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Synthesis, post-synthetic modification and stability of 2D
styrylammonium lead iodide hybrid material

Yong Peng,? Josep Albero*? and Hermenegildo Garcia*c

A new hybrid lead iodide material (HP1) having 4-vinylphenylene ammonium as organic cation has been prepared. The
structural formula based on chemical analysis for HP1 corresponds to Pbl.s(4-styrylammonium)os. The crystallinity of HP1
was confirmed by powder X-ray diffraction and high resolution transmission electron microscopy. The presence of the
styryl ammonium moiety in HP1 allows post-synthetic modification by radical copolymerization with styrene to obtain
material HP2 with higher hydrophobicity. Stability tests show that both HP1 and HP2 undergo in the dark hydrogen
evolution, indicating partial decomposition of the hybrid material in a percentage of about 0.6 %. This hydrogen evolution
increases by a factor of 3 when HP1 and HP2 are exposed to visible light. X-ray photoelectron spectroscopy analysis shows
an increase of NH; groups and a decrease of NHs* units suggesting that the origin of hydrogen evolution is deprotonation

of ammonium ions.

Introduction

The excellent optoelectronic properties of lead halide
hybrid perovskites, particularly, methylammonium
perovskites have revolutionized the field of photovoltaics.!
5 Hybrid lead perovskites and related materials can absorb
a considerable percentage of the solar radiation and due to
the low exciton binding energy and high charge carrier
mobility, exhibit high charge separation efficiency.®® In
comparison, with the slow pace in the increase of
photovoltaic efficiency that has characterized dye
sensitized solar cells, hybrid perovskites solar cells have
reached an impressive 25.2 % efficiency in just a few years
after the initial discovery of their photovoltaic properties.1%-
12

The mechanism of operation of photovoltaic cells has many
common elementary steps with photocatalysis, including
light harvesting, charge separation and charge migration to
the particle surface, being the main difference the
occurrence of surface redox reactions, transforming
substrates on the particles, in the case of photocatalysis,
compared to interparticle charge migration in photovoltaic
devices.1314 However, in contrast to the importance of
hybrid lead perovskites in photovoltaics, these hybrid
materials have been almost ignored as photocatalysts, the
main reason for this being the notorious lack of stability of
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these materials under ambient conditions, particularly,
when exposed to humidity.15-17 It has been widely reported
that contacting these materials with the ambient moisture
results in strong water adsorption that eventually has been
proposed to replace |- ions by hydroxyl groups.1819
Therefore, new approaches to avoid water adsorption in
hybrid lead halide materials are very convenient to improve
their stability under ambient conditions not only in the
photovoltaic field, but also for their use as photocatalysts.
Since hybrid perovskites allow the possibility to use
different organic cations, it occurred to us that it could be
possible to take advantage of organic reactions to modify
their surface at will.1420-23 The properties of the obtained
materials could change in such a way that they could
present striking properties from the photocatalytic point of
view.

In that context, in contrast to the three-dimensional (3D)
structure of PblsMA, it has been found that accommodation
of larger organic ammonia ions results in a change from 3D
structure to materials with lower dimensionality. More
specifically, the synthesis of hybrid lead perovskites
containing benzyl ammonium cation exhibit a 2D structure
that allows to accommodate the benzyl side chains within
the interlayer space.?*26 These two dimensional structures
have shown larger hydrophobicity and, therefore, improved
photo, thermal and moisture stability.?” In the present
work, we report the synthesis of a new 2D hybrid material
having styryl ammonium as organic cation, lead as inorganic
cation and iodide anions. The interest of this organic unit is
that the presence of the styryl units would allow
subsequent further modification by radical polymerization
under conditions compatible with the stability of the hybrid
material. The data that will be presented here shows the
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feasibility of this approach that could be used for post-
synthetic modification of hybrid perovskites and related
materials.

Experimental section
Materials

MilliQ water was obtained using an 1Q 7000 purifying system.
Ethanol absolute (analytical grade), tetrahydrofuran anhydrous
99.99 % (THF), diethyl ether (puriss. p.a. ACS reagent dried 0.05 %
GC 0.0075 % water) and hexane (HPLC grade) were purchased
from Scharlau. 4-Vinylaniline (97%), tetradecane (= 99 %),
aqueous hydriodic acid (HI, 55 wt%), lead iodide (99.999 % trace
metals basis, Pbly), benzoyl peroxide (75%), lead bromide
(99.999 % trace metals basis, PbBr;), potassium iodide (99.5%, Kl)
and deuterium oxide (D,0) were purchased from Sigma Aldrich.
All solvents and reagents were used without further purification.

Synthesis method

Preparation of 4-styryl ammonium. Styryl ammonium was
obtained by protonation of the amino group. To avoid
polymerization of the double bond during the protonation
process, acetone/dry ice bath was applied. Typically, 1 g 4-
aminostyrene was added to 20 mL THF under stirring and the
insoluble impurities was removed by filtration. Then, 1.35 mL of
concentrated hydriodic acid was added dropwise to the solution.
The ammonium salt was precipitated by adding diethyl ether
after 2 h reaction under acetone/dry ice cooling bath, and then
washed with 400 mL of cold diethyl ether. The product was
characterized by IR and NMR spectroscopy after drying under
vacuum overnight.

Preparation of hybrid material 1 (HP1). 230.5 mg (0.5 mmol) Pbl,
was added to 1 mlL concentrated hydriodic acid aqueous
solution (55 wt%) under stirring until all the solid dissolved, then
1 mL 4-styryl ammonium aqueous solution (0.5 M) was added to
the above solution dropwise. The immediately precipitated
perovskite was washed with diethyl ether and dried under
vacuum for overnight.

Post-synthetic of hybrid material 2 (HP2). HP2 was obtained by
radical-assisted copolymerization with extra addition of styrene.
Specifically, HP1 (100 mg) was dispersed in 20 mL hexane,
followed by adding 2x10® M of benzoyl peroxide and 0.02 mmol
of styrene. After 5 h of reaction at 50°C under argon atmosphere,
the resulting HP2 was washed with diethyl ether and dried
under vacuum overnight.

Characterization

Powder X-ray diffraction (XRD) patterns were collected with a
Shimadzu XRD-7000 diffractometer by using Cu ko radiation
(A=1.5418 A), operating at 40 kV and 40 mA at a scanning speed
of 10 © per min in the 2-90° 20 range. Diffuse reflectance UV/Vis
spectra (DRS) in the range of 200 - 800 nm were collected with a
Varian Cary 5000 spectrophotometer. SEM images were
acquired with a JEOL JSM 6300 apparatus equipped with an X-
MAX detector of OXFORD INSTRUMENTS. Transmission electron
microscopy (TEM) images were made with a Philips CM300 FEG
microscope operating at 200 kV. Fourier transformed infrared
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(FTIR) spectra were recorded in the 4000 to 400 cm~! range
using a Thermo Nicolet 6700 FTIR with ATR accessory
instrument (Thermo scientific, USA). Lead and iodine content in
HP1 were determined by using X-ray fluorescence spectroscopy
(Philips MiniPal 25 fm) and a mechanical mixture of PbBr; and Kl
powders as calibration standards. X-ray photoelectron spectra
(XPS) were measured on a SPECS spectrometer equipped with a
Phoibos 1509MCD detector using a nonmonochromatic X-ray
source (Al and Mg) operating at 200 W. The samples were
evacuated in the prechamber of the spectrometer at 1 x 10°
mbar. The measured intensity ratio of the components was
obtained from the area of the corresponding peaks after
nonlinear Shirley-type background subtraction and corrected by
the transition function of the spectrometer. The work function
of the apparatus was calibrated with Ag, Au and Cu with a value
4.2440 eV. Combustion elemental analyses were measured on
an Euro EA Elemental Analyser Eurovector. 'H NMR spectra
were acquired in a Bruker AV300 (300 MHz) spectrometer,
Chemical shifts of 1H signals are reported in ppm using the
solvent peak as internal standard. Data are reported as follows:
chemical shift, multiplicity (s = singlet, br = broad, d = doublet, t
= triplet, sept = septuplet, m = multiplet), integral, coupling
constants (Hz) and assignment.

HP1 and PH2 stability tests

Evaluation of light and oxygen stability of HP1 and HP2 was
conducted by measuring the evolution of hydrogen evolution
over the time. The photoreactor is a cubic aluminium sealed
reactor (total volume 100 mL) with a quartz cover allowing light
passthrough and independent inlet/outlet valves with a
manometer to determine pressure were adapted. 20 mg of
perovskites were first placed in the reactor. Then the system
was purged with argon or filled with a certain amount of oxygen
until reaching a final pressure of 1.3 atmosphere. A Hamamatsu
Xenon lamp (235 - 850 nm) with a focused intensity on the flask
of 1.3 kW/m? was used as a UV-vis light source. A UV cut-off
filter (> 400 nm) was employed to carry out the experiments
with UV filtered light.

A 0.25 mL sample of the generated gas was collected
periodically with an air-tight syringe and the hydrogen content
analysed by gas chromatography (GS-MOL 15 m column ID 0.55
mm TCD from J&W Scientific). All glassware was clean and
carefully rinsed with Milli-Q water prior to use.

Results and discussion
Synthetic procedures

The synthesis of 4-styryl ammonium lead iodide material is
illustrated in Scheme 1. This synthesis starts with the
protonation of commercially available 4-aminostyrene by Hl
acid. This protonation has to be carried out carefully at low
temperature (gry ice/acetone ice bath, ~ -70 °C) to avoid
the occurrence of double bond polymerization and/or
electrophilic additions to the C-C.28 Protonation of the
amino group results in H NMR spectroscopy in a
remarkable downfield shift of the aromatic protons at the
ortho position of the amino group of about 1 ppm as well

This journal is © The Royal Society of Chemistry 20xx
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as other changes in the chemical shifts of the protons.
Figure S1 in supporting information shows a comparison of
the 'H NMR spectra for 4-aminostyrene and styryl
ammonium (ammonium 1). Importantly, spectroscopic data
confirm that under optimized protonation conditions, the
vinylic CH=CH, group remains unaltered. IR spectroscopy
also shows significant changes upon protonation, the most
remarkable one being the change in the position and
intensity of the NH stretch vibration bands that become
more intense and shifted towards smaller wavenumber
upon protonation (Figure S2 in supporting information).
The hybrid styrene-ammonium lead iodide was finally
obtained by mixing a solution of Pbl; in aqueous HI and
ammonium salt 1. Upon mixing, instantaneous precipitation
of the hybrid material HP1 is observed. HP1 was separated
by filtration and washed with diethyl ether.

Material characterization

Power XRD of HP1 is presented in Figure 1a, where
comparison with the XRD patterns of the two components,
i.e., Pbl; and ammonium 1 is presented. As can be seen
there, HP1 is a crystalline material with a structure different
than Pbl; or ammonium 1. The HP1 XRD pattern confirms
that the precipitated crystals correspond to a new material,
which diffraction pattern cannot be attributed to the
parent’ patters addition. Unfortunately, all the attempts to
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determine the crystal structure of HP1 by single-crystal XRD
analysis were unsuccessful. However, the formation of a
hybrid structure, exhibiting high crystallinity, can be
elucidated from the HP1 pattern since small angle peaks
bellow 10 ° corresponds to the organic counterpart, while
the 25 and 40 ° peaks can be attributed to the inorganic Pb-
| structure. Similar diffraction pattern has been reported for
a mixed 2D hybrid perovskite based on methyl and
polyethileneimide ammonium cations.?® In this, a strong
peak at 8 ©, indicative of a 2D hybrid structure can be
observed, very similar to the one observed in the present
case.

FTIR of HP1 (Figure 1b) shows stretch vibration bands
appearing at 3500 and from 3200 to 2500 cm<
corresponding to OH and NH vibrations, respectively. The IR
spectrum shows also in the aromatic region, the expected
peaks from 1620 to 1450 cmL.

Interestingly, in the finger print region, the presence of an
intense peak at about 800 cm! due to the para aromatic
substitution of the benzyl ring and two out of plane
vibration bands of vinylic groups at 980 and 915 cm! were
also recorded. Particularly, the last characteristic vibration
peaks indicate that the vinylic double bond CH=CH; groups
are still present in the structure of HP1.

4-Aminostyrene protonation

Polymerization ' O
— — >
- Extra styrene " s
- A
A
Pbl,/HI HP1 precipitate HP2

Scheme 1. lllustration of the synthesis route of HP1 and HP2.
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The morphology and composition of HP1 particles was
observed by scanning electron microscopy (SEM) and high-
resolution transmission electron microscopy (HRTEM)
accompanied with EDS analysis, which are presented in
Figure 2. It was observed that the material is constituted by
large aggregates of about 6 um or larger size constituted by
the assembly of thin platelets. This morphology has been
reported for 2D hybrid materials,3° and suggests that also in
the present case, HP1 could have such 2D dimensionality in
its structure. TEM shows that HP1 is constituted by
aggregation of thin platelets with dimensions larger than 500
nm up to several micrometers. High resolution images show
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the presence of crystalline planes of 0.389 nm and 0.401 nm
that coincide with the position of two peaks in XRD pattern
(26=22.823° and 21.975°, respectively). Overall, the high
resolution TEM images confirm the high crystallinity in
accordance with powder XRD and the 2D structure of the
material. EDS analysis of selected area corresponding to the
surface of the particle show the presence of Pb, | and C, in a
relative proportion of 53, 33 and 14%, respectively, indicating
that the material is constituted by these elements.

The elemental composition of HP1 was determined by
combining X-ray fluorescence analysis for Pb and |, with
combustion elemental analysis for C and H. The results are

This journal is © The Royal Society of Chemistry 20xx
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presented in the supporting information (see Table S1).
These analyses have allowed to estimate for HP1 a
composition of Pblyslos. This composition does not agree
with the expected formula for 3D, 2D or 1D hybrid lead
perovskites that are PblsX,31-32 PblsX;,333% and PblsX (facet-
sharing),3>-3¢ respectively (in which X represents the organic
ammonium cation). It could be that the defects on the
structure are responsible for the deviation of the empirical
formula from the ideal composition expected for these 2D
materials. In this regard, it has to be commented that EDS
analysis by electron microscopy shows that the surface of
HP1 is enriched of Pb and has a low average content of I. The
presence of O on HP1 surface is also detectable by EDS.
Analytic data of HP1 by XRF and combustion elemental
analysis or EDS was complemented by XPS. Survey XPS
analysis detected the expected elements according to the
empirical formula plus the presence of oxygen. High
resolution peaks for Cls, N1s, Ols, Pb4f and I3d are shown in
Figure 3. Cls, Pb4f and 13d are mainly composed by a single
component, corresponding to sp2 carbons, PbZ* and I,
respectively.3” In contrast, N1s peak shows two components
at 399.5 and 402.5 in a proportion of 44 and 56 %,
attributable to -NH; and -NH3*.38 This distribution of N atoms
could indicate that styryl ammonium ligand is deprotonated
in a significant proportion. This is compatible with the fact
that XPS analysis also detects the presence of oxygen atoms
in the outermost part of the particles. The deconvolution of
the high resolution O1s peak indicates that there are three
main components at 529.0 (25 %), 532.0 (39 %), and 533.5 eV
(36 %), that can be attributed to Pb-O, Pb-OH and adsorbed
H,0, respectively.3® According to this analysis, part of the
positive charges on the external surface of the HP1, resulted
from the exposed Pb2*, should be compensated by hydroxyl
and oxide groups.

XPS also allows to determine the energy of the valence band
edge by extrapolating the first electron emission peak at
lower energy (see the description of the calculation in the
supporting information). According to this measurement, the
valence band energy of the hybrid material HP1 was
determined at -5.34 eV referred to vacuum. The HP1 optical
bandgap, assuming that the obtained material presents a
direct bandgap, was estimated by the Tauc plot (Figure S3),
and was determined of 2.63 eV. It is worth noticing that an
small band can be distinguished in the Tauc plot at lower
energy. We have attributed this band to mid-gap states
created as consequence of structural defects. The energy gap
of this transition was determined to 2.42 eV. The band gap
value together with the valence band position allow us to
calculate the energy of the conduction band energy, which is
about - 2.71 eV. The diffuse reflectance spectrum from which
the optical bandgap was estimated is presented in Figure S3
in supplementary information. As it can be seen there, the

This journal is © The Royal Society of Chemistry 20xx

absorption band presents a shoulder of the main absorption
band at 490 nm, attributed to mid-gap states and it have
relative maximums at 425, 400 and 310 nm, which can be
attributed to excitonic peaks related with the 2D morphology.
This absorption spectrum corresponding to HP1 is different
from the styryl ammonium iodide that has a weak absorption
band at 360 nm and an intense absorption at 290 nm. The
absorption spectrum of HP1 is also different from that of Pbl,
that has a very step absorption at 550 nm.

It is worth commenting that the obtained HP1 UV-Vis
spectrum presents different characteristics than that of the
overlap of the parent precursors UV-Vis spectra, indicating
that HP1 cannot be a mixture of Pbl, and the organic
precursor.

Post-synthetic modification

After HP1 characterization, post-synthetic modification was
performed by carrying out radical polymerization of the styryl
moieties with additional amount of styrene. As commented
in the introduction, the leading idea of the present work was
the preparation of a semiconductor material with an organic
ligand that allows surface modification by an organic reaction
under mild conditions. Styryl ammonium was selected with
this purpose since it was considered that the styryl moiety of
the ammonium ligand should allow copolymerization with
styrene molecules. The key point is to find a reaction
compatible with the structural stability of the hybrid material.
In this sense, styrene polymerization initiated by radicals can
be carried out under inert atmosphere at moderate
temperature (50 ©°C), and in non-polar organic solvent
(hexane). This post-synthetic modification of HP1 allows us
the control of the properties of the particle surface without
altering the optoelectronic properties of the hybrid material.
The success of the polymerization was confirmed by FTIR and
NMR spectroscopy. On the contrary, the crystallinity and
optoelectronic properties of HP1 were preserved after this
post-synthetic modification, as can be observed by XRD and
diffuse reflectance UV-Vis spectroscopy in Figures S4 and S5,
respectively, in supplementary information. As can be
observed in these Figures, the crystallinity, phase and
optoelectronic properties of HP1 have been preserved after
polymerization, indicating that the HP1 material has not
suffered any change under these reaction conditions. FTIR
spectroscopy reveals the disappearance of the characteristic
out of plane vibration bands corresponding to the vinylic
moiety (915 and 980 cm), which indicates the occurrence of
double bond polymerization of styryl ammonium (see Figure
4).
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at 980 and 915 cm? indicates the occurrence of double bond polymerization of
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To obtain additional evidence of the occurrence of
polymerization involving the styryl units, samples of HP1 and
HP2 were dispersed in deuterated D,O and the obtained
liquid supernatants, containing organic ammonium moieties
extracted from HP1 or HP2, were analyzed by H NMR
spectroscopy. The results are presented in Figure S6 in the
supporting information. As can be seen there, in the case of

HP1, the H NMR spectrum corresponding to styryl
ammonium ligand was recorded. Specifically, signals
corresponding to the three vinylic hydrogens appearing at
6.75 (d-d, 1H, J3=10.59 Hz and J3=17.94 Hz), 5.0 (d-d, 1H,
J3=17.94 Hz) and 5.35 (d-d, 1H, J3= 10.59 Hz), were recorded.
In contrast, similar experiment for HP2 exhibits a barely
detectable signal for these vinyl protons and the more
complex aromatic region was accompanying by aliphatic
signals indicating the success of polymer formation.
Copolymerization of HP1 with styrene results in clear
morphologic change of the HP2 particles respect to the
parent HP1 material. Some representative images are
provided in the supporting information (Figure S7). As can be
seen there, copolymerization results in the formation of
smooth surfaces in SEM images reflecting the coating of the
original flower-like particle by polystyrene.

As it could be expected, considering the hydrophobic
properties of polystyrene, HP2 exhibits a remarkable
hydrophobicity that is visually observed by HP2 floating in
water. Nevertheless, as commented before, HP2 becomes
eventually decomposed upon stirring. In contrast, HP1
undergoes instantaneously decomposition under the same
conditions. Figure S8 shows some photographs to illustrate
the distinctive behaviour of HP1 and HP2 in water.

Photostability tests
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As also commented in the introduction, the long-term goal of
this research is the development of hybrid materials that
could be used as photocatalyst, exhibiting photostability. For
this reason, it was of interest to determine the relative
stability of HP1 and HP2, both in the dark, and, under
illumination (A > 400 nm). It was observed that upon standing
at room temperature in the absence and presence of oxygen,
H, evolution occurs for both HP1 and HP2 in the dark. This
hydrogen evolution increases in HP1 and HP2 samples upon
visible light irradiation in the absence of oxygen, but H,
evolution significantly enhance when HP1 and HP2 are
irradiated in the presence of oxygen. Figure 5 shows the
temporal H; evolution for the two samples under the
conditions tested. As can be seen there, the differences in the
H, evolution for HP1 and HP2 are very minor, indicating that
coating of the particles by polystyrene does not alter the
stability of the hybrid perovskite against light or oxygen.
Quantification of the amount of hydrogen evolved indicates,
however, that it corresponds to a minor percentage of the
estimated amount of the total organic ligand in the material.
Overall, the detection of hydrogen in these samples indicates
that they are instable, although the amount of hydrogen
corresponds to a minor percentage of the decomposition.
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Scheme 2. Proposed mechanism of HP1 and HP2 decomposition and pathways
of resulting in H, evolution.

It is proposed that hydrogen formation is a secondary process
that derives from the initial formation of HI. It has been
proposed that evolution of HI is the main cause of
decomposition of methyl ammonium perovskite and the
same could happen in the present case.*%*1 From HI,
hydrogen will be formed by splitting and the process could be
assisted by the presence of oxygen. Scheme 2 illustrates the
proposed pathways resulting in hydrogen evolution. This
mechanism involves the photogeneration of e/h* pairs first.
Then, e are efficiently quenched in the presence of oxygen,
generating superoxide radicals (O%). The photogenerated h*
promote Pb oxidation to Pb*", which in the presence of 0%
promotes PbO,. The later oxidation induces HI evolution, and,
in the presence of e/h* pairs, I, and H, are eventually
produced. It appears that surface modification does not
influence this decomposition mechanism and the behaviour
of HP1 and HP2 is similar.

In support of the proposal to explain hydrogen evolution
from hybrid perovskite, XPS analysis of the samples after light
irradiation shows an increase of the percentage of NH, with
respect to NHs* in the high resolution N1s peak of the
irradiated sample showing that the deprotonation has
occurred. Also, analysis of the Pb4f peak shows the
appearance of a component of 15 % corresponding to Pb** in
the sample. These changes were also detectable after HP1
sample was submitted to light irradiation in the absence of O,
(Figure S9).

Conclusions

The present study has shown the preparation of a new 2D
hybrid lead halide material and its post-synthetic
modification based on the organic reaction of the ammonium
ligand. This strategy has been illustrated in the present case
by the synthesis of a new hybrid lead halide material with
styryl ammonium ligand that, after the synthesis, is
submitted to cross-polymerization with styrene. Although
spectroscopic evidences confirm the success of the cross
polymerization  with  subsequent increase in the
hydrophobicity of the modified hybrid perovskite, the
stability of this material in water is still not sufficient and can
become dissolved. Photostability tests show the evolution of
hydrogen upon irradiation even in the dark. It is proposed
that hydrogen evolution derives from the deprotonation of
the ammonium ligand followed by the decomposition of Hl
acid. XPS analysis provides evidence in support of this claim,
also showing the formation of some Pb#* species on the
surface. Overall, the present study illustrates the potential
that a proper selection of the organic ligand can have not
only with respect to the electronic properties and structure
of the hybrid perovskite, but also to perform further
modification in the material.
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