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Organic—inorganic halide perovskites have emerged as a nhovel category of optoelectronic materials owing
to their exceptional physical and chemical properties. Notably, zero-dimensional (0-D) dimethylammonium
bismuth iodide (DMA3Bilg) perovskite is an emerging candidate for electrochemiluminescence (ECL) light-
emitting applications. Herein, we design 0-D DMA3Bilg perovskite emitters and provide a detailed analysis of
exciton transport dynamics through temperature-dependent transient photoluminescence (TRPL) and
charge transport kinetics by electrochemical ECL techniques. Efficient exciton transport has been
substantiated by the reduced activation energy and enhanced electronic coupling. Based on the
diffusion coefficient and electron-transfer rate through electrochemical methods, we demonstrate that
effective heterogeneous charge transfer at the electrode—electrolyte interface leads to red-shifted ECL
emission with the addition of the tripropylamine (TPrA) co-reactant. As a result, the creation of zero-

Received 10th October 2024 dimensional perovskite emitters paves the way for advancements in the rapidly evolving fields of
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Introduction

Since Bard's pioneering research on inorganic-based silicon
quantum dots (QDs) for electrochemiluminescence (ECL) in
2002, the field has seen an extensive exploration of various QDs
for their ECL properties.” Despite this, the ECL efficiencies for
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including but not limited to ECL devices, ECL

most QDs remain substandard (compared with classical
organometallic complexes), which has sparked ongoing
research into innovative nano-based emitters that have higher
efficiency.

Metal halide perovskites have high potential in optoelec-
tronic applications like lasers, photodetectors, solar cells, and
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light-emitting diodes (LEDs), owing to their superior optical
and electronic properties, including broad and intense
absorption, narrowly focused emission, tunable band gaps, and
a high photoluminescence quantum yield (PLQY).>* Halide
perovskite QDs are noted for their narrow spectral widths and
defect-tolerant photophysics, setting them apart from tradi-
tional colloidal semiconductor QDs.>® Consequently, the
investigation into the ECL properties of halide perovskites
represents a promising and valuable research direction.

Amid challenges, lead halide perovskite NCs still provide
favorable prospects for commercial applications, although lead
toxicity remains a barrier to their commercial use. Opportuni-
ties for low-toxicity and eco-friendly metal substitutes may gain
traction in future commercial settings.” Furthermore, achieving
efficient charge transfer at the electrode/electrolyte interface
remains an ongoing challenge, which is related to the electro-
chemical production rate of cations and anions (i.e., rate of
heterogeneous electron transfer).'® Addressing these issues is
critical for advancing the use of perovskites in ECL applications.

Bismuth-based hybrid perovskites have aroused widespread
interest.”™* In recent years, dimethylammonium iodide (DMATI)
has been used to stabilize the perovskite phase and is widely
utilized in various applications.***® The approach involves
incorporating DMAI into perovskite solar cells and photo-
catalysts, a process that has been reported to enhance air and
thermal stability and improve charge transport properties.**-*
The stable features discovered in bismuth-based hybrid perov-
skites are promising for other potential applications.

In this study, temperature-dependent transient photo-
luminescence (TRPL) has been employed to explore electron-
hole pair diffusion in DMA;Bils emitters. This finding under-
scores the potential of DMA;Bils perovskite as a promising
material for ECL applications. Furthermore, DMA;Bil, emitters
exhibit a notably higher diffusion coefficient and electron
transfer rate constant at the electrode/electrolyte interface,
leading to the generation of red-shifted ECL emission via triplet
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Fig. 1 (a) X-ray diffraction (XRD) patterns of DMAzBIlg; (b) crystal

structural model of DMAsBilg. (c) SEM image of DMAzBilg; (d)

normalized UV-vis absorption and steady-state photoluminescence

(PL) spectra of DMAzBilg with an excitation wavelength at 375 nm.
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excited states, a phenomenon known as the T-route, likely arising
from efficient heterogeneous charge transfer. Tri-n-propylamine
(TPrA) is an effective co-reactant for ECL. Oxidation of TPrA or
related amines initially produces the corresponding aminium
radical cation, which rapidly deprotonates to form a highly
reductive o-amino alkyl radical for creating DMA;Bil, perovskite
anions,” resulting in enhanced ECL intensity.

Results and discussion
Characterization of DMA;BIl

Fig. 1a exhibits the XRD pattern of rhombohedral DMA;Bils,
with strong peaks at 11.5°, 12°, 16.7°, 17.7°, 24.9°, 25.2°, 25.5°,
31.46°, and 31.54° ascribed to the (420), (201), (401), (531), (532),
(810), (701), (107), and (107) planes, respectively, along with the
crystal structural model of DMA;Bil, (Fig. 1b); the results are in
good agreement with previously reported data'>** and the
standard PDF card (PDF# 01-075-7841). Fig. 1c shows the
scanning electron microscope (SEM) images. DMA;Bilg consists
of aggregated irregular particles with evidence of 0D nanoscale
features. The TEM images (Fig. S47) reveal the presence of
aggregated structures composed of irregularly shaped particles,
with 0D nanoscale features observed as discrete, confined
nanoparticles distributed on the surfaces of the larger aggre-
gates. Ultraviolet-visible (UV-vis) absorption and steady-state
photoluminescence (PL) spectra were used to study the optical
properties of DMA;Bils. The absorption edge of pristine
DMA;Bilg is at approximately 600 nm (Fig. 1d), which aligns
with the literature.”® The PL spectrum of DMA;Bilg perovskites
presents a broad emission peak centered at 644 nm (Fig. 1d),
consistent with previous reports.*

The early-time transient spectrum was obtained using a fs-
TA spectrometer, specifically at ¢ = 0.2 ps post-photo-
excitation (as shown in Fig. 2a), revealing an oscillatory triple-
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Fig. 2 (a) Femtosecond (fs)-TA spectrum obtained by exciting the

DMAsBilg dispersed solution in ethanol at 355 nm. (b) fs-TA kinetic
traces of DMA3Bilg over a timescale between 0 ps and 50 ps. (c) ns-TA
spectrum obtained by exciting the DMA3BIlg dispersed solution in
ethanol at 355 nm. (d) ns-TA kinetic traces of DMAzBilg at 400 nm and
720 nm.
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peak structure with a pronounced negative band peak and two
distinct positive bands. A significant negative band observed
around 455 nm is attributable to the combined effects of
ground state bleaching (GSB) and a blue-shifted photoinduced
absorption (PA). After 0.5 ps, a positive signal emerges at
approximately 489 nm, which becomes more pronounced as the
PA signal diminishes in the lower-energy region of the spec-
trum, as shown in Fig. 2a. This phenomenon arises due to
exciton absorption, similar to previous findings. This feature is
consistent with observations in bismuth-based perovskite
materials and indicates a persistent excitonic population.>***

The need for additional nanosecond transient absorption
(ns-TA) measurements (Fig. 2c) arises to capture these longer-
lived processes that fs measurements till 2.5 ns might over-
look. From the ns-TA spectrum, two peaks were identified:
a sharp peak at 400 nm and a broader band centered around
720 nm (Fig. 2c). The bleach kinetics at 400 nm were analyzed by
single exponential fitting. The fitted results showed a longish
lifetime () of 563 ps at 400 nm and 611 us at 720 nm. The decay
kinetics derived from the ns-TA spectrum observed a long-lived
exciton due to the severely inhibited free motion of photo-
generated carriers,”” as shown in Fig. 2d, consistent with the
zero-dimensional structure, and even more significant elec-
tron-phonon coupling in Cs;Bi,l, reported by Li et al.”®

The lifetime of DMA;Bils perovskites exhibits a decreasing
trend with rising temperatures, as depicted in Fig. 3a and
documented in Table 1. The temperature-dependent time-
resolved photoluminescence (TRPL) spectral response of
DMA;Bils emitters (seen in Fig. 3a) allows for the calculation of
activation energies for the fast and slow decay phases, which are
5.12 meV and 3.97 meV, respectively. These values were ob-
tained by fitting the PL decay curves with the equation

1/t =a x \/1/Texp| —E,/ksT] + b (Fig. 3, Tables 1 and S1f).
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Fig. 3 Temperature-dependent TRPL decay curves of (a) DMA3Bilg
and (b) MAzBizlg; Arrhenius plots of (c) DMAzBilg and (d) MAsBizlg. The
red curves correspond to the equation

1/t =ax \/1/Texp| —Es/ksT| + b.
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Tablel The activation energy and electronic coupling of MAsBi.lg and
DMAzBilg

Activation energy Electronic coupling

Sample (Ea)/meV (|Hag|)/em™
MA;Bi,lo Thast 5.15 0.00631
Talow 4.90 0.00424
T 4.15 0.00409
DMA,Bil, Thast 5.12 0.00621
Tolow 3.97 0.00449
T 3.80 0.00431

The pre-exponential factor from the fitted equation yields
temperature-independent electronic coupling matrix elements
|Hag|, whose values represent the overlap of the excited-state
wave functions between the initial and final sites, are deter-
mined to be 0.0062 cm™ ' and 0.0045 cm™ .

For comparative purposes, the temperature-dependent TRPL
spectra of MA;Bi,], are also recorded and shown in Fig. 3b, with
the corresponding activation energies for the fast and slow
decay components found to be 5.15 meV and 4.90 meV,
respectively (as listed in Table 1). These activation energies are
higher than those for DMA;Bils emitters. Additionally, the
electronic coupling element |H,g| for the average decay lifetime
of DMA;BIl, is higher than that of MA;Bi,I,, indicating that the
wave functions in DMA;Bilg are more delocalized within the
perovskite material. In contrast, in MA;Bi,I,, the wave function
overlap occurs between neighboring molecules. Additionally,
the 0D structure of DMA;Bils provides certain advantages for
charge transfer compared to the layered structure of MA;Bi,l,.
This may be related to defect formation in the crystal lattice,
possibly due to unreacted bismuth exposed on the surface,
which could create defect sites that enhance charge transport
pathways in DMA;Bils.">*°

The proportions of exciton recombination for each photo-
physical process, denoted as «; and «, in Tables S1 and S2,}
reveal that the fast decay components in DMA;Bils emitters
have amplitudes («;) ranging between approximately 15.95%
and 21.00% across all temperatures. In contrast, the fast decay
components in MA;Bi,ly exhibit higher amplitudes, approxi-
mately 18.38% to 21.71%. The significant amplitudes of the
slow decay component («2) in both materials suggest that
a more dominant non-radiative recombination process
happens due to interface defects in both the organic and inor-
ganic perovskite emitters (DMA3Bils and MA;Bi,lg). This
implies that non-radiative recombination is the primary pho-
tophysical process at all temperatures, indicating that most
excited electrons and holes in these two types of perovskite
emitters favor a faster decay pathway.*°

Furthermore, the higher amplitudes observed in MA;Bi,I,
suggest a more substantial non-radiative recombination within
its emitting layer. Consequently, the stronger electronic
coupling and lower activation energies in DMA;Bils contribute
to improved exciton transfer and charge recombination, high-
lighting low-dimensional DMA;Bil, as a promising material for
ECL applications.'***

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Reduction voltammogram of DMA3Bilg at various scan rates.

(b) Oxidation voltammogram of DMAzBilg at various scan rates. (c)
Standard cyclic voltammograms (CV) of DMAzBIlg at a scan rate of 100
mV s*. (d) Reduction peak current vs. v*’2. (e) First oxidation peak
current vs. V2. (f) Second oxidation peak current vs. V2. All CV
measurements were performed with 2 mM DMAzBilg in 100 mM
TBAPFg using DCM as the solvent.

Electrochemistry and heterogeneous electron transfer
kinetics

The CV tests were conducted to assess the reversibility, diffu-
sion coefficient, number of electrons transferred and the
stability of the radical cations and anions of DMA;Bils. A 2 mM
solution of DMA;Bils was dispersed in the electrolyte solution
for CV analysis. Generally, the CV of DMA;Bils in DCM showed
one reduction wave and two oxidation waves (Fig. 4a). The CV
graph showed an irreversible reduction wave and two oxidation
waves at potentials of —0.98 Vvs. SCE, +0.30 Vvs. SCE, and +0.65
V vs. SCE. The quasi-reversible reduction wave of DMA;Bilg
indicates that the DMA;Bil, radical anion is unstable.

The CV measurements for both reduction and oxidation at
10 mV s ' to 1 Vs ' were performed (Fig. 4a and b) to study the
electrochemical reversibility of the reduction and oxidation of
DMA;BIlg. Scan-rate-dependent CVs for the first oxidation, first
reduction, and second reduction peaks are depicted in Fig. 4d-f,
respectively. The peak currents change linearly with the square
root of the scan rate for the first oxidation wave (i ), the first
reduction wave (ip req1), and the second reduction wave (i, reqs),
supporting that diffusion controls the reaction rates.

From the scan rate studies, as shown in Fig. S2a-c,} the peak
current varied linearly with the square root of the scan rate for
the first oxidation wave (i, ,) and the first reduction wave (i, ),
confirming that the current is diffusion-controlled. Critical scan

This journal is © The Royal Society of Chemistry 2025
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Table 2 Kinetic parameters of DMAzBIle. Kinetic parameters including

E°, D, k°, and « for DMAzBilg in DCM/0.1 M TBAPFg at room
temperature

Reduction 1st oxidation 2nd oxidation
EpajpelV vs. SCE -0.98 0.3 0.65
E1/2/V vs. SCE — 0.16 0.52
107> D/em® s7* 5.74 0.74 10
o 0.12 0.46 0.04
K/ems™! 0.007 0.0039 0.0057

rates were determined from the plot of E, against the log of the
scan rate at low and high scan rates as shown in Fig. S2d—f.1 The
diffusion coefficients, D, of reduction, first oxidation, and
second oxidation determined using the Randles-Sevcik equa-
tion, listed in Table 2, were found to be 5.74 x 10~° cm? s77,
0.74 x 107> ecm® s ' and 10 x 10> ecm? s~ !, respectively. The
single electron-transfer step in each wave, and the experimental
conditions at 25 °C, were assumed for the calculation. The
reduction rate constant was determined to be 7.0 x 107%; the
first and second oxidation of DMA;Bils showed lower electron
transfer rates of 3.9 x 10 * and 5.7 x 10 ® ¢cm 5™, respectively.
For comparison, the kinetic parameters of MA;Bi,l, were re-
ported (ie.), reduction and oxidation rate constants were
determined to be 3.3 x 10 % and 4.6 x 10 3. The DMA;Bil,
emitter is a potential material for ECL applications, owing to the
efficient heterogeneous electron transfer within the reaction
system.

ECL

For transient ECL measurements, since DMA;Bilg serves as the
oxidative ECL species, the potential was stepped from the
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Fig. 5 (a) 1st reduction and oxidation potential and (b) 2nd reduction
and oxidation potential and (c) 1st reduction and oxidation potential
and (d) 2nd reduction and oxidation potential with TPrA as the co-
reactant of current (top) and ECL transients (bottom) for the DMA3Bile/
Pt disk electrode (PE) pulsed in DCM between 80 mV past the
reduction peak and at 80 mV past the first oxidation potential,
respectively. The pulse width is 1 second.
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reduction wave at E,. -80 mV to the oxidation wave at Ep,
+80 mV for the DMA;Bil,. Fast-responsive emission at different
ECL intensities was observed in the cathodic and anodic pulses
(Fig. 5a and b). The asymmetric ECL transients occur during
smaller cathodic pulses compared to anode pulses in the
finding since the radical anion (DMA;Bils"~) —radical cation
(DMA;Bile"") annihilation is not stable in the cathodic pulse as
shown by the CV study. Besides, the solution depletes the ECL
intensity during the cathodic pulse (Fig. 5a and b). This could be
explained by the instability of the radical anion (DMA;Bils ™) on
the electrode surface.

It is possible that the cations diffused far away from the
annihilation zone. However, they diffused back to the zone
during the next anodic pulse. Therefore, the results indicated
a considerable decay in the second anodic pulse after the first
anodic pulse. Herein, the inconsistency in ECL intensities at
different potentials provides evidence of the instability in
forming radical cations. To further enhance the ECL perfor-
mance, TPrA (tri-n-propylamine) was used as a co-reactant
(Fig. 5c and d). TPrA as the co-reactant is first oxidized to
a short-lived TPrA radical cation (TPrA’™"), followed by the
deprotonation from an a-carbon to produce the strongly
reducing intermediate TPrA’;** this intermediate then reduces
the oxidized DMA;Bils cations, thus enhancing ECL emission.
The ECL intensity of the first oxidation is weaker than that of
the second oxidation. This may be attributed to the enhanced
oxidation state of DMA;Bilg during the second oxidation,
allowing more efficient energy transfer, generating a higher
population of radical cations (DMA;Bil,'), thus boosting the
ECL intensity.

In the cyclic voltammetry-electrochemiluminescence (CV-
ECL) plot, two critical regions denote the system's reduction
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Fig.6 ECL (red curve) — CV (blue curve) simultaneous measurements
by applying a pulsing potential from (a) approximately 0.0 V to —1.8 V
vs. SCE and (b) approximately +0.2 V to +1.2 V vs. SCE; (c) DMAsBilg/PE
in the presence of 10 mM TPrA as the co-reactant for pulsing potential
from approximately +1.2 to +0.1 V vs. SCE; (d) ECL spectrum of first
oxidation and reduction potential and second oxidation and reduction
potential, first oxidation and reduction potential and second oxidation
and reduction potential with TPrA as the co-reactant. DMAsBIlg/PE
pulsed in DCM between 80 mV past the reduction peak and 80 mV
past the first oxidation potential, respectively. Pulse width is 1 second.
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and oxidation potentials under investigation (Fig. 6a and b).
The oxidation process unfolds within a voltage range of 0 V to
+1.2 V vs. SCE. As the potential is swept towards more positive
values, the system undergoes an oxidation reaction, with ECL
occurring and its intensity increasing notably once the potential
exceeds +0.6 V vs. SCE. ECL is observed during the reduction
sweep from 0 V to —1.8 V vs. SCE, with its intensity increasing
when the potential drops below —1.00 V vs. SCE. This
pronounced ECL intensity increase at specified potentials
marks the system's reaction thresholds for oxidation and
reduction. The ECL intensity of MA;Bi,], is lower than that of
DMA;Bilg, as shown in Fig. S3.1 It is likely due to the higher
degree of non-radiative recombination processes occurring at
defect sites in MA;Bi,lo, which reduce the efficiency of exciton
generation and radiative decay.

During the cathodic sweep towards more negative potentials,
anions at the electrode surface undergo reduction and, subse-
quently, detach from the electrode. Upon transitioning to the
anodic sweep, where the potential shifts towards more positive
values, DMA;Bil; anions can react with DMA;Bil, cations. This
leads to annihilation reactions, during which the energy
released as DMA;Bilg ions return to their ground state is
emitted as light. This light emission contributes to the observed
ECL signal, thereby providing insights into the electrochemical
behavior of the system. If any one of the radical ions is unstable,
the co-reactant could be applied. TPrA was employed as a co-
reactant with DMA;Bils perovskite to stabilize the DMA;Bil,
anion. TPrA could form a potent reducing agent at +1.5 V vs.
NHE after being reduced.*® The stronger ECL emission was
observed after using TPrA as the co-reactant Fig. 6¢c. Noteworthy
observations were made regarding the ECL intensity, a strong
ECL intensity was observed when the potential exceeded +0.2 V
vs. SCE. Under this operating procedure, Fig. 6d in the respec-
tive study illustrates the ECL behavior with and without the
addition of TPrA as a co-reactant. This comparison is crucial for
understanding the role of TPrA in the ECL behavior of DMA;-
Bils. A more substantial applied bias generally resulted in
a stronger ECL emission. This condition was observed under
specific circumstances: the ECL spectrum of the first reduction
and oxidation potentials and the second reduction and oxida-
tion potentials, both with and without TPrA as a co-reactant.
The ECL spectra of the first reduction and oxidation poten-
tials and the second reduction and oxidation potentials
exhibited a remarkable similarity. This observation suggests
a consistent electrochemical response across different redox
states under different applied biases, further highlighting the
stability of the DMA;Bil¢/Pt disk electrode (PE) under these
operating conditions (Fig. 6a and b).

ECL mechanism

There is a 118-nm red shift in the ECL spectrum compared to
the fluorescence spectrum (Fig. 7). The ECL emission wave-
length was consistent under different conditions (i.e., DMA;-
Bil¢/PE with and without the TPrA co-reactant during first
oxidation/second oxidation and reduction pulses). The energy
of the excited singlet state is estimated from the fluorescence

This journal is © The Royal Society of Chemistry 2025
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Fig.7 UV-vis absorption spectra (black solid line), photoluminescence
(PL) spectra (magenta solid line), and ECL spectra (sky blue solid line);
ECL spectra of DMA3Bile/PE with and without TPrA in 0.1 M TBAPFg in
DCM obtained by pulsing between 80 mV past the reduction peak
potential and two different anodic potentials, 80 mV past the first
oxidation peak potential and 80 mV over the second oxidation peak
potential. The excitation wavelength was 375 nm.

emission maximum using the equation Es (in eV) = 1239.81/2
(in nm), where 2 is the wavelength at maximum emission (i.e.,
645 nm).** The corresponding excited singlet-state energy was
calculated to be 1.92 eV. The energy of the annihilation reaction
is based on the equation —~AH° = E,_ — E, 4 — TAS.

The equation showing the differences between the thermo-
dynamic potentials of the first oxidation and the second
oxidation with the reduction potential determined and calcu-
lated from the cyclic voltammogram, such that
Ejox—Epq =128 €V, E,  —E =163 eV. By assumption
of the entropy effect, estimated at 0.1 eV, subtracted gives values
of 1.12 eV and 1.63 eV. Since the annihilation reaction energy of
1.12 eV and 1.63 eV is lower than the energy required to popu-
late the singlet excited state at 1.92 eV, ECL in DMA;Bil; is likely
processed in an energy-deficient system (T-route), where the
triplet-triplet annihilation indirectly enhances the population
of singlet excited states (eqn (3) and (4)).

The T-route mechanism is shown as follows:

DMA;Bil¢ + e~ — DMA;Bil¢ (reduction at electrode) (1)
DMA;Bils — e~ — DMA;Bilg" (oxidation at electrode)  (2)

DMA;Bils~ + DMA;Bilg" — *DMA;Bilg* + DMA;Bl¢
(excited triplet state formation) (3)

SDMA;Bilg* + DMA;Bilg* — 'DMA;Bil¢* + DMA;Bil,
(excited singlet state formation)(4)

Upon the oxidation of DMA;Bil,, in the presence of the TPrA
co-reactant, the mechanism could be shown as follows:

TPrA — e~ — [TPrA’]" (reaction at electrode) (5)

[TPrA']" — TPrA’ + H" (chemical reactions) (6)
DMA;Bilg + TPrA® — DMA;Bilg* + products

(excited state species formation) (7)

DMA;Bilg* — DMA;Bilg + Av (light emission) (8)

This journal is © The Royal Society of Chemistry 2025
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Conclusions

In summary, we demonstrated that the zero-dimensional (0-D)
perovskite DMA;Bils exhibits a superior diffusion coefficient
and more efficient heterogeneous electron transfer compared to
MA;Bi,Io. The systematic characterization of DMA;Bil, perov-
skite emitters through X-ray diffraction, scanning electron
microscopy, and steady-state photoluminescence has
confirmed the formation of rod-like structures with absorption
edges and emission peaks consistent with the literature. At the
solid-solid interface, the 0-D DMA;Bil, exhibits higher elec-
tronic coupling and lower activation energy than 2-D MA;Bi,I,,
as confirmed by using temperature-dependent transient pho-
toluminescence. Photophysical studies have revealed persistent
excitonic populations and long-lived excited states, thereby
indicating efficient ECL materials. These observed electro-
chemical phenomena suggest that low-dimensional DMA;Bilg
holds promise as a practical ECL emitter. Furthermore, the T-
route ECL mechanism, characterized by a significant red shift
from the fluorescence spectrum, confirms the capability of
DMA;BIls in generating singlet excited states through triplet-
triplet annihilation. Our findings present DMA;Bil, as a viable
and promising material for ECL applications, combining the
advantages of lead-free composition with superior electro-
optical properties. Consequently, the designed DMA;Bilg
perovskite holds great potential for eco-friendly optoelectronics
and opens new avenues for the practical application of
perovskite-based ECL and LED systems.
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