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Abstract: Superlattice materials offer new opportunities to
modify optical and electrical properties of recently emerging
2D materials. The insertion of tetraethylbenzidine (EtDAB)
into interlamination of the established 2D Pbl, semiconductor
through a mild solution method yielded the first lead iodide
superlattice, EtDAB-4Pbl, (EtDAB = tetraethylbenzidine),
with radical and non-radical forms. The non-radical form
has a non-ionic structure that differs from the common ionic
structures for inorganic—organic hybrid lead halides. The
radical form shows five orders of magnitude greater conduc-
tance and broader photoconductive response range (UV/Vis —
UV/Vis-IR), than pure Pbl, and the non-radical form of the
superlattice.

Two-dimensional (2D) layered materials, such as graphene,
molybdenum disulfide, and metal-organic frameworks
(MOFs),! have unique physical and chemical properties
and many potential applications in electronics,” biomed-
icine,”! electrochemical energy storage,”! chemical sensing/
biosensing,”! and catalysis.” Inserting them with neutral
alkali metal, alkaline earth, rare earth or organic groups can
yield intercalation compounds cohered by van der Waals
interactions, the so-called superlattices,[7] which offers new
opportunities to modify optical and electrical properties of
the host 2D material.®! For example, superconductivity was
discovered not for pure graphite but for a graphite super-
lattice with intercalated CyCa (transition temperature,
11.5 K);*! optical transmission and electrical conductivity of
the 2D MoS, material were substantially improved when Li
was intercalated;’* an On/Off current ratio exceeding 107 was
observed for a transistor fabricated with a cetyltrimethylam-
monium bromide-intercalated phosphorene superlattice.”
To date, the host 2D materials for artificial superlattices are
still limited to graphenes, transition-metal oxides/dichalcoge-
nides,” <!l phosphorenes,'” and carbides.’”'? Lead-halide-
based organic-inorganic hybrid materials have attracted
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considerable interest owing to their novel electrical properties
and promising applications in perovskite solar cells.") How-
ever, there is little information on lead-halide-based super-
lattices.

We herein present the first lead-iodide superlattice,
EtDAB-4Pbl, (1; EtDAB = tetracthylbenzidine), which has
radical (1-G, green) and non-radical (1-Y, yellow) forms.
Inorganic—organic hybrid lead halides are usually built from
organic cations and lead-halide anion, however, the non-
radical form 1-Y has a non-ionic structure. Biphenylamine
and its derivatives are good electron receptors, and absorp-
tion bands of their radical products cover a region ranging
from UV to near IR." Inserting them between Pbl, layers
offers a chance to modify electron structure and correspond-
ing electrical properties. As expected, conductivity (o) of the
radical form 1-G is almost 5 orders of magnitude greater than
those of the non-radical form 1-Y and pure Pbl,. Further-
more, the cutoff response of photoconductance is located in
the visible region (ca. 560 nm) for PbL,"! but extended to the
IR range (for example 1800 nm) after formation of the
superlattice.

The superlattice 1 was obtained by an antisolvent
diffusion method: a solution of 0.0231 g of Pbl, (0.05 mmol)
and 0.0059 g of EtDAB (0.02 mmol) in 3 mL DMF was placed
into a CH;CN atmosphere. After 2 weeks, the radical form 1-
G, was obtained (yield 90 % based on Pbl,) as crystals with
sizes several dozens of micrometers (Figure S1 in the
Supporting Information). The usual methods to confirm the
superlattice structure are powder X-ray diffraction (PXRD)
and cross-sectional transmission electron microscopy
(TEM).') We used, for the first time, the single-crystal X-
ray diffraction analysis to study the superlattice structure. The
diffraction data showed that 1 belongs to the monoclinic
system with a space group of C2/m (a=7.94 A,b=4.59 A, c =
13.40 A, p=95.75°, V=485.8(2) A%). Selected area electron
diffractions (SAED) of one fragment of the radical form 1-G
also match the monoclinic crystal structure, further confirm-
ing the crystalline phase (Figure S2). The inorganic part of
1 was easily solved. It has a similar structure to the known
neutral layered PbL,'® (Figure 1a) with space group of P3m1.
Each Pb atom is coordinated by six I atoms, yielding a slightly
distorted octahedral configuration (Figure S3). The [Pbl]
octahedra connect to each other in the edge-sharing mode to
form a 2D layered structure. The electron density map
(Figure S4) showed that there was no residual electron
density between two adjacent Pbl, layers, indicating the
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Figure 1. Superlattice 1 in the radical form (1-G):

also included for comparison.

interlayer part is highly disordered. ESI-MS (Figure S5) and
NMR data (Figure S6) demonstrated that the disordered part
is exclusively the EtDAB molecules. As shown in Figure 1b,
the as-synthesized sample of 1 (1-G) exhibited a weight loss of
about 143% from 200 to 300°C, corresponding to the
formula of EtDAB-4Pbl,. Elemental analysis of C, H, N
further demonstrated this composition (Table S1 in the EST).
In the pure Pbl,, the Pbl, layers stack along the ¢ direction
through van der Waals interactions, giving the nearest
interlayer distance of 6.98 A (Figure 1a). In 1, the distance
between two adjacent Pbl, layers is 13.40 A (Figure 1a),
consistent with the calculated 13.34 A at 260 =6.62° on the
basis of PXRD data (Figure 1c). Cross-sectional high reso-
lution transmission electron microscopy (TEM) also show
a clearly resolved expansion of interlayer distance from
6.96 A in the known layered Pbl, (Figure 1d) to 13.40 A in
1 (Figure 1e).

An electron spin resonance (ESR) study indicated that
the radical form 1-G showed a single-line symmetric signal
with a g value of 2.002 and a linewidth of 13 Gauss (Fig-
ure 2b), which remained nearly constant in the temperature
range of 290-350 K in 2 months (Figure S7). The signal is
similar to that of the radical of the EtDAB (tetraethylbenzi-
dine) analogue, tetramethylbenzidine.!' 1-G has three broad
bands at approximately 390, 750 and 1350 nm in the UV/Vis/
NIR diffuse reflectance absorption spectrum (Figure 2¢). The
390 nm band covers the intrinsic absorption bands of pure
Pbl, and pure EtDAB (Figure S8), indicating the contribution
of both Pbl, and EtDAB. The 750 and 1350 nm bands are
close to the electron absorption bands of EtDAB radical
calculated at the B3LYP/6-31G(d,p) level using an optimized
geometry (Figure S9), and thus can be ascribed to the EtDAB
radical.

As shown in Figure 2 a, the as-synthesized radical form 1-
G which is green easily changed to the non-radical form 1-Y
which is yellow through thermal annealing at 100 °C for about
1 hour in air/Ar. The generation of a non-radical product was
demonstrated by disappearance of ESR radical signal and
absorption peaks at 750 and 1350 nm (Figure 2b,c). IR
(Figure S10), NMR (Figure S11) spectroscopy data revealed
that molecular structure of the organic component was not
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a) synthesis, b) thermogravi-
metric curve, c) powder X-ray diffraction pattern, and e) high-resolution cross-
sectional TEM image. High-resolution cross-sectional TEM image for Pbl, (d) is
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destroyed and the change was tiny. PXRD analyses
showed that 1-G and 1-Y have similar crystal struc-
tures (Figure 2d). That is to say, the non-radical form
1-Y is exclusively constructed by neutral molecules,
including layered Pbl, and EtDAB. Normally, inor-
ganic-organic hybrid lead halides are formed from
organic cations and lead-halide anion,!'” which are
stacked through Coulomb interactions instead of van
der Walls interactions.

An insitu X-ray photoelectron spectroscopy
(XPS) study of 1-G and 1-Y was performed to reveal
the formation mechanism of radicals in 1-G. The data
revealed that Pb 4f core-level spectra of both samples
did not show clear peak shift (Figure S12a), which
indicates that Pb atoms did not lose or receive

electrons. As for C1s and N 1s core-level spectra
1-G
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Figure 2. a) The conversion of radical form 1-G to non-radical form 1-
Y. b) ESR spectra of 1-G and 1-Y. ¢) UV/Vis-NIR spectra of 1-G and 1-Y.
d) PXRD patterns of 1-G and 1-Y with simulated data for comparison.

(Figure S12b and S12c), the peaks of high and low binding
energies became stronger and weaker, respectively, when the
radical form 1-G changed to the non-radical form 1-Y.
Therefore, the EtDAB molecules in 1-G should receive
electrons and exist as EtDAB*" radical form. This result is
consistent with the above conclusion drew from the UV/Vis-
NIR absorption and ESR data (Figure 2b,c). As for the I3d
core-level spectra (Figure S12d), both I 3ds, and 3d, peaks
shifted to positions with higher binding energies when 1-G
changed to 1-Y. That is to say, the I atoms in 1-G should lose
electrons.

The difference of electrical conductivity (o) between pure
layered Pbl, and the superlattice 1 was investigated in vacuum
by the two probe method using pressed pellet."®! As shown in
Figure 3a, the conductivity of pure Pbl, along the layer is
1.07x 107 Scm ™" at 300 K. The non-radical form 1-Y shows
a similar o value (8.28x107'°Scm™) with that of Pbl,
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though the value of photocurrent is low (Figure 3e
and Figure S15). The same case was observed in
additional three samples (Figure S17). That is to say,

the photocurrent response is limited to the UV/Vis
| range for the non-radical 1-Y and pure Pbl, but
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Figure 3. a) I-V curve of pure layered Pbl, at 300 K measured using a pressed

pellet. b) I-V curves of 1-G and 1-Y at 300 K. c) Temperature-dependent

conductivity plots of 1-G and 1-Y. d) Photograph of the single crystal of 1-G for
electrical study. e) Photocurrent responses of 1-G and 1-Y irradiated by 1800 nm
laser with energy of 0.60 m). f) Photoconductive response band for Pbl,, 1-Y,

and 1-G.

(Figure 3b). Layered Pbl, is a typical p-type semiconductor!™”)
and the main carriers for conducting are holes. As for the
radical form 1-G, electron transfer from layered Pbl, to
EtDAB increases the hole concentration in the layered Pbl,
and thus o should be larger than that of 1-Y. The experimental
data, recorded using four samples, completely supports this
prediction. The four sets of data are similar (Figure 3 and
Figure S16), and thus only one set of data is described here.
The o value of the radical form 1-G is 5.08 x10*Scm™,
which is approximately 5 orders of magnitude greater than
that of pure Pbl, and the non-radical form 1-Y. In the
temperature range of 300-350 K, the conductivities for both
forms of 1 became larger with the increase of temperature,
showing semiconductive properties (Figure 3¢). As for the
radical form 1-G, electron transfer from layered Pbl, to
EtDAB increases the hole concentration in the layered Pbl,
and thus o should be larger than that of 1-Y.

Broad electron absorption band is highly desirable for real
application of a light absorber on solar cells.”” As described
above, absorption range of the radical form 1-G is signifi-
cantly wider than those of the non-radical form 1-Y and pure
layered Pbl,. Such broadband absorption means that there
may be a larger photoconductive response range. In order to
avoid the problem of light penetration caused by lamination,
we used a single-crystal electrode to measure the photo-
conductivity of 1. The main challenge of working with a single
crystal is its small size (less than 100 um in this case), and
using gold or silver paste will easily lead to short-circuit of the
device. The short-circuit problem was addressed by evapo-
rating electrodes on both sides of the crystal and testing both
the bulk conductivity and the photoconductivity on the same
single crystal for each of the two forms (Figure 3d). The
thickness of one typical single-crystal electrode, confirmed by
AFM, was approximately 500 nm (Figure S13). Note that the
recorded o value for this electrode is comparable to that of
the pellet sample (Figure S14). A Xe lamp (ca. 100 mW cm™2)
covered by one bandpass filter (450440 nm; 590 +40 nm;
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EED extends to the infrared region for the radical form 1-
G (Figure 3 f). As mentioned above (Figure 2¢), the
expansion of electron absorption band “for the
radical form 1-G was mainly due to the EtDAB
radicals. Therefore, modifying the organic part
between two Pbl, layers is a potential approach to
improve the photoconductive response range of the
superlattice.

In conclusion, we have synthesized the first lead
iodide superlattice. It has radical and non-radical
forms. The non-radical form has a non-ionic structure that
differs from the common ionic structure for inorganic—organic
hybrid lead halides. The conductivity of the radical form is
about 5 orders of magnitude greater than that of pure Pbl,
and the non-radical form. In addition, the photoconductive
response range of pure Pbl, and the non-radical form is
limited to the UV/Vis range, while that of the radical form
extends to the infrared region. This work not only enriches
the lead halide family but provides a potential approach to
improve conductivity and photoconductivity of 2D materials.
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