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ABSTRACT: Lead-based perovskite MAPbX3 (MA = CH3NH3, X = Cl and Br) has shown
great potential benefits to advance modern optoelectronics and clean energy harvesting
devices. Poor structural stability is one of the major challenges of MAPbX3 perovskite
materials to overcome to achieve desired device performance. Here, we present the
electrochemical stability study of CH3NH3PbCl1.08Br1.92 quantum dots (QDs) by
electrogenerated chemiluminescence (ECL) and photoluminescence (PL) spectroelectro-
chemistry methods. Electrochemical anodization of pristine MAPbX3 QD film results in the
disproportionate loss of methylammonium and halide ions (X = Cl and Br). ECL efficiency
and stability of perovskite QDs in the presence of coreactant tripropyl amine (TPrA) can be
greatly improved after being incorporated into a polystyrene (PS) matrix. Mass spectrum and
X-ray photoelectron spectroscopy (XPS) measurements were used to provide chemical
composition variation details of QDs, which are responsible for the ECL and PL
characteristics (e.g., wavelength redshift) of perovskite QDs in an electrochemical cell.

KEYWORDS: perovskite, quantum dots (QDs), nanocrystals, polystyrene (PS), electrogenerated chemiluminescence (ECL),
photoluminescence (PL), Blue light emission

Organometallic halide perovskites such as MAPbX3 (MA
= CH3NH3, X = Cl and Br) have emerged as a new

candidate for solar cells,1−4 lasers,5−7 and light-emitting diodes
(LEDs).8−11 Their emission and absorption can be tuned in a
broad wavelength range by simply changing their nanocrystal
sizes and types of halide ions,12−21 and shapes from 2D
perovskite nanosheets to 0D perovskite quantum dots.22

Nanostructured organometallic halide perovskites have unique
emission characteristics such as high absorption coefficient,23

narrow full width at half maxima (fwhm),23 color purity,24 and
high photoluminescence (PL) quantum yield and photo-
stability,23,25,26 For example, Zhang et al.25 synthesized color-
tunable and narrow band emissive CH3NH3PbBr3 colloidal
quantum dots (QDs) using a ligand-assisted reprecipitation
(LARP) technique. Huang et al.27 developed a temperature
reprecipitation method for CH3NH3PbBr3 QDs with tunable
PL in the range of 475 to 570 nm. MAPbX3 perovskite QDs
have nearly unity PL quantum yield, narrow emission line
width, and low defect density;28,29 therefore, they are among
ideal candidates for efficient LEDs and electrogenerated
chemiluminescence (ECL). ECL is a light generation process
from an excited-state species formed by electron transfer
reaction between electrochemically produced oxidized and
reduced state species.30 Recent studies suggest ECL can be
produced from perovskite QDs. CH3NH3PbBr3 QDs exhibit
ECL emission in aqueous media in either coreactant or
annihilation ECL pathways.23,31 CsMBr3 (M = Pb and Bi)

QDs with various shapes and sizes have been synthesized for
studying their ECL activities in either annihilation or
coreactant route.24,26,28,29,32−35 Cao et al. synthesized environ-
mentally friendly CsBiBr3 perovskite QDs using the LARP
technique and obtained stable and efficient ECL response.
Poor structural stability is one of the major challenges of
organometallic halide perovskite QDs that need to be
overcome to achieve desired optical and electrochemical
properties. Halide ion migration, defects, and structure
decomposition when exposed to air, heat, moisture, and UV
irradiation are among the causes of the stability issues of
organometallic halide perovskites. New synthesis methodology
and structural engineering techniques are needed to obtain
stable perovskite crystal structure for optimal light absorption
and carrier transport and stability.36−39 Our team recently
demonstrated blue ECL and single QD PL imaging of mixed
halide perovskite QDs of CH3NH3PbCl1.08Br1.92 on glassy
carbon electrode.40 Two distinct ECL peaks at 473 and 745
nm were obtained when ECL was produced with coreactant of
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tripropyl amine (TPrA). The major challenges of this study are
the poor stability of QD film and mystery of the new red-
shifted ECL peak above 600 nm. Here, we present ECL and
PL spectroelectrochemistry characteristics of MAPbX3 (X= Cl
and Br) QDs incorporated into polystyrene (PS) matrix with
enhanced efficiency and stability.

■ RESULTS AND DISCUSSION
Structural and Morphological Characteristics of QDs-

Tol and QDs-PS. The composition of as-synthesized
perovskite QDs is CH3NH3PbCl1.08Br1.92 and is referred to
as QDs throughout the manuscript. As shown in Figure 1a, b,

as-synthesized perovskite QDs show an average diameter of 3.5
± 1.0 nm and a lattice spacing of 0.307 nm. The polydisperse
size distribution is expected because of the room-temperature
synthesis approach using the ligand-assisted reprecipitation
method as described in detail in the experimental section. The
QDs-Tol and QDs-PS films were structurally characterized by
X-ray diffraction (XRD). Figure 1c shows the XRD pattern for
QDs-Tol (red) and QDs-PS (blue) coated onto an indium tin
oxide (ITO) electrode. Two major diffraction peaks are
observed at 2θ = 15.1 and 30.6° along with minor peaks at 21.6
and 34.2°, corresponding to the reflections from 100, 200, 110,
and 210 cubic phase structure, respectively.27,41 The sharp
peaks denote the formation of bulk large crystallites. The
crystallite size for the QDs-Tol and QDs-PS was calculated
using the Debye−Scherrer’s equation41 to be 44.3 and 19.0
nm, respectively. The increase in crystallite sizes in Figure 1d
as compared to the initial-synthesized QDs shown in Figure 1a,
b is caused by the QD self-assembly to form large crystals after
being coated onto an electrode surface. As shown in Figure 1d,
nanorods (NRs) of perovskite are formed upon the

aggregation of QDs. The NR morphology depends on the
self-assembly of QDs in the presence of n-octyl amine and
oleic acid and solvent evaporation conditions. Details of the
anisotropic NR formation mechanism need further inves-
tigation.

Absorption and PL Spectra of Perovskite QD
Solutions and Films. The QDs in toluene (QDs-Tol) and
QDs dispersed in 0.09 wt % polystyrene (QDs-PS) were drop-
casted onto ITO and then vacuum-dried for the subsequent
ECL investigation. As shown in Figure 2a, the UV−vis

absorption spectra of the QDs-Tol and QDs-PS solution
samples have a band edge of 464.9 nm. Both QDs-Tol and
QDs-PS solutions show a PL emission peak at 475 nm in
addition to two weak peaks located at 417 and 436 nm. QDs-
Tol and QDs-PS solutions have relatively small Stokes shift of
10.1 and 11.1 nm, respectively, originating from direct exciton
recombination. The insets in Figure 2a show a PL photo of a
QDs-Tol solution under UV lamp excitation. Figure 2b shows
the UV−vis absorption spectra of the QDs-Tol and QDs-PS
films on ITO with a band edge of 460 nm. The QDs-Tol film
has two PL peaks at 451.8 and 480.8 nm with fwhm’s of 28.6
and 37.2 nm, respectively, as shown in Figure S1. The PL
spectrum of QDs-PS film on ITO shown in Figure 2b shows
two separated emission peaks (Figure S1) at 449 and 478.4 nm
with fwhm’s of 26.7 and 30.1 nm, respectively. Both the
samples demonstrate bright blue emission under 405 nm laser
excitation. The inset in Figure 2b shows the PL photos of
QDs-Tol and QDs-PS films under UV excitation. The lifetime
of the QDs dispersed in toluene is 1.0 ns as shown in Figure
S2.

Redox Properties and ECL Characteristics of Perov-
skite QD Films. ECL was performed for the QDs-Tol film in
0.1 M TBAPF6 in acetonitrile with 50 mM TPrA. The cyclic
voltammograms (CV) and the corresponding ECL of the QDs
on ITO film are shown in Figure 3. The bare ITO electrode
does not produce any oxidation peaks and ECL emission in the
absence of TPrA. No ECL was obtained from any QD-
modified ITO electrode in the absence of TPrA, although there
is an irreversible oxidation peak of QDs on ITO above 1.20 V
(vs SCE). ECL was not produced with bare ITO in the
presence of TPrA, although direct oxidation of TPrA can be
obtained above 0.90 V (vs SCE). In the presence of TPrA, the
anodic current of 4.5 mA and ECL response of 2.2 μA are
obtained from the QD-modified ITO electrode. The

Figure 1. (a) Transmission electron micrograph (TEM) image of
CH3NH3PbCl1.08Br1.92 QDs along with a histogram of the QDs
diameters showing an average diameter of 3.5 ± 1.0 nm. (b) High-
resolution TEM image of QDs. (c) XRD pattern of QDs-Tol/ITO
and QDs-PS/ITO and (d) SEM image of QDs-Tol film drop-casted
on ITO.

Figure 2. (a) Absorption and PL spectra of CH3NH3PbCl1.08Br1.92
QDs solution in the absence (QDs-Tol) and presence of polystyrene
(QDs-PS). (b) Absorption and PL spectra QDs thin film coated from
QDs-Tol and QDs-PS solutions onto ITO glass. The insets are photos
of QDs-Tol solution and QDs-PS films under UV lamp excitation.
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mechanism of the ECL generation from QDs is shown in eqs
1−5:

− →− ·+QDs e QDs (1)

− →− ·+TPrA e TPrA (2)

− →·+ + ·TPrA H TPrA (3)

+ → * +·+ ·QDs TPrA QDs products (4)

* → + hvQDs QDs (5)

TPrA is anodized to TPrA+• and QDs are oxidized to form
QDs+• upon positive potential scan in the presence of TPrA.
The TPrA+• then releases a proton to generate a strong
reducing radical intermediate, TPrA•. QDs+• undergo an
electron transfer reaction with TPrA• to generate QDs in
excited-state QDs*, leading to an intense ECL emission.
CH3NH3PbCl1.08Br1.92 QDs in this study are synthesized in

the presence of oleic acid and n-octyl amine, which are
necessary to passivate the surface defect sites.32 However, the
conductivity of these ligands is poor and it will prevent charge
transport when QDs are transferred into a solid film for ECL
study. To understand how the presence of oleic acid and n-
octyl amine affects the redox activities and ECL performance
of CH3NH3PbCl1.08Br1.92 QDs, we washed as-synthesized QDs
with toluene as the ligand density control. We performed CVs
as a function of toluene washing as shown in Figure S3. Our
results show less anodic current and ECL are obtained for as-

Figure 3. CVs (top) and ECL (bottom) responses from
CH3NH3PbCl1.08Br1.92 QD-modified (QD-Tol) ITO in 0.1 M
TBAPF6 in acetonitrile with and without 50 mM TPrA.

Figure 4. Top (blue) and bottom (red) panels show the overlay of ECL current (denoted by blue) and CV current (denoted by red), respectively,
for 100 cycles for (a) CH3NH3PbCl1.08Br1.92 QDs-Tol film on ITO, (b) QDs-PS film on ITO, and (c) bare ITO in 0.1 M TBAPF6 with 50 mM
TPrA in acetonitrile.
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synthesized QD than toluene-washed samples. This is because
the presence of excessive ligands without the toluene washing
prevents the efficient charge injection and transport. However,
poor film stability and sample aggregation are the major
problems of QDs treated with excessive toluene purification.
Therefore, QDs washed with toluene once are used in all the
following measurements.
ECL Stability and Intensity of Perovskite QD Films

and Effect o f PS Matr ix . ECL s t ab i l i t y o f
CH3NH3PbCl1.08Br1.92 QDs drop-casted on ITO directly
from QDs-Tol was evaluated for 100 CV cycles as shown in
Figure 4a. The ECL response decreases gradually because of
the poor structural stability upon electrochemical anodization.
To stabilize the QD ECL and stability of the QD film on ITO,
we drop-casted QD films directly from QDs-PS containing
polystyrene to help improve the stability of QDs on ITO for
ECL study. Figure 4b shows the CV and the corresponding
ECL response from the QD film from QDs-PS. Surprisingly,
the ECL response initially increases, reaches a maximum, and
then decreases gradually. Figure 4c shows a control experiment
with only a bare ITO in the presence of TPrA for 100 CV
cycles. Only a very weak ECL signal can be obtained. It is not
clear where the background ECL of bare ITO comes from. It is
likely from the impurities of TPrA and solvent. Figure 5a
shows the current and the corresponding ECL intensity for the
film samples of QDs-Tol, QDs-PS, in comparison with the bare
ITO at 1.44 V (vs SCE). All these current and ECL data are
extracted directly from ECL and CVs in Figure 4. Anodic
current at the bare ITO decreases gradually while producing a
weak ECL signal. The anodic current feature of QDs-Tol
includes a gradual decay throughout the first 600 s and then an
increase, producing only a short-lived ECL. The anodic current
of QDs-PS, however, increases for the first 100 s, followed by a
continuous decrease. The ECL response of QDs-Tol and the
bare ITO decreases upon CV cycling, whereas the QDs-PS
ECL response increases throughout the first 1200 s and then
decreases. To better illustrate the ECL/current features of all
three samples, we plotted the ratio of ECL intensity and
anodization current, iECL/iCV, to estimate the general trend of

ECL efficiency31 during the CV cycling, as shown in Figure 5b.
The iECL/iCV of the QDs-PS film increases for the first 1200 s
and then decreases gradually. The iECL/iCV of the QDs-Tol film
increases briefly for the first 25 s and then decreases thereafter.
A 2.6-fold increase in iECL/iCV is observed for the QDs-PS film
as compared to the QDs-Tol film. Bare ITO only has stable
and weak iECL/iCV response because of the weak ECL intensity
in contrast to QD-modified films.
Figure 6 shows the stability characteristics of the ECL

spectrum. The ECL spectrum of the QDs-Tol film shows an
unstable peak at 492.0 nm that disappears after the first
potential cycle. Figure 6c shows the corresponding stability

Figure 5. (a) Anodic current (top panel) and the corresponding ECL (bottom panel) trajectories of CH3NH3PbCl1.08Br1.92 QDs-Tol (red), QDs-
PS (blue), and bare ITO (green) at 1.44 V (vs SCE) and (b) the ratio of ECL current to CV current (iECL/iCV) for evaluating ECL efficiency. All
data are extracted from CVs of Figure 4.

Figure 6. Time evolut ion of ECL spectrum of (a)
CH3NH3PbCl1.08Br1.92 QDs-Tol and (b) QDs-PS during potential
stepping between 1.54 V and −0.06 V (vs SCE) for 100 steps with 1 s
pulse width for 8 and 50 consecutive cycles, respectively. (c, d) Time
evolutions of fwhm maximum ECL intensity and wavelength at
maximum ECL intensity of the QDs-Tol and QDs-PS films,
respectively.
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trajectories in fwhm (full width at half maxima), maximum
ECL intensity, and the wavelength at maximum ECL intensity.
Both ECL intensity and fwhm decrease upon anodization of
the QD film. The initial ECL peak at 492.0 nm is accompanied
by another longer wavelength peak at 578.0 nm, which is more
stable than the 492.0 nm peak for extended anodization
cycling. Figure 6b shows the ECL spectra of the QDs-PS film,
with a single peak at 590.4 nm increasing slowly with each
potential stepping. This ECL peak reaches a maximum at 2300
s and then decreases thereafter. Figure 6d shows the
corresponding evolutions of ECL intensity, the wavelength at
maximum ECL intensity, and the fwhm. The wavelength at
maximum ECL intensity remains constant for the most part for
QDs-PS film. The ECL intensity reaches a maximum
accompanied by a gradual decrease in its fwhm, and then
ECL intensity decreases, accompanied by a gradual increase in
its fwhm. The ECL from the QDs-Tol film shows poor stability
only because of the dissolution of solid QDs into the
electrolyte solution and structural loss upon anodization. On
the other hand, the ECL from the QDs-PS film is stable
enough for 20−40 min under the potential cycling conditions.
It indicates that polystyrene helps improve the ECL stability of
CH3NH3PbCl1.08Br1.92 QDs by acting as a scaffold to prevent
leakage of QDs and X ions into electrolyte solution while still
allowing oxidation of TPrA for ECL generation.
The difference in the initial ECL wavelength and stability of

QDs-Tol ECL and QDs-PS films has to do with the
electrochemical stability and particle aggregation character-
istics when loaded onto ITO. The initial short ECL wavelength
at 492.0 nm of QDs-Tol film is assigned to small QD
aggregates or QDs loosely bonded to the ITO surface, which
lose their activities quickly during the initial potential cycling.
The longer ECL peak at 578.0 nm in Figure 6a is likely
associated with larger aggregates when QDs are close to each
other. Disproportionate loss halide ions, as shown in our XPS
data, may contribute to the new ECL peak. The ECL of the
QDs-PS film is from QD aggregates stabilized by high
refraction index polymer matrix. We hypothesize that only
the QDs near the polymer surface and close to electrolyte
solution are ECL active. QDs buried inside the polymer film
are ECL inactive. Solvent-assisted swelling of polystyrene may
also allow TPrA molecules to transport through QD film, so
they can be oxidized to produce red-shifted ECL at 590.4 nm
(Figure 6b). The ECL mechanism of QD-PS sample is
describe by eqs 6−10.

− →− ·+TPrA e TPrA (6)

− →·+ + ·TPrA H TPrA (7)

+ →· −QDs TPrA QDs (8)

+ → *·+ −TPrA QDs QDs (9)

* → + hvQDs QDs (10)

Figure S4a shows the overlay of PL spectra with the ECL
spectra for the QDs-Tol film. The two distinct PL peaks of
QDs-Tol film are located at 451.8 and 480.8 nm, respectively.
ECL peaks are located at 492.2 nm (fwhm of 38.4 nm) and
578.7 nm (fwhm of 88.6 nm), respectively. The redshift of
ECL is due to the presence of electrolyte and solvent, and only
those QDs activated by electrochemical reaction emit light, in
contrast to photoexcitation processes, which can excite all QDs
inside the film sample.32 Besides, ECL is a surface-sensitive

light process.42 It is affected by the surface states and the
surface ligands on QDs. Red-shifted ECL has been previously
observed when the excited-state electrons relax into surface
states of QDs.43 Figure S4b shows the ECL and PL spectra of
QDs-PS film. The PL peaks are observed at 449 and 478.4 nm,
whereas the ECL peak is observed at 590.4 nm (fwhm of 92.5
nm).

PL Spectra of Fresh and ECL of Anodized Perovskite
QD Films. Figure 7a shows the PL spectra of the QDs-Tol film

before and after CV cycling treatment. The corresponding
normalized PL spectra for the QDs-Tol film are shown in
Figure S5. The wavelength at maximum PL intensity is
observed at 480.5 nm (fwhm = 47.3 nm), 451.5 nm (fwhm =
45.5 nm), 455.5 nm (fwhm = 118.2 nm), 572.7 nm (fwhm =
45.1 nm), 446.3 nm (fwhm = 46.2 nm), and 464.7 nm (fwhm
= 282.9 nm) when processed with 0, 0.5, 2, 5, 15, and 65 CV
cycles, respectively. The PL red-shifted with the maxima at
572.7 nm with a smaller blue-shifted peak at 465.5 nm after the
first 5 consecutive cycles of potential scans. These PL peak
positions are consistent with the ECL spectrum in Figure 6,
although the relative light intensity and stability are
determined by ECL reaction kinetics. Similarly, two peaks
are observed for the PL after 15 consecutive cycles, with the
major peak being at 446.3 nm with a smaller hump at 570.5 nm
(Figure S5). Figure 7b shows the PL spectra of QDs-PS film
before and after CV cycles. The overall PL stability of the QDs
with PS can be seen from Figure 7a, b. The PL intensity of the
QDs-Tol film is significantly reduced to 41 counts after 65
cycles, whereas the PL intensity of QDs-PS film remains at
30235.6 counts even after 65 cycles.

XPS Characterization of QDs-Tol Film before and
after ECL. XPS was performed for the QDs-Tol film before
and after electrochemical anodization, as shown by the
corresponding low-resolution XPS spectra and quantification
selected peaks are shown in Figures S6 and S7, respectively.
Figure 8 shows selected high-resolution XPS spectra of C 1s, N
1s, O 1s, Cl 2p with P 2s, Br 3d ,and Pb 4f when processed
with 0, 1, 15 CV cycles. Figure 8a depicts the evolution of XPS
C 1s core-level spectra when processed with 0, 1, and 15 CV
cycles. The C 1s core-level spectra for the 0 CV cycles shows
two major contributions, one at 285.3 eV representing the C−
N bond due to the methylammonium cation44 and the other at
288.7 eV, which is attributed to C−O species OC−O45 or
COCH3.

46 C 1s core level spectrum shifts to higher binding
energy denoting the dissociation of the C−N bond, which may

Figure 7. PL spectra of fresh-made film versus ECL anodized film for
(a) QDs-Tol collected after 0, 0.5, 2, 5, 15, and 65 CV cycles and for
the (b) QDs-PS films after 0, 0.5, 2, and 65 CV cycles. CV scan rate
0.2 V/s with potential scanned from 0 to 1.6 V vs SCE and Pt wire as
counter electrode in 0.1 M TBAPF6 in 50 mM TPrA in acetonitrile.
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arise because of the degradation of CH3NH3 cation upon
anodization with 1 and 15 CV cycles. Figure 8b shows the N 1s
XPS spectra. The fresh film shows a peak at 402.4 eV

representing CH3−N species.46 The peak intensity after 1 and
15 CV processing shifts to a higher binding energy region,
accompanied by a peak due to the decomposition of the film.

Figure 8. XPS characterization core level spectra of QDs-Tol film as a function of CV cycles (a) C 1s, (b) N 1s, (c) O 1s, (d) Cl 2p and P 2s, (e)
Br 3d, and (f) Pb 4f core level spectra. The dashed lines are the guides for the eye. The black line represents the background. Green, blue and the
red lines represent the QDs-Tol film fresh, after 1 CV segment and after 15 CV cycles, respectively.

Figure 9. MS spectra of QDs-Tol film on ITO before (top) and after (bottom) ECL anodization.
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Figure 8c shows the XPS spectra of O 1s at 531.9 eV
corresponding to CO typical for air-exposed sample known
as adventitious carbon with the hydrocarbon species doubly
bonded to oxygen functionality that is typically found on the
surface of the sample.47 Figure 8d shows the XPS spectra of Cl
2p3/2 and Cl 2p1/2 at 198.6 and 200.3 eV binding energies,
respectively. Film processed with 1 and 15 CV cycles also
shows the P 2s peak at binding energy 195 eV, which is heavily
shifted to higher binding energy from 188 eV. The P 2s peak is
from the electrolyte TBAPF6. Figure 8e shows the Br 3d5/2 and
3d3/2 at 69.0 and 69.9 eV. Figure 8f shows the Pb 4f XPS
spectra, as can be seen in the fresh film, two characteristic
peaks at 139.2 and 144.0 eV are assigned to energy levels of
Pb2+, corresponding to the spin−orbit coupling of Pb 4f7/2 and
Pb 4f5/2. Along with these peaks we also observed two
additional peaks with binding energies of 137.2 and 143.9 eV
that are located at the lower binding energy side of Pb 4f 7/2
and Pb 4f5/2. These peaks can be assigned to metallic Pb
atoms. Figure S7 shows the quantification of XPS peaks. The
93.7% decrease in Cl concentration after 1 CV cycle is more as
compared to the decrease in Br concentration (86.6%). This
disproportionate loss of halide ions yields perovskite
intermediates with more Br than Cl, contributing to ECL
spectrum’s redshift for QDs-Tol sample from 492.2 to 578.7
nm (Figure 6a). The 72.1% decrease in chloride concentration
after 15 CV cycles is less as compared to the decrease in the Br
concentration (87.3%). XPS results show the instability of QD
ECL is a result of the loss of MA (methylammonium) cations
and the disproportionate loss of halide ions as a result of ECL
anodization.
Mass Spectrometry of QDs-Tol and QDs-PS Films

before and after ECL. Figures 9 and 10 show the MS spectra
of the QDs-Tol and QDs-PS filmd casted on MALDI imaging
ITO slides before and after 0.5 CV cycles. QDs-Tol and QDs-
PS solutions were drop-casted onto a 75 mm long ITO slide
and vacuum-dried for 12 h. In Figure 9, the QD film on ITO
without oxidation is labeled as QDs-Tol-fresh, whereas the
ECL anodized film is labeled as QDs-Tol-Ox. In Figure 10, the
QD film in polystyrene without the oxidation is labeled as
QDs-PS-Fresh, whereas the QDs film in polystyrene after ECL

anodization is labeled as QDs-PS-Ox. Generally, lead clusters
(Pbn) and complexes of Pb with Cl and Br are observed
(seeFigure S8 for assignment details). The peak intensities
significantly decrease after oxidation for both QDs-Tol (Figure
9) and QDs-PS (Figure 10) films. In Figure 9, the peak at m/z
of 32 corresponds to [CH3NH3]

+, the peak intensity
significantly decreases after the oxidation from 2926 counts
for the QDs-Tol-Fresh film to only 551 counts in the QDs-
Tol-Ox film. The decrease in the peak intensity of [CH3NH3]
+ cation in QDs determines the loss of MA (methylammo-
nium) cation after ECL anodization.
Both the XPS and the MS results illustrate the loss of QDs

due to the disproportionate loss of MA (methylammonium)
and X ions (X = Cl, Br) responsible for the instability and ECL
intensity and spectroscopy shift. The loss of crystallinity of
initial QDs and quantum confinement due to the migration
and loss of these ions in the electrochemical cell can be
minimized by the polystyrene matrix. The PS matrix help
maintain stability by preventing morphological changes of the
QD films as shown in Figure S9, but the PS containing films
show lower conductivity and their ECL is dominated by only
the QDs exposed at the surface of the electrode accessible by
the coreactant. The future work will focus on using a more
conductive polymer matrix to improve ECL efficiency and
stability.

■ CONCLUSIONS
In summary, ECL from MAPbX3 (MA = CH3NH3, X = Cl and
Br) QDs can be obtained with enhanced stability and efficiency
by incorporating them in a polystyrene matrix to minimize the
loss of MA (methylammonium) cations and the halide ions.
The ECL spectrum of the QD film without a polymer matrix
shows a short-lived ECL peak at 492.0 nm and a more-stable
ECL peak at 578.0 nm, whereas the QD-polystyrene film
shows a single ECL peak at 590.4 nm because of QDs close to
each other in a solid film. Only QDs exposed near the surface
of polystyrene exhibit ECL activity when initiated by the
oxidation of TPrA. XPS data suggest that disproportionate loss
of halide ions from pristine QDs during electrochemical
oxidation is an additional factor contributing to the redshift of

Figure 10. MS spectra of fresh QDs-PS film on ITO before (top) and after (bottom) ECL anodization.
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ECL spectrum. The MS analysis of both the films, QDs-Tol
and QDs-PS, revealed enhanced stability of MAPbX3 QDs in
polymer film to support ECL stability. This study provides
insights into addressing the ECL stability issue of MAPbX3
(MA= CH3NH3, X = Cl and Br) perovskite. The major issues
of a slow ECL response, as well as the poor conductivity of
polystyrene-containing QD films, can be potentially solved by
using a more-conductive polymer matrix than polystyrene in
future studies.

■ METHODS
Materials. All purchased chemicals were of reagent grade and used

as received without further purification. Methyl amine (CH3NH2,
40%, aq.), PbBr2 (lead bromide, 99%), and PbCl2 (lead chloride,
99%) were purchased from Alfa Aesar. Hydrobromic acid (HBr, 48%
wt %, aq.) was purchased from Beantown Chemical. N,N-
Dimethylformamide (DMF) was purchased from Amresco Inc. n-
Octylamine (n-OCA) was obtained from EMD Millipore. Oleic acid
(OA), tetrabutylammonium hexafluorophosphate (TBAPF6) and
acetonitrile were purchased from Sigma-Aldrich. Toluene was
purchased from Fisher Scientific. TPrA was obtained from Acros
Organics. Polystyrene (average M.W 250 000) was purchased from
Acros Organics
Synthesis of QDs-Tol and QDs-PS Films. MABr (methyl-

ammonium) and the QDs were synthesized according to previously
reported literature using ligand-assisted reprecipitation method
(LARP).25,40 In a typical synthesis of QDs, 32 mM MABr, 19.9
mM PbCl2, and 20 mM PbBr2 were dissolved in 5 mL of DMF with
20 μL of n-octyl amine and 500 μL of oleic acid. Two milliliters of this
precursor solution was then added dropwise to 10 mL of toluene with
vigorous stirring for 30 min. The obtained precipitates were washed
with toluene once and dispersed in toluene for further studies. The
composition of the synthesized quantum dots is described as
CH3NH3PbCl1.08Br1.92 based on the initial molar ratio of halides
abbreviated as QDs. A 0.09 wt % polystyrene solution was prepared in
toluene. QDs-PS films were synthesized by mixing the QD solution
with the prepared polystyrene solution (1:0.5 v/v) followed by 15
min of sonication. The solution was then drop casted onto ITO and
vacuum-dried for 3 h. QDs-Tol films were prepared in a similar way
by replacing polystyrene with the blank toluene.
XPS, Mass Spectrometry, and Other Characterizations.

Matrix-assisted laser desorption ionization time of flight (MALDI-
TOF) imaging mass spectrometry experiments were conducted on a
Bruker Daltonics rapifleX mass spectrometer equipped with a
smartbeamTM 3D laser (“Imaging 100 μm” as laser setup profile
with raster width 200 μm). MALDI images were processed with
FlexImaging 5.0 and SCiLS Lab software. FlexControl 4.0 software
was used to examine individual data point mass spectrum. X-ray
diffraction (XRD) studies on the QDs-Tol and QDs-PS films on ITO
were performed using X-ray diffractometer (Philips X’-Pert Pro X-ray,
Cu−Kα source). X-ray photoelectron spectroscopy (XPS) measure-
ments were performed with a Kratos Axis ultra DLD. The surface
morphology of the synthesized QDs-Tol film was characterized using
JEOL 7000 scanning electron microscope (SEM). The UV−vis
absorption spectra were studied using UV−vis spectrophotometer
(PerkinElmer). All the ECS studies were performed using a three-
electrode configuration with electrochemical workstation (CHI 760C,
CH Instruments Inc., Austin, TX) using ITO, Ag quasi-reference
electrode (QRE), and the Pt wire as the working, reference, and
counter electrodes, respectively. QRE was calibrated with a SCE
electrode to confirm the stability and actual electrode potential. The
ECL signal was collected by a photomultiplier tube (PMT) at 900
HV. ECL and the PL spectra were also collected by a CCD camera
(Acton, SP2500 monochromator, Princeton Instruments) where the
detector temperature was maintained at −100 °C with liquid nitrogen.
The electrolyte used for the ECL study is 0.1 M tetrabutyl ammonium
hexafluorophosphate (TBAPF6) in acetonitrile with and without 50
mM tripropyl amine (TPrA).
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