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ABSTRACT: Two-dimensional organic—inorganic hybrid perovskites NaOH(: (e % v w Y
(OIHPs) have excellent photoelectric properties, such as high charge aOH(aq) * i :‘ % .,’J
mobility and a high optical absorption coeflicient, which have attracted o . as @ 2
enormous attention in the field of optoelectronic devices and VA AT AT AL
photochemistry. However, the stability of 2D OIHPs in solution is & e TommmmmmmmoeememEs ’
deficient. In particular, the lack of stability in polar solutions hinders / 7

their application in photochemistry. In t4h1.51 yvork, (1so-BA)2Pb.I4 was I— i )' 7 Methyl orange

used as a model to explore the three possibilities of the stable existence X s

of a 2D perovskite in aqueous solution. And two of these systems that pH=1~8 “T' ______ :

stabilize the presence of (iso-BA),Pbl, were further investigated through
electrochemical testing. Moreover, (iso-BA),Pbl, 2D hybrid perovskites
exhibited an outstanding degradation rate. The chiral perovskite (R/S-
MBA),Pbl, is able to degrade a 30 mg/L methyl orange solution
completely within S min, making it one of the fastest catalysts for this particular organic reaction. Further, based on the electron spin
resonance test, a degradation mechanism by the halide perovskite was proposed. Based on the great catalytic performance as well as
good reusability and stability, (R/S-MBA),Pbl, perovskites are expected to be a new generation of catalysts, making a great impact
on the application of asymmetrically catalyzed photoreactions.
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1. INTRODUCTION (A"),,(A),_B,X5,,1, where A’ can be either a monovalent
(m = 2) or a bivalent (m = 1) cation, forming a double or

Nowadays, the semiconductor-based light reaction, as a green
single layer of connected inorganic (A),_B,Xs,.; two-

and efficient oxidation technology, is the most promising use of

renewable solar energy.l’2 Over the past few decades, a wide dimensional sheet, respectively, wheremnl can be regarded as
variety of catalysts for photoreactions have been reported, the thickness of the inorganic layer. "' The photoelectric
mainly including metal oxides (TiO,, SnO,, and ZnO) and properties of two-dimensional perovskites, such as the band
metal sulfides (CdS and PbS).”~> However, these photo- gap and exciton binding energy, are highly dependent on the
catalysts possess drawbacks of rapid carrier recombination, a degree of quantum confinement, which is primarily determined
smaller light absorption range, and limited stability, limiting by the thickness of the inorganic layer."*'? Specifically, the
large-scale commercial applications.’ Therefore, the develop- thickness of the inorganic layer increases with the increase of n
ment of new semiconductor photocatalysts with enhanced values, thus leading to the decrease of the quantum constraint,
photocatalytic activity and energy conversion efficiency is of resulting in a large and tunable reduction of the optical band
great importance. Recently, 2D perovskites as increasingly gap and the tailoring of electrical properties.zo_n

promising semiconductor materials have received widespread The reported halide perovskite photocatalysts (HPPs) are
attention in the research field of optoelectronic devices and generally classified as Pb-based organic—inorganic hybrid

photocatalysis, which is attributed to their outstanding optical perovskites (OIHPs) (MAPbI, FAPbl,, MAFAPbL, and
and electrical proPe.rFiesiZ’g S'Udl as tuna.ble OPtiC?il.band1 lgaps,) MAFACsPbl;), all inorganic perovskites (CsPbl; and
great charge mobilities, high absorption coeflicients, long CsPbBr,), lead-free perovskites (CsSnl, Cs,BiAgBrs, and

charge carrier lilfze'gi%mes, and high photoluminescence (PL) AgBi,1,), and Ruddlesden—Popper layered perovskites. In-
quantum yields.””” To date, hundreds of perovskite-based

photocatalysts have been reported with some achieving high
photocatalytic efficiency.'* Thus, perovskite-based photo-
catalytic materials are promising for practical applications.
The inferior stability and highly ionic character of 3D
perovskites compel researchers to focus on low-dimensional
perovskites (i.e, 2D perovskites).”> Two-dimensional perov-
skites are generally described by the formula
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organic halide perovskite quantum dots (IHPQDs) have
attracted much attention due to their ultrahigh PL quantum
yield,”® continuous absorption in the visible range,”*** tunable
band gap,”® and good feasibility of chemical synthesis.””
Besides, inorganic halide perovskite carbon quantum dots
(IHPCQDs) intrinsically have a larger surface area, and the
energy levels can be adjusted bzf tuning the size to further
regulate the electron transport.”®*’ Second, CQDs can form a
uniform colloidal solution in many organic solvents on account
of their high dispersity as well as maintain heterogeneous
catalytic properties, including recyclability and separability.
However, the poor stability of PQDs in air or water solutions is
still a huge challenge to its widespread application.™

Lead-free perovskites are the perovskites in which the Pb**
ion is replaced by Sn**, Ge?*, Mg®, Mn>*, or other divalent
metal cations.”’ Sn-based lead-free perovskites have been
intensively researched because the radius of Sn** (1.35 A) is
similar to that of Pb>" (1.49 A). Comparing with lead-based
perovskites, Sn-based perovskites not only are nontoxic but
also possess excellent properties, such as a narrow band gap
and high carrier mobility. Unfortunately, the issue of stability
badly hinders its application since Sn** is easily oxidized to
Sn** under ambient conditions.”>** Despite the advantageous
optoelectronic properties, the Ruddlesden—Popper layered
perovskites suffer from severe instability when exposed to
water, highly polar solvents, oxygen, light, and heat. Even
though some perovskites have achieved a high photocatalytic
efficiency, their application in large-scale commercialization is
relatively limited. The challenge of large-scale applications
derives from two main limitations: lack of chemical stability in
polar solvents and surface vulnerability to chemical trans-
formation in solution.>**> Hence, the investigation on the
stability of 2D OIHPs in polar solutions is the primary issue
before the study on its catalytic properties.”

Herein, (iso-BA),Pbl, was synthesized by the KI solution
method, and its stability was evaluated under three conditions,
wherein the as-prepared perovskite remained stable in a wide
pH range of 1—-8. And its electrochemical stability was further
confirmed by electrochemical and X-ray photoelectron spec-
troscopy (XPS) characterizations. And (iso-BA),Pbl, emerges
as having excellent capability in photocatalytic degradation of
organic dyes, which can efficiently degrade methyl orange dye
within 10 min without the loss of stability. Moreover, the
catalytic performance of (R/S-MBA),Pbl, was found to be
superior to that of (iso-BA),Pbl,, (BA),Pbl,, and (PEA),Pbl,
organo-amine ligands, which was confirmed by both the
organic dye degradation experiment and electrochemical
impedance spectroscopy (EIS). It is worth mentioning that
the chiral perovskite (R/S-MBA),Pbl, achieved near-complete
degradation of a 30 mg/L methyl orange solution in just 5 min,
which is one of the most efficient catalysts to our knowledge
for methyl orange degradation until now, having significant
implications for the exploration of asymmetric catalysis
research and development of high-performance catalysts.

2. MATERIALS AND METHODS

2.1. Materials. The chemicals were purchased from
different companies as follows: lead(II) iodide (Pbl,, 99%,
Sigma-Aldrich), potassium iodide (KI, 99%, Macklin),
isobutylamine (C,H;;N, 99.5%, Aladdin), hypophosphorous
acid (H;PO,, SO wt % in H,0, Macklin), n-butylamine
(C4H 1N, 99%, Aladdin), S-phenylethylamine (CgH;;N, 98%,
Aladdin), (R)-(+)-a-methylbenzylamine (CgH;;N, 99%,
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Macklin), (S)-(—)-a-methylbenzylamine (CgH,;;N, 99%, Alad-
din), sodium hydroxide (NaOH, 98%, Macklin), methyl
orange (C,H,N;NaO;S, AR, Tianjin Tianxin Fine Chemical
Development Center), congo red (C3,H,,N¢Na,O,S,, Tianjin
Institute of Chemical Reagents), direct black 19
(C44H,7N3Na,0,S,, Maya Reagent), sulforhodamine-B
(CyH,oN,Na0,S,, 85%, Macklin), ethylenediamine tetra-
acetic acid (C;oH;(N,Og, AR, Damao chemical reagent), p-
quinone (C4H,0,, 99%, Maya Reagent), silver nitrate
(AgNO;, AR, Damao chemical reagent), and isopropyl alcohol
(C3HO, AR, Tian in Fuyu Fine Chemical Co. Ltd.). All
chemical reagents were used as received without further
purification, and deionized (DI) water (>18 MQ) was used
throughout the experiments.

2.2. Preparation of (iso-BA),Pbl,. KI powder (6 g, 36
mmol) was dissolved in 9 mL of DI water. Then, 0.1383 g of
Pbl, was dissolved in KI solution and stirred continuously until
it was clarified. The iso-BA (180 L) in a separate vial was first
neutralized by adding 500 uL of H3PO,, and then, the
obtained protonated solution was added dropwise to the KI
solution with stirring. The mixed solution was subsequently set
overnight without stirring to yield plate crystals of orange
color, which was collected by suction filtration and dried for 4
h at 60 °C in a vacuum oven before use.

2.3. Preparation of (BA),Pbl,. Pbl, powder (138.3 mg,
0.3 mmol) was first added to 9 mL of KI solution that was
prepared under the above procedure. In a separate vial, 420 mL
of BA was neutralized and protonated by the reaction with
1500 uL of H;PO, and then added dropwise to the previous
solution with stirring. The mixed solution was then allowed to
precipitate overnight without stirring to produce yellow plate-
like crystals, which were further collected by suction filtration
and dried in a vacuum oven at 60 °C for 4 h prior to use.

2.4. Preparation of (PEA),Pbl,. A solution of KI prepared
by dissolving 4 g of KI (24 mmol) in 6 mL of DI water was
mixed with Pbl, powder (46.1 mg, 0.1 mmol) under stirring
until clear. In a separate vial, 25 uL (0.2 mmol) of PEA was
neutralized by adding 500 yuL of H3PO,, and then, the
protonated PEA solution was added dropwise to the previous
solution with stirring. After leaving standing overnight without
stirring, orange plate-like crystals were obtained, collected by
suction filtration, and then dried subsequently in a vacuum
oven at 60 °C for 4 h before use.

2.5. Preparation of (R/S-MBA),Pbl,. The KI solution was
prepared by dissolving 4 g of KI (24 mmol) in 6 mL of DI
water, which was further mixed with Pbl, powder (92.2 mg, 0.2
mmol) until clear. In the separated vials, 660 yL of H;PO, and
256 pL (1.4 mmol) of R/S-MBA were first mixed, and the
obtained protonated R/S-MBA solution was added to the
previously acquired solution dropwise with stirring. After being
left standing without agitation overnight, orange needle-like
crystals were yielded, which were further collected by suction
filtration and then dried in a vacuum oven at 60 °C for 4 h
before use.

2.6. Characterization. The powder X-ray diffraction
(XRD) patterns of the samples were recorded on a powder
X-ray diffractometer (Empyrean, PANalytical B.V.) using Cu
Ka, radiation. The UV—vis absorption spectra were obtained
by a UV—vis spectrophotometer (UV-5200PC, ShangHai
Metash Instruments Co. Ltd.). Diffuse reflection spectra
were acquired with a UV—vis spectrophotometer (Lambda
750, PerkinElmer). The PL measurements were performed
using a fluorescence spectrometer (Fluoromax-4, HORIBA)
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Figure 1. Study on the stability of the 2D halide perovskite. (a) Schematic illustration of the exploration of the stability of (iso-BA),Pbl,. [Inset:
crystal structure of (iso-BA),PbL,]. The three schemes are denoted as schemes I, II, and III, respectively. (b) Optical photograph of the perovskite
present at pH = 1—8 (in schemes L, II, and III). (c) Mass distribution of the sample at pH = 1—8 in Scheme 1. (d) Mass distribution of the samples

at pH = 1-8 in Scheme II.

equipped with a monochromatized Xe lamp as the excitation
source. The morphology and microstructures of the samples
were investigated by using a scanning electron microscopy
(SEM) system (Hitachi SU-8010) with a 25 kV acceleration
voltage. The high-resolution transmission electron microscopy
(HR-TEM) images were collected on an FEI Tal os F200X
transmission electron microscope with an accelerating voltage
of 200 kV. The electron spin resonance (ESR) spectra of the
radical spin-trapped by DMPO were detected on a Bruker
model A300-10/12 spectrometer under visible light irradiation.
The XPS measurements of the samples were conducted on an
ESCALAB 250Xi X-ray photoelectron spectrometer (Thermo
Fischer, America) equipped with an Al Ka X-ray source. The
shift of the binding energy due to relative surface charging was
corrected using the C 1s level at 284.8 eV as an internal
standard. An X-ray photoelectron spectrometer (Thermo
Fischer, ESCALAB 250Xi, USA) was used for UPS testing.
Here, the vacuum of the analyzing chamber is about 2 X 107
mbar, the excitation source is Hel UV, the excitation source
energy is 21.22 eV, the working voltage is 12.5 kV, the filament
current is 16 mA, and the signal accumulation is carried out for
10 cycles.

2.7. Sample Stability Test. Rather than being further
separated by suction filtration, the yielded perovskite crystals
were kept in the mother liquor to evaluate the stability, which
was subsequently adjusted to an integer pH value of 1—-14,
respectively. In the second way, a certain amount of perovskite
samples (0.10 g) was taken out to explore the stability in
filtrates of pH 1—14 (adjusted with sodium hydroxide). In the
third method, 100 mg perovskite samples were added into
potassium ijodide solution with an integer pH value of 1—14 to
examine the stability.

2.8. Electrochemical Measurement. Electrochemical
measurements were performed on a CHIG600E electrochemical
workstation using a three-electrode system. The samples were
loaded on a glassy carbon electrode using silver glue as the
medium to function as a working electrode. And a Ag/AgCl
electrode (3.5 M KCl) and a Pt sheet were used as the
reference electrode and counter electrode, respectively. The
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electrolyte was the stock solution of different pH values (1—
14), which is adjusted by adding an appropriate amount of
sodium hydroxide. All pH measurements were done using a
PHS-3E INESA instrument. The cyclic voltammetry (CV)
curves were measured at a scan rate of 50 mV/s. EIS
measurements were carried out over a frequency range of 0.1—
100,000 Hz at a scan rate of 50 mV/s.

2.9. Photocatalytic Degradation of the Dyes. The
photocatalytic activities were investigated through the
degradation of the methyl orange (MO), congo red, direct
black 19, and sulforhodamine-B. Typically, the quantitative
photocatalyst was dispersed in the aqueous solution of dye (30
mg/L) for 30 min to reach equilibrium. Afterward, the
suspension was irradiated with visible light by fluorescent tubes
(21 V 150 W) with a halogen cold light source, and 4 mL of
the dye solution was removed at 2 min intervals during the
irradiation. And the concentration of the remaining dye was
determined by measuring the absorption using a UV—vis
spectrophotometer (UV-5200PC, ShangHai Metash Instru-
ments Co., Ltd.). The removal rate of the target organic dyes
can be calculated according to the equation

D= (A, — A,)/A, X 100%

In which, A, is the absorbance of the organic dye measured
at time t and A, is the initial absorbance of the organic dye
before irradiation.

3. RESULTS AND DISCUSSION

3.1. Stable Existence of the 2D Halide Perovskite. The
synthesis of 2D halide perovskites is detailed in the Materials
and Methods section and denoted as (iso-BA),Pbl,. And
Figure la schematically demonstrates the three methods to
explore the stability of 2D organic and inorganic hybrid halide
perovskites, which are represented as Scheme I, Scheme II, and
Scheme III, respectively. In Scheme I, the yielded perovskite
(iso-BA),Pbl, did not undergo separation of suction filtration
yet was kept in the solution that produced it. Then, the pH of
the solution was adjusted to an integer value of 1—14 by
adding an appropriate amount of NaOH to explore the

https://doi.org/10.1021/acsomega.3c08356
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Figure 2. Electrochemical and XPS investigation on the stability of the 2D halide perovskite. (a) Schematic diagram of the electrochemical test
using a three-electrode system. (b) Cyclic voltammogram of (iso-BA),Pbl, recorded at pH = 1, S, and 8. The four redox peaks are labeled as peak
1, peak 2, peak 3, and peak 4. X-ray photoelectron spectra of Pb 4f (c) and I 3d (d) core levels for (iso-BA),Pbl, at peak 1, peak 2, peak 3, and peak
4. The energy position of each spectrum is calibrated using the C 1s peak at 284.8 eV as a reference. (e) XPS analysis of Pb 4f of (iso-BA),Pbl, at
peak 1. (f) Crystal structure of (iso-BA),Pbl, undergoes electrochemical processes at various applied potentials. The middle panel represents (iso-
BA),Pbl,, whereas the right panels represent its oxidation and reduction processes, respectively.

stability of (iso-BA),Pbl, under conditions of acidity/alkalinity
(Figure S1). Scheme II involves adding a certain amount (0.10
g) of the perovskite sample that was separated and dried and
examining its stability in the filtrate of pH 1—14 (Figure S2).
Since the K' ion cannot be eliminated and the role of KI
cannot be ignored,” 0.10 g of the dried sample was put into
potassium iodide solution (4 mol/L) with pH values of 1—14
(Scheme III) to investigate the stability (Figure S3).

As illustrated in Figures 1b and SS, the results indicate that
the perovskite can remain stable in the pH range of 1—8 under
the conditions of Scheme I and Scheme II. In Scheme III,
however, the perovskite dissolves and cannot be stabilized. It is
worth noting that the solution appears to be of yellow color
when pH = 3-S5, with the most prominent color at pH = 4.
After the addition of the starch indicator, the solution of pH 3,
4, and S turned orange, blue-purple, and purple color (Figure
S6), respectively, confirming the existence of iodine. In order
to further investigate its stability, we compared the mass of the
stabilized perovskite samples with that of the blank samples,
and the results are shown in Figure 1¢,d. As observed from the
mass distribution of different pH values obtained by Scheme I,
the lowest mass value that was taken as the mean of 3 trials is
found to be 0.2113 g at pH 5, and the decrease in mass is
attributed to dissolution in the solution. The difference
between its mass and the average mass at different pH values
divided by the average mass value was 3.30%. Instead, the
lowest mass measured in Scheme II was 0.0966 g; that is 1.22%
difference regarding with the average at different pH values
(Figure 1d).

In addition, the perovskites from pH 1—8 in Scheme I and
Scheme II were collected for comparison after filtration and
drying, and the crystal structure of these materials was
characterized by XRD. As confirmed by Figure S4a,d, the
diffraction results of the synthesized blank sample are
consistent with the reported data of (iso-BA),Pbl,. And
there is no significant difference observed between the
characteristic diffraction peaks at pH = 2, 4, 6, 8 and the
blank sample, corroborating the good stability of the as-
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prepared perovskite. In addition, the optical properties of the
2D halide perovskite (Figure S4b,c,e,f) were analyzed through
PL and ultraviolet—visible absorption spectroscopy. From the
absorption spectrum, the positions of the absorption peaks are
basically consistent, and band-to-band transitions and free
exciton absorption can also be observed. Here, the short-
wavelength absorption can be attributed to band—band
transitions, whereas the long-wavelength absorption can be
attributed to free excitons. The emission peak of the original
sample in Scheme I is situated at 566 nm, while the emission
peaks of the samples with various pH values (pH 2, 4, 6, and 8)
are found at 567 nm in the PL spectrum. Moreover, the
emission peaks of the blank and the sample with pH = 2, 4, 6,
and 8 in Scheme II are located at 566, 565, 564, 565, and 566
nm, respectively. Accordingly, there is no significant difference
in the emission peak positions of the samples. Overall, the
above results indicate that perovskite (iso-BA),Pbl, can remain
stable in the original solution from pH 1 to pH 8 (in Scheme
I). And it is worth noting that the sample can maintain good
stability even after drying and being redissolved by the filtrate
in a pH range of 1—8 (in Scheme II). When the solution is
alkaline, the substance begins to dissolve and white Pb(OH),
is formed (Figures S1 and $2).%” The reaction equation is

[PbL >~ + 20H™ = Pb(OH), | + 41

The stable perovskite systems we explore in this paper
contain certain amounts of K' and Pb**. Owing to the
reinforced ionic bonding formed by the K' and Pb*" in
solution and the surface iodine ion, the potassium-passivated
perovskite in our study shows significantly improved stability,
so it can exist stably. To our knowledge, our halide perovskite
materials exhibit exceptional stability in the polar solution of
various pH values (pH 1—8) under an ambient atmosphere.

To further evaluate the stability theoretically, electro-
chemical characterization was applied to elucidate the
fundamental energetics of the halide perovskites. Voltammetry
and impedance spectroscopy can reveal the frontier and
excited state orbitals, defect and doped states, density of states,

https://doi.org/10.1021/acsomega.3c08356
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electron—hole transfer rate, conductivity, dielectric constants,
and more.”® Besides, CV can also be used to evaluate the
stability of substances. Therefore, electrochemical tests were
performed in a three-electrode system, in which a glassy carbon
electrode was coated with (iso-BA),Pbl, with silver gel used as
the working electrode, a Ag/AgCl electrode used as the
reference electrode, and a platinum sheet used as the counter
electrode (Figure 2a). And CV measurements were performed
at a scan rate of 50 mV/s in stock solutions with different pH
values (1—8) to understand the redox process (Figures S7 and
$8). Upon cycling between 0.2 and —1.0 V (vs Ag/AgCl) with
0 V as the starting potential, the following observations were
obtained: (i) no obvious oxidation peak appeared between 0
and 0.2 V and two reduction peaks appeared in the reverse
scan, one between —0.49 and —0.55 V (peak 1) and another
between —0.7 and —0.75 V (peak 2); (ii) When scanning back
to 0V, an oxidation peak between —0.52 and —0.61 V (peak
3) and another oxidation peak between —0.18 and —0.28 V
(peak 4) are observed. Four prominent peaks are evident,
labeled peaks 1, 2, 3, and 4, respectively, as in Figure 2b. In
addition, Tables 1 and S1 summarize the potentials of the four

Table 1. Potentials Comparison of Peaks 2 and 3 and the
Corresponding Reactions at Different pH Values

pH  2(Pb—2e” +2I" =PbL) (V) 3 (PbL, +2e~ = Pb + 2I7) (V)

pH=1 —-0.725 —0.544
pH=2 -0.732 -0.532
pH=3 —0.7 —0.601
pH = 4 —0.749 —0.52

pH=35 -0.735 -0.557
pH=6 —-0.725 -0.577
pH=7 -0.738 —0.56

pH =18 —0.742 —0.558

main peaks and the reactions involved in the four main peaks
at different pH (pH 1 to pH = 8) conditions. The first
oxidation peak (1) is attributed to the oxidation of H,PO,” to
H,PO;~, while the second reduction peak (4) is attributed to
the reduction of H,PO;~ to H,PO, . Based on this
electrochemical cycling, peaks 2 and 3 shall be assigned to
the oxidation of Pb® to Pb** and the reduction of Pb** back to
Pb’, respectively.

To elucidate the above redox processes, the CV spectrum of
the sample at pH = 3 (Figure S8c) was comprehensively
analyzed, and XPS spectra were further investigated. Four
samples that were taken at the potential of peaks 1, 2, 3, and 4
underwent full spectrum scan, as shown in Figure S9. Therein,
high-resolution spectra of Pb 4f and I 3d are displayed in
Figure 2c,d, while the spectra for the other relevant elements
are depicted in Figure S12. The peak location of each spectrum
was typically calibrated using the C 1s peak at 284.8 eV as a
reference (Figure S11).>” The spectral fitting peaks of Pb 4f
and I 3d are given in Figures 2d,e and S10, and the fitted values
for each single item are shown in Table 2. In Figure 2d, the
sample (peak 1) has two main peaks located at 630.13 and
618.73 eV, which can be assigned to I 3d;,, and I 3dj,
respectively. As shown in Figure 2d, the peaks located at
140.93 and 136.03 eV correspond to Pb 4f;,, and Pb 4f,,,
respectively, and thus can be identified as metallic Pb° species.
The Pb 4f peaks of the sample (peak 1) are separately located
at 142.73 and 137.83 eV, which are ascribed to Pb*" species
from Pb—I bonding in the perovskite."” Through the analysis
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Table 2. Comparison of the Fitted Peaks of the
Corresponding Pb 4f and I 3d Spectra at Peak 1, Peak 2,
Peak 3, and Peak 4

Pb4f,, Pb4f,, Pb4f, Pb4f, I13dy, 13d,

peak (eVv) (eV) (eV) (eV) (eV) (eVv)
1 142.73 140.93 137.83 136.03 630.13 618.73
2 142.84 141.04 137.94 136.14 630.24 618.74
3 142.92 141.12 138.02 136.22 630.22 618.82
4 142.84 141.14 138.04 136.24 630.24 618.74

of Pb 4f and I 3d orbitals, it can be found that the band gap
energy corresponding to the peak shows no obvious shift after
an electrochemical cycle (Figure 2¢,d and Table 2), further
evidencing the superior stability of (iso-BA),Pbl, in specific
aqueous solution. All of the electrochemical redox processes of
(iso-BA),Pbl, are summarized in Figure 2f: at a potential of
—0.70 V, the Pbl, present in the system reacts as follows: Pb —
2e” + 2I" = Pbl,; at a potential of —0.601 V, Pbl, gains
electrons and undergoes a decomposition reaction, resulting in
the formation of Pb® detrimental byproducts.

On the basis of the stable presence of (iso-BA),Pbl,, we
investigated the stability of (PEA),Pbl, in Scheme I and
Scheme II. The results are shown in Figures S13—S1S. The
results indicate that perovskite (PEA),Pbl, is stable from pH 1
to 8 in the original solution (as shown in Scheme I). It is
noteworthy that the samples remain well stabilized even after
drying and redissolving in the filtrate at pH 1 to 8 (see Scheme
).

3.2. Photocatalytic Applications. The application of 2D
halide perovskites in photochemical reactions was further
investigated via catalytic degradation of dyes under two main
conditions for the stable existence of perovskites (Scheme I
and Scheme II). To investigate the photocatalytic activities of
(iso-BA),Pbl,, four classical dyes, methyl orange (MO), congo
red (CR), direct black 19 (DB19), and sulforhodamine-B
(SRB), were employed as target organics. Considering the
influence of dark adsorption conditions, we tested the UV—vis
absorption spectra of the sample kept for 30 min in the dark
and exposed to light for different periods of time. As shown in
Figure S16, the removal rate of methyl orange was 1.42 and
99.91% under the dark and light conditions, respectively,
confirming that the main pathway has more adsorption and a
higher catalytic effect. The sample was stirred with the dye for
30 min to reach equilibrium of absorption before irradiation
with a halogen cold light source, recorded as light 0 min.
Figure 3a reveals the UV-—visible absorption spectra and
optical photographs corresponding to the photocatalytic
degradation of methyl orange (30 mg/L) by the unfiltered
sample (Scheme I). In addition, SO mg of (iso-BA),Pbl, and
50 uL of 3 g/L MO solution were added to 5 mL of the filtrate
for the photocatalytic reaction, and methyl orange was almost
completely degraded within 10 min, as demonstrated in Figure

Table 3 summarizes the comparative effectiveness of
photocatalytic degradation of dye by the substances in the
literature and ours, indicating that (iso-BA),Pbl, reveals
excellent photocatalyst efficiency on the degradation of MO.
Moreover, Figure 3b,e depicts the photocatalytic degradation
capacity of our samples for the four selected organic pollutants
as present in Scheme I and II. Without filtering, the
degradation rates of the four dyes by (iso-BA),Pbl, were
99.3% (MO), 99.6% (SRB), 88.8% (CR) and 34.8% (DB19),
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Figure 3. Photocatalytic applications. (a,d) UV—vis spectra at different reaction times during the degradation of MO by (iso-BA),Pbl, in Scheme I
(a) and Scheme II (d), respectively. The inset photographs represent the color change of the solution at 0 min of light and 10 min from left to right.
The initial concentration of MO was 30 mg/L, and the light source was a halogen lamp. (b,e) Three-dimensional bar chart of C,/C, vs degradation
time for different dyes: methyl orange (MO), sulforhodamine-B (SRB), congo red (CR), and direct black 19 (DB19) in Scheme I (b) and in
Scheme II (e). (c,f) Degradation rate (%) of (iso-BA),PbI, on MO vs time at different pH values in Scheme I (c) and in Scheme II (f).

Table 3. Photocatalytic Activity Comparison of (iso-BA),Pbl, and Other Photocatalysts on the Degradation of the Dye

composite reaction conditions
(iso-BA),Pbl,

(R-MBA),PbI,

original solution

original solution

(S-MBA),Pbl,
30 wt % Ag—Agl/Bi;0,Cl
MM-Fe—Si-PC

Ag,Onanoparticle/TiO, nanobelt heterostructures

Pt/Bi};,0,,Cp
Ag—AgBrTiO,
Cs,AgBiBrg-

hollow Co nanoparticle
3D N-TiO,_@MoS,
keratin/Ce-MOF

original solution
aqueous solution
40 Mm H,0,

aqueous solution
aqueous solution
aqueous solution
aqueous solution
aqueous solution
aqueous solution

aqueous solution

0.05 M Zn—Mg—Al LTHs/DE(0.0SLDE)
CsPbBr;

aqueous solution

sopropanol solution

dye time refs
MO 30 mg/L 10 min this work
MO 30 mg/L S min this work
MO 30 mg/L S min this work
MO 20 mg/L 180 min (61%) 42
MO 20 mg/L 40 min 43
MO 20 mg/L 35 min (87%) 44
MO 10 mg/L 180 min (97%) 45
MO 10 mg/L 110 min (88%) 46
MO 10 mg/L 420 min 47
MO 100 mg/L 4 min 48
MO 10 mg/L 120 min 91.8% 49
trypan blue 10 min 98% 50
congo red 10 mg/L 96.5% S5 min 51
methylene blue 0.05 mM completely disappear 60 min 52

respectively (Figure 3b). And the degradation effect in the
condition of Scheme II is depicted in Figure 3e, in which the
degradation rates within 10 min were found to be 98.8%
(MO), 99.3% (SRB), 78.3% (CR) and 35.4% (DB19) and are
almost the same as those of Scheme I. Among them, the
catalytic effect of (iso-BA),Pbl, on SRB is shown in Figure
S17. Similarly, we also explored the effect of different pH
values on the photocatalytic effect under the two stable
conditions of Scheme I and Scheme II (Figure 3c,f). Under
different pH conditions, the UV—vis absorption spectra of the
catalytic process of (iso-BA),Pbl, upon MO are detailed in
Figures S18 and S19. It was found that the degradation rate
decreases at first and then increases with increasing pH values.
And this phenomenon may be ascribed to the massive
adsorption of the dye by the catalyst under acidic conditions,
making the photocatalytic efficiency enhanced. Although the
above adsorption effect is negligible under alkaline conditions,
the condition of a high OH™ concentration is conducive to the
production of °*OH, further making the photocatalytic
efficiency higher than that in a neutral solution. It can be
seen from Figure Sa that hydroxyl radicals are not active
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species and why the photocatalytic degradation efficiency of
the sample at pH = 8 is higher than that under neutral
conditions. Additionally, the molecular conformation of methyl
orange causes a change in its quinonoid formula, which is
unstable and easily broken down at pH = 3.2, whereas methyl
orange exists in the azo formula with strong azo bonds and is
not easily broken down above pH = 4.4.*' In wastewater
treatment, the removal of the dye may be affected by the
presence of a significantly high concentration of salt ions. In
this regard, the effect of salt was investigated here by adding
various concentrations (from 0.1 to 0.9 M) of chloride salts to
the dye solution. As shown in Figure $20, (iso-BA),Pbl, leads
to 98.68 and 99.49% dye removal under 0.1 and 0.5 M CI™
concentrations, respectively. At higher salt concentrations,
such as 0.9 M, the removal rate is 99.08%. With increasing salt
concentration, the level of methyl orange removal first
increased and then decreased. However, the overall effect of
salts was negligible.

After the study on the photocatalytic chemical properties of
the halide perovskite (iso-BA),Pbl,, we further examine the
effect of the 2D organo-inorganic hybrid perovskite containing

https://doi.org/10.1021/acsomega.3c08356
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different organic amine ligands on the photocatalytic perform-
ance since OIHPs have tunable band gaps, different
optoelectronic properties, and stability due to their organic
ligands. The 2D perovskites (BA),Pbl,, (PEA),Pbl,, and (R/S-
MBA),Pbl, were synthesized by a similar KI solvent method,
which is detailed in the Materials and Methods section. Under
the same condition of Scheme I, five samples were studied for
the degradation of MO (30 mg/L) to evaluate catalytic
performance. As shown in Figure 4a, the degradation rates of

. b 8000
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Figure 4. Photocatalytic applications. (a) Removal of MO by
photocatalytic processes of (iso-BA),Pbl,, (BA),Pbl, (PEA),Pbl,,
and (R/S-MBA),Pbl, The inset is the optical photograph of the five
sample solutions in the cuvette after S min of light exposure. (b) EIS
of (iso-BA),Pbl, (BA),Pbl, (PEA),Pbl, and (R/S-MBA),PbL,
(The inset is the simulated equivalent circuit).

(R-MBA),Pbl, and (S-MBA),Pbl, for MO reached as high as
99.8 and 99.4% within 5 min, respectively, and the degradation
performance is also exhibited by the optical photos of the five
samples taken at S min (the inset). It is obvious that the
catalytic effect of chiral perovskites is much higher than those
of the other three perovskites (Figure S21). Comparing with
the efficiency listed in Table 3, our chiral perovskite (R/S-
MBA),Pbl, can be regarded as one of the fastest photocatalysts
upon the degradation of MO at present.

EIS was often carried out to understand the charge transfer
property of materials.”® To further evaluate the photocatalytic
performance of (iso-BA),Pbl,, (BA),Pbl,, (PEA),Pbl,, (R-
MBA),Pbl,, and (S-MBA),Pbl,, EIS was conducted (Figure
4b) with an amplitude of 0.1—100,000 Hz, and the equivalent
circuit was simulated as shown in the inset. The x-axis
intercept of the semicircle is the equivalent resistance of the
electrode materials in series, while the diameter of the
semicircle could represent the charge transfer resistance. EIS
results indicated that the chiral perovskites (R-MBA),Pbl, and
(S-MBA),Pbl, possess smaller resistance (R.) than other
perovskites, evidenced by the smaller semicircular arcs (Table
4). And the ion transfer (R,) values for (iso-BA),Pbl,,
(BA),Pbl,, (PEA),Pbl, (R-MBA),Pbl, and (S-MBA),PbI,
were found to be 23,662, 17,222, 14,058, 8477, and 7255 Q,
respectively, which evidences that (R-MBA),Pbl, and (S-
MBA),Pbl, can transfer charge carriers more efficiently.

Table 4. EIS Spectral Fitted Values of (iso-BA),Pbl,,
(BA),Pbl,, (PEA),PbI,, (R-MBA),Pbl,, and (S-MBA),Pbl,

composite R, (Q cm?) R, (Q cm?) R (Q cm?)
(iso-BA),Pbl, 4754 23,662 23186.6
(BA),PbI, 747.8 17,222 164742
(PEA),Pbl, 877.2 14,058 13180.8
(R-MBA),Pbl, 4359 8477 8041.1
(S-MBA),Pbl, 592.1 7225 6632.9
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Overall, the EIS results are consistent with those observed
by photocatalytic experiments, revealing the great potential of
chiral perovskites to become next-generation catalysts. This
study not only inspires the design of novel photocatalysts but
also provides new insights into the utilization of perovskites in
the construction of natural and unnatural compounds with
photoactivity.

3.3. Stability and Photocatalytic Mechanism. The (iso-
BA),Pbl,, (BA),Pbl, (PEA),Pbl, and (R/S-MBA),Pbl, are
utilized to photodegrade organic dyes, and (iso-BA),Pbl, was
involved in the capture experiments of the sacrificial reagent to
elucidate the photocatalytic mechanism. Four sacrificial species
including EDTA, IPA, AgNO;, and p-BQ_ were employed to
capture the photoexcited hole (h*), hydroxyl radical (*OH),
electron (e”), and superoxide radicals (*O,"), respectively. As
shown in Figure Sa, the photodegradation rates of MO by (iso-
BA),Pbl, did not change when EDTA, isopropanol, and
AgNOj; were introduced, indicating that h*, *OH, and e~ are
not the active species in the photocatalytic reaction. When p-
benzoquinone was presented, however, the photodegradation
rate of MO was significantly suppressed compared with the
one without sacrificial agents, confirming that superoxide
radicals (*O,”) are the reactive active species in the
photodegradation process of (iso-BA),Pbl,. Additionally, the
existence of superoxide radical species (*O,”) was indicated by
the ESR spectroscopy (Figure S22), in which the ESR spectra
of (iso-BA),Pbl, were taken after 1 and S min of irradiation of
visible light. As revealed in Figure Sb, no ESR signals can be
observed without light irradiation, whereas strong ESR signals
of superoxide radical species in the reaction solution were
detected once exposed to the irradiation of visible light.”*>* To
sum up, the active substance of (iso-BA),Pbl, in the
photocatalytic reaction was found to be superoxide radicals.

Besides the high photoactivity, the (iso-BA),Pbl, catalyst
also exhibited excellent durability during the photocatalytic
reaction, which was very important for the application in
practice. Therefore, the reusability of the resulting (iso-
BA),Pbl, is inspected by cyclic photodegradation experiments.
To be specific, the sample is stirred with the target dye (MO)
for 30 min in the dark and then irradiated with a halogen cold
light source for 10 min as one cycle. In Figures 5c and S23,
(iso-BA),Pbl, exhibits excellent stability within 10 cycles.
Then, the degradation rate dropped to 78.10% after 15 cycles
and 45.74% after 20 cycles. Meanwhile, the crystal structure
and multilayer morphologies were maintained well after 20
cycles, confirmed by the XRD pattern in Figure S24a and the
FESEM image in Figure S25. The diffraction peaks of the
perovskite samples that underwent multiple cycles exhibit a
similar pattern (Figure S24a) to the one before cyclic
photodegradation, whereas the crystallinity is not excellent.
As observed in Figure S24b, the PL absorption wavelength
shifts to blue as the number of cycles increases, which could be
attributed to the higher photon energy corresponding to the
increased band gap as well as the shortened absorption
wavelength that results in a blue shift. As for the UV—vis
absorption spectra (Figure S24c), there was no significant
difference between the samples that participated in cycles 20
and 0. And the multilayer morphology of the sample was
maintained well before and after the testing (Figure S25).
Furthermore, in order to analyze and confirm the absence of
secondary products in the catalytic reaction, we performed
diffuse reflectance spectroscopy and TEM analysis on the
samples before and after the (iso-BA),Pbl,-catalyzed MO
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Figure S. Material stability and photocatalytic mechanism. (a) Effect of the scavenger on photocatalytic degradation of MO by (iso-BA),Pbl, under
halogen cold light irradiation. (b) ESR spectra of the superoxide radical species trapped by DMPO over the (iso-BA),Pbl, photocatalyst in the dark
or under visible light stimulation for 1 min. (c) Cyclic degradation efficiency of MO by (iso-BA),Pbl,. (d) Proposed reaction mechanisms for the

removal of organic pollutants with (iso-BA),Pbl,.

process. As shown in Figure S26, almost no difference was
observed in the spectra of the samples before and after the
catalytic process. The two samples before and after photo-
catalysis were further studied by high-resolution electro-
magnetic analysis (HRTEM), with the d-spacing of pristine
(iso-BA),Pbl, calculated to be 0.24 and 0.34 nm, which can be
assigned to the (0012) and (008) planes, respectively (Figure
$27). After photocatalysis, the lattice spacing remained 0.24
and 0.34 nm, respectively, confirming that the crystallites
spacing of (0012) and (008) do not change. Further, no new
crystalline phases were found to be generated, indicating that
no byproducts were produced.”*~*” Combining the above data
with the quality distribution diagram after 20 cycles (Figure
S23b), it can be found that (iso-BA),Pbl, has a good structure
and photocatalytic stability through the cyclic reactions, which
greatly contribute to its prospect applications.

Ultraviolet photoemission spectroscopy was employed to
investigate the energy level alignment of a layered hetero-
structure, which determines the positions of the valence band
minimum (VBM) and conduction band maximum (CBM) for
(iso-BA),Pbl, (Figure S28). The E . is 17.23 €V, which is
related to secondary electrons. The work function (W) of
(iso-BA),Pbl, is 3.97 eV, which is relative to 0 eV assigned to
the gold standard, defined as the Fermi level (Eg). The
difference between Eg and Eygy; is 1.08 eV (Figure S28). Based
on the band gap (Tauc plot) of (iso-BA),Pbl, (2.23 eV)
(Figure S28a), the positions of Ecgy (—2.82 eV) and Eygy
(—5.05 eV) were determined. Accordingly, the possible band
structure and the mechanism of the perovskite on the removal
of MO are proposed in Figure 5d. First, the MO is strongly
adsorbed by (iso-BA),Pbl, under dark conditions. And the
highest energy band (conduction band) of (iso-BA),Pbl, is
—2.82 eV, while the lowest energy band (valence band) of
(iso-BA),Pbl, is —5.05 eV. When irradiated by the visible light,
electron transition occurs immediately and photogenerated
electron—hole (e”—h*) pairs are produced. Electrons (e”) can
jump from the VB to the CB, leaving holes in the VB.
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Therefore, the O, molecule is photoreduced by electrons to
produce superoxide radicals (*O,”), and the process is
illustrated as

e” + 0, > 0,

Meanwhile, the photoexcited h™ as active species would
interact with the MO molecules to degrade the organic dye
directly.®"**

4. CONCLUSIONS

Taking (iso-BA),Pbl, as an example, two systems that can
stabilize two-dimensional OIHPs are discovered, that is, the
original solution with pH 1—8 and the filtrate with pH 1-8.
The reason for the superior stability of the 2D halide
perovskite was elucidated by characterizations of XRD, PL
spectroscopy, UV—vis spectroscopy, XPS, and electrochemical
tests. And the photocatalytic property was studied by
photocatalytic degradation of organic dyes (MO, SRB, CR,
and DB19). The results showed that (iso-BA),Pbl, degraded
methyl oranges up to 99% within 10 min with good
recoverability, and the mechanism of photocatalytic degrada-
tion was proposed according to the result of radical capture
experiments and ESR tests. Finally, we investigated the effect
of organo-amine ligands in 2D OIHPs on the catalytic
performance. It was found that chiral perovskite (R/S-
MBA),Pbl, can efficiently degrade MO within S min, which
can be regarded as one of the fastest catalysts for degradation
of MO dye so far. This discovery expands the possibility that
2D OIHPs can be applied in photocatalytic chemistry,
possessing significant implication for future exploration on
asymmetric catalysis.
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