be 16.26, 21.71 and 24.17 V,
respectively. The corresponding trap densities were determined
from fittings and calculations to be 3.37 x 10", 4.51 x 10° and
1.25 x 10" em™, respectively. Moreover, carrier mobility
values were obtained using the equation u = 8L*J/9¢¢,V?, where
V is the applied voltage and J is the dark current;*” the corre-
sponding values were found to be 4.02 x 103, 1.58 x 10 and
8.75 x 107 ° cm® V™' S77, respectively.

The VBM and CBM values of the three materials were ob-
tained by means of the ultraviolet photoelectron spectrum
(UPS) measurement. By calculating the energy levels of highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO), along with the optical band gap from
the UV-vis result, we calculated the band gap alignment of
single crystals shown in Fig. S8.1 The VBM of 1D Tpy,PbsI;g and
of 1D Tpy,Pb;l¢ was 5.40 €V, a value very similar to that of the
widely used MAPbI; perovskite.

Conclusions

In summary, we grew a series of new terpyridine-derived
perovskite single crystals, namely 0D Tpy,Pbls, 1D Tpy,Pbsl;g

RSC Adv, 2021, 11, 24816-24821 | 24819
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Table 1 Details of X-ray crystallographic parameters and bandgaps of the as-prepared perovskite single crystals and some hybrid materials

Crystal type PbL,-PZPY*®  PbBr,-PZPY*® FAI-PbL,-PZPY*® BPy-PbL,(1)** BPy-Pbl,(n)**  Tpy,Pbls" TpysPbslig®  Tpy,Pbsl”
Bandgap — — — 2.23 eV 2.31 eV 1.61 eV 1.80 eV 1.76 eV
Crystal system  Triclinic Triclinic Triclinic Monoclinic ~ Orthorhombic  Monoclinic  Triclinic Orthorhombic
Space group P1 P1 P1 C2/c Fdd2 C12/ml P1 Pbcn

a (&) 8.5138(7) 8.2505(5) 7.9331(6) 16.2729(3)  17.819(4) 13.0069(3)  12.8492(2) 22.4598(5)

b (A) 10.0955(9)  9.4894(8) 12.2260(9) 10.3728(2)  4.5086(8) 14.6783(3)  12.89296(18)  12.1864(2)

c (&) 15.8532(19)  14.9557(12)  9.5502(7) 8.2173(2) 11.1629(19) 10.1587(3)  15.7151(2) 14.0663(7)

o 83.390° (9)  83.981° (7) 90° 90° 90° 90° 86.4469° (11)  68.794° (4)

8 76.186° (9)  87.587° (6) 99.696° (8) 102.126° (2)  90° 107.854° (3)  70.5166° (13)  88.218° (3)

v 89.800° (7)  88.916° (6) 90° 90° 90° 90° 72.3962° (13)  80.041° (3)

¢ As-prepared 0D Tpy,Pbls, 1D Tpy,PbsI;s and 1D Tpy,Pbsls perovskite

and 1D Tpy,Pb;ls, with controllable structures and electronic
dimensionality by using a hydrothermal method involving
solution processing. The conjugated structure and dimension-
ality transition associated with the organic part and the inor-
ganic octahedral framework were carefully investigated. In
particular, we were able to finely tune their structures and
electronic dimensionality as well as their bandgaps by means of
component and solvent engineering, capabilities beneficial for
the subsequent control of the bandgap and carrier mobility
levels of LD perovskites to be potentially used for applications in
optoelectronic devices. We believe that the present study not
only represents a step forward toward an in-depth under-
standing of the microstructures of perovskite single crystals,
but also provides new avenues for investigating the incorpora-
tion of functionalized cations into the perovskite structures and
designing novel solar cells and other perovskite-based photo-
electronic devices.
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