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All-inorganic lead-halide perovskite quantum dots (PQDs) (CsPbX3, where X is Cl, Br, or I) have been used successfully in optoelectronic applications, such as solar cells, light-emitting diodes, photocatalysts, and lasers. These PQDs work under electrochemical bias and/or illumination with charge separation/collection by interacting with the charge-transport medium. In this study, we discuss the spectroelectrochemical characteristics of PQDs to understand the oxidation and reduction processes that occur during photoinduced charge transport or charge injection under electrochemical conditions. We also found that the PQDs underwent irreversible transformation to the precursor state of plumbate complexes under electrochemical conditions. Furthermore, in situ spectroelectrochemical analysis demonstrated that hole-mediated electrochemical oxidation of PQDs resulted in their irreversible transformation. Finally, the results presented herein contribute to our understanding of the charge-transfer-mediated process in PQDs and enhance their application potential in optoelectronic devices.
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INTRODUCTION
Ever since Mitzi et al. described perovskites and their unique properties for optoelectronic applications in the 1990s, hybrid organic–inorganic perovskites have attracted significant attention owing to their versatile and outstanding photophysical properties (Mitzi et al., 1995; Kagan et al., 1999; Mitzi et al., 1999). Various ABX3-type hybrid perovskites (A = MA+, FA+, and Cs+, where MA+ = CH3NH3+ and FA+ = CH(NH2)2+, B = Pb2+ and Sn2+, and X = Cl−, Br−, and I−) have been studied for their intrinsic structural (Gebhardt and Rappe, 2019) and photophysical properties (Chen et al., 2018). They have been found to exhibit a large grain layering up to the micron level (Chen et al., 2015b), fast charge transport (Senanayak et al., 2017), long diffusion lengths in the range of several micrometers (Dong et al., 2015), absorption cross-sections larger than 105 cm–1 (Wang et al., 2019), and low exciton binding energies (16–32 meV), which are comparable to the thermal energy (kBT) at room temperature and thus can facilitate free carrier generation (Saba et al., 2014). One outstanding achievement in this area is increasing the photoconversion efficiency (PCE) of perovskite-based solar cells from 3.8% (Kojima et al., 2009) to 25.2% in 2020 (NREL, 2020). These efforts represent an important turning point; for the first time, a PCE greater than 20% has been achieved, which suggests the practical use of perovskites in the commercial market. In addition, high stability (Zhao and Zhu, 2016), large-module fabrication (Zhao and Zhu, 2016; Agresti et al., 2019), and methodological developments, such as screen printing (Rong et al., 2018) and spray pyrolysis (Bishop et al., 2018), enhance the application potential of perovskites. For example, perovskites have been used in various optoelectronic devices, such as lasers (Jia et al., 2016), photocatalysis (Zhang et al., 2015; Li et al., 2017; Huang et al., 2020), hydrogen-evolution reactors (Kim et al., 2019; Zheng et al., 2019), and light-emitting diodes (Sadhanala et al., 2015).
In optoelectronic devices, perovskites exhibit a unique photoelectrochemical behavior depending on the applied bias or illumination. They exhibit several intriguing phenomena, such as current density–voltage (J–V) hysteresis (Chen et al., 2015a), phase segregation in mixed halide perovskites (Hoke et al., 2015; Yoon et al., 2016a), charge/ion accumulation at interfaces (Zolfaghari et al., 2018), charge-recombination mechanisms that are dependent on illumination conditions (Draguta et al., 2016), and selective electron/hole-mediated redox processes (Samu et al., 2019). The origin of J–V hysteresis is still a controversial issue, but one possible explanation is ion migration combined with nonradiative recombination at the grain boundary through charge accumulation (Weber et al., 2018; Kang and Park, 2019). Perovskites have several defects, such as Schottky defects, Frenkel defects, lattice distortion by accumulated charges or impurities, lamination, piezoelectric effect, and surface defects (Yuan and Huang, 2016). Therefore, ion migration might be induced in several ways; however, one kinetically favorable ion-migration mechanism is migration through ion vacancies, especially in ABI3 or ABBrxI3−x iodide-based perovskites (Yuan and Huang, 2016; Kang and Park, 2019; Brennan et al., 2020). This phenomenon indicates that hybrid perovskites are softened materials that can induce ion migration, structural changes under an applied bias, charge trapping at defect sites, and piezoelectric effect (Yuan and Huang, 2016). Kamat and coworkers studied the spectroelectrochemistry of 3D bulk perovskite films and provided insights into the photoinduced oxidation/reduction processes in bulk MAPbX3/CsPbX3 films and the impact of the electrochemical environment on photochemistry (Samu et al., 2018; Samu et al., 2019). In addition, selective hole-mediated oxidation occurred in mixed halide perovskites when the applied bias matched with the energy level of halide vacancies (Samu et al., 2019). Hole-mediated oxidation resulted in the oxidation of iodide components, rather than bromide components, in mixed halide perovskites due to lower migration energy of the former and higher Pb complexation constants of the latter (Yoon et al., 2016b). Therefore, it is crucial to consider the effect of electrical field during optoelectronic device operation.
When the crystallite size of perovskites decreases to the exciton Bohr diameter (5, 7, and 12 nm for CsPbCl3, CsPbBr3, and CsPbI3, respectively), the materials exhibit bandgap tunability via the quantum confinement effect (Protesescu et al., 2015). It has been reported that PQDs show outstanding lucidity, with a photoluminescence quantum yield (PLQY) more than 80%. Kovalenko and coworkers developed strategies for PQD synthesis, with cubic cores covered by long carbon chain ligands, such as oleic acid (OA) or oleylamine (OAm). Thus far, the highest photovoltaic performance reported for PQD-based solar cells was 15.6% (Li et al., 2019); interestingly, in the PQD-based solar cells, J–V hysteresis, charge accumulation, and ion migration at interfaces between PQDs and TiO2 layers (Zolfaghari et al., 2018).
Several studies on all-inorganic PQDs employed photoelectrochemical tools to understand band-edge position (Noh et al., 2013; Cardenas-Morcoso et al., 2019), redox events (Samu et al., 2018), photocatalytic activity for the degradation of organic molecules (Gualdron-Reyes et al., 2019), hydrogen evolution (Chen et al., 2015c), and water splitting (Chen et al., 2018). However, it is important to evaluate the role of PQDs as catalysts as well instead of considering them as primary reactants alone. In addition, to understand the effect of electrical field on the optical properties of PQDs, it is important to consider the effect of possible redox processes at defect-mediated energy levels and/or band edges.
Therefore, in this study, we investigated the impact of the spectroelectrochemical environment on the photophysical properties of PQDs dispersed in colloidal solutions. The defect-mediated oxidation of PQDs was characterized by cyclic voltammetry (CV), which is an irreversible process, by inducing hole-mediated transformation using an applied positive bias. Through in situ detection by UV-Vis absorption spectroscopy, we observed that the PQDs returned to the precursor state as plumbate complexes at a critical potential. The results obtained herein illustrate how imperfect structural constructs in PQDs participate in the electrochemical oxidation and irreversible transformation processes. Furthermore, the spectroelectrochemical analysis approach presented herein lays the foundation for engineering optoelectronic devices, such as PQD-based solar cells, photocatalysts, and water-splitting groups.
MATERIALS AND METHODS
Chemicals
Cesium carbonate (Cs2CO3, Samchun Chemicals, 99.5%), OA (Alfa Aesar, 90%), 1-octadecene (1-ODE) (Sigma-Aldrich, 90%), PbI2 (TCI, 99.999%), (Aldrich, 99%), PbBr2 (Alfa Aesar, 98%), oleylamine (OAm, TCI, 50%), n-hexane (Daejung, 95%), and riboflavin (Daejung, 98%) were used to synthesize PQDs and study their basic photophysical properties. Initially, 1-ODE was heated to 120°C and cooled down to reduce residual H2O in the solvent; this purified solvent was used for subsequent synthesis reactions. All other chemicals were used as received without further purification. For spectroelectrochemical measurements, dichloromethane (DCM, [image: image]99.5%, Sigma-Aldrich) and tetrabutylammonium hexafluorophosphate (TBAFP, 98%, Sigma-Aldrich) were used. All chemicals for electrochemical/spectroelectrochemical characterization were used as received.
Synthesis of CsPbX3 (X: Br or I) Perovskite Quantum Dots
We slightly modified the procedure reported in literature for synthesizing CsPbX3 (X: Br or I) PQDs (Protesescu et al., 2015; Gualdrón-Reyes et al., 2018). Briefly, a cesium oleate precursor solution was prepared by loading Cs2CO3 (0.407 g), OA (1.25 ml), and 1-ODE (20 ml) in a 50 ml three-neck flask under vacuum for 30 min at 80°C. After 30 min, the mixture was heated under vacuum to 120°C for another 30 min; finally, it was heated to 140°C in N2 atmosphere until Cs2CO3 dissolved completely in OA. The solution was continuously preheated at 115°C with N2 purging to inhibit Cs-oleate precipitation. When the Cs-oleate solution turns dark orange, it indicates Cs-oleate oxidation to form Cs2O. PbI2 (0.5 g) (PbBr2, 0.4 g) and 1-ODE (50 ml) were reacted in another 100 ml three-neck flask to synthesize CsPbI3 (CsPbBr3) QDs. The mixture was dried under vacuum for 30 min at 120°C. Subsequently, 2.5 ml of each of OA and OAm was loaded in a 50 ml beaker at 130°C. The solution was swiftly injected into the flask when it turned yellow. When the mixture was completely dissolved, the temperature of the reaction was increased to 170°C and 2 ml of the Cs-oleate solution was quickly injected into the flask. After reaction, the flask was cooled in an ice bath until it reached a temperature of 60–70°C. To obtain fresh colloidal PQD solutions, the as-synthesized solutions were centrifuged for 10 min at 6,000 rpm and the supernatant was discarded. The precipitants were then dispersed in 10 ml of hexane until further use.
Material Characterization
X-ray diffraction (XRD), field emission scanning microscopy (FE-SEM), and field emission transmission electron microscopy (FE-TEM) were conducted to analyze the crystalline structure and morphology of the synthesized PQDs. XRD patterns were collected on a D8 Advance (Bruker) using Cu–Kα radiation in the 2θ range of 10°–80° (0.05°/step and 0.5 s/step). Cu–Kα2 peak stripping was performed using the Eva® program. SU8010 (Hitach) FE-SEM was used to observe topographic images of PQDs. A Tecnai G2 F20 S-TWIN (FEI Korea) instrument was used for FE-TEM and selective area electron diffraction (SAED) analysis.
Steady-State Absorption and Emission
To analyze the steady-state absorption and emission characteristics of colloidal CsPbX3 QD solutions, UV-Vis absorption and photoluminescence (PL) spectrophotometry were conducted on a Duetta (HORIBA Scientific) instrument. The PLQY of QDs was measured as a relative value compared to the PLQY of riboflavin, which was set at 0.3 (Koziol, 1966). An excitation wavelength of 430 nm was used to measure the PL of QDs and riboflavin. To prevent self-absorption, absorption at the excitation wavelength (430 nm) was fixed at 0.1.
Electrochemical Characterization
All electrochemical experiments were conducted using a CH Instruments electrochemical analyzer (Model 760E) in a standard three-electrode cell using glassy carbon (GC) (4 mm in diameter) and gold (1.6 mm in diameter) electrodes as the working electrodes and a Pt wire as the counter electrode. An Ag/Ag+ electrode consisting of 0.01 M AgNO3 and 0.1 M tetrabutylammonium hexafluorophosphate (TBAFP) in acetonitrile as an organic solution and an Ag/AgCl electrode as an aqueous solution were used as reference electrodes. Before conducting the experiments, the working electrodes were polished with 0.3 µm alumina (Buehler, United States) on a polishing cloth and thoroughly rinsed with deionized water, acetonitrile, and acetone. Prior to measurement, all the supporting electrolyte solutions were purged with N2 gas for at least 20 min. All electrochemical experiments were conducted at room temperature (20–25°C).
Fabrication of CsPbBr3 Films
Indium tin oxide (ITO) coated glass slides (60 × 9 mm2, 1.1 mm thick, Wooyang GMS, Korea) were used as substrates. Initially, these slides were sequentially cleaned with ethanol, acetone, and deionized water. After removing moisture from slide surfaces with an air blower, they were dehydrated on a hot plate at 120°C for 3 min and then cooled to room temperature. Subsequently, the colloidal CsPbBr3 solution was spin-coated (SC-100RPM-C, RHABDOS, Korea) on substrate surfaces at 3,000 rpm for 30 s. Finally, CsPbBr3-coated ITO substrates were heated on a hot plate at 220°C for 3 min and then allowed to cool down to room temperature.
Spectroelectrochemistry
UV-Vis absorption spectra were obtained on a UV-Vis absorption spectrophotometer (AvaSpec-ULS2048, AVANTES, Netherlands). This integrated system allows control over the potentiostat (WaveDriver 200, Pine Research Instrumentation, United States) and spectrophotometer and synchronizes electrochemical measurements with spectroscopic measurements. A spectroelectrochemical cell comprising of a gold-patterned honeycomb electrode (Pine Research Instrumentation, United States) was used as the working electrode, while Au electrode was used as the counter electrode and Ag/Ag+ was used as the reference electrode. The gold-patterned honeycomb electrode was rinsed in deionized water before being cleaned with acetone using a sonicator. Furthermore, it was cleaned by electrochemical oxidation and reduction in 0.5 M H2SO4 by applying a positive potential of +2.0 V for 5 s, followed by a negative potential of −0.35 V. Repetitive CV experiments were conducted in the potential range of −0.3 to +1.55 V at a scan rate of 4 V/s in 0.5 M H2SO4 until a reproducible result was achieved (Han et al., 2009). To simultaneously investigate the electrochemical process and changes in the UV-Vis absorption spectra, the potential was increased at 10 s intervals toward oxidizing and reducing potentials at the same time as monitoring the changes in absorbance with respect to the applied potential.
RESULTS AND DISCUSSION
Structural Properties of Perovskite Quantum Dots
In this study, we used colloidal CsPbBr3 and CsPbI3 PQD-dispersed solutions to determine the impact of electrochemical environment on their photophysical properties. All-inorganic CsPbBr3 and CsPbI3 PQDs were synthesized by the hot-injection process, as described in the literature (Protesescu et al., 2015; Gualdrón-Reyes et al., 2018). We firstly used FE-SEM to observe general unity of PQDs’ shape and aspect ratio. For both CsPbBr3 (Supplementary Figure S1A) and CsPbI3 (Supplementary Figure S1B) PQDs, similar sizes (∼10 nm) and round shaped PQDs were able to be observed. However, due to massively stacked PQD layers on substrate, details of each PQD were not able to characterize. Figures 1A,B show the TEM images of CsPbBr3 and CsPbI3 PQD monolayers, respectively, with the corresponding lattice fringes in the insets. The observed lattice fringes matched the (100) planes detected by XRD in both CsPbBr3 and CsPbI3 PQDs (Supplementary Figure S2). SAED patterns (Supplementary Figure S3) were also recorded and it was found that there was an excellent agreement between these patterns and XRD results in Supplementary Figure S2. The SAED patterns further suggested that the CsPbBr3 and CsPbI3 PQDs exhibited cubic and orthorhombic crystalline structures, respectively. Each spotted circular pattern was integrated for each crystalline PQD in Figures 1A,B. The clear fit between the lattice fringes observed by TEM and those derived from XRD and SAED confirms the nanocrystalline shape and structure of the studied PQDs. Both CsPbBr3 and CsPbI3 PQDs exhibited a cubic particle shape with sizes of (9.3 ± 1.6) and (11.3 ± 2.0) nm, respectively (Figure S4). The polydispersity values (ratio of the standard deviation in PQD size and the actual size of PQDs) of CsPbBr3 and CsPbI3 PQDs were found to be 17.2% and 17.7%, respectively. The sudden burst of nucleation in the hot-injection process enables the simultaneous growth of PQDs with sizes similar to the exciton Bohr diameter. The narrow size distribution of CsPbBr3 and CsPbI3 PQDs resulted in their narrow PLs with full-width at half maximum of 20 nm for CsPbBr3 PQDs and 35 nm for CsPbI3 PQDs (see Figures 1C,D). The distinct emission peak maxima observed at 508 and 683 nm for CsPbBr3 and CsPbI3 PQDs, respectively, indicate clear band gaps of 2.44 and 1.82 eV. The PLQY of the two PQD systems was measured by comparing with that of a standard dye, riboflavin, using the following equation:
[image: image]
where [image: image] represent the mean PLQY of the tested PQDs, PLQY of the dye, refractive index of the PQD solution (n-hexane), and refractive index of the dye solution (ethanol), respectively. Using this equation, the PLQYs of CsPbBr3 and CsPbI3 PQDs were calculated to be 37.6% and 45.8%, respectively. In these two highly emissive CsPbBr3 and CsPbI3 PQDs, photoexcited electron-hole recombination occurred mainly due to radiative recombination between the conduction band minimum (CBM) and valence band maximum (VBM). Thus far, we have fabricated crystalline emissive PQDs with small size distributions and continuously observed their photoelectrochemical behavior. However, nonradiative recombination from various trap sites, such as internal and surface defect-mediated traps, in these PQDs cannot be ignored.
[image: Figure 1]FIGURE 1 | TEM images of (A) CsPbBr3 and (B) CsPbI3 PQDs. The insets show enlarged views of individual PQDs. UV-Vis absorption and PL spectra of (C) CsPbBr3 and (D) CsPbI3 colloidal PQD solutions.
Electrochemical Behavior of the Perovskite Quantum Dots and Irreversible Transformation
To evaluate the redox processes at energy levels in the PQDs, we investigated the electrochemical response of the colloidal PQD solutions. Figures 2A,B show the CV curves of CsPbBr3 and CsPbI3 in DCM containing the TBAFP-supporting electrolyte obtained from the GC electrode. The CV curves obtained in the presence of the PQDs showed distinct redox peaks when compared to those obtained in the absence of the PQDs. The resulting VBM and CBM energy levels were derived from the equations ECBM = −(4.5 + Ered) and EVBM = −(4.5 + Eoxi) for a normal hydrogen electrode, respectively. From Figure 2A, the ECBM and EVBM of CsPbBr3 PQDs were calculated to be −3.4 and −6.0 eV, respectively. The measured band gap of 2.6 eV (from CV data) agreed well with that calculated by PL measurements (2.44 eV). In contrast, CsPbI3 PQDs exhibited a major oxidation peak at ∼+0.70 V, as shown in Figure 2B. In this case, the ECBM and EVBM were calculated as −3.6 and −5.4 eV, respectively; once again, there was a good coherence between CV and PL values. As expected, we were able to observe not only the major redox peaks occurring at the CBM and VBM, but also additional redox peaks at defect-mediated energy levels.
[image: Figure 2]FIGURE 2 | (A) CV of CsPbBr3 dispersed in DCM containing 0.1 M TBAFP (scan rate of 50 mV/s) in the absence (black line) and presence (red line) of PQDs at the GC electrode. (B) CV of CsPbI3 dispersed in DCM containing 0.02 M TBAFP (scan rate of 50 mV/s) in the absence (black line) and presence (red line) of PQDs at the GC electrode.
Supplementary Figures S5A,B show the results of linear sweep voltammetry of CsPbBr3 and CsPbI3 in DCM containing the TBAFP-supporting electrolyte obtained from the GC electrode. The onset oxidation potentials of CsPbBr3 were observed at ∼+0.30 and +1.30 V (Supplementary Figure S5A). Interestingly, additional oxidation waves were observed similar to those obtained in 3D bulk CsPbBr3 films, as shown in Supplementary Figure S6. Such similar oxidation-onset potentials in CsPbBr3 PQDs and 3D bulk CsPbBr3 films indicate identical internal energy levels in the bandgap structure. We speculate that the two internal energy levels oriented from defect-mediated trap sites are interstitial bromide-trapping holes. Previously, it was suggested that the two onset potentials for oxidation correspond to interstitial bromide [(0/+) and (−/0)] transitions (Samu et al., 2019). In the case of CsPbI3, an intense peak was observed at +0.50 V corresponding to the onset potential of oxidation. According to literature, this corresponds to interstitial iodide hole trapping with the (−/0) transition (Samu et al., 2019).
Figure 3 shows the CVs obtained during five consecutive cycles in the range of 0 to +1.8 V and these illustrate the characteristic behavior of colloidal PQD solutions. In the first scan of the PQDs (black line in Figures 3A,B), an irreversible anodic wave appeared at +1.5 V for CsPbBr3 and +0.60 V for CsPbI3, but it dramatically diminished in the subsequent scans. These nonrepeatable signals demonstrate irreversible transformation. Similar irreversible transformation could be inferred from CV scans recorded in the range of 0.0 to −1.6 V, as shown in Supplementary Figure S7. Therefore, the applied electrochemical bias induces irreversible transformation in both types of PQDs, during which process, they lose their own redox properties.
[image: Figure 3]FIGURE 3 | (A) CV of CsPbBr3 in DCM containing 0.1 M TBAFP at 50 mV/s at the GC electrode over five successive cycles. (B) CV of CsPbI3 in DCM containing 0.02 M TBAFP at 50 mV/s at the GC electrode over five successive cycles.
In Situ Spectroelectrochemical Measurements to Observe Perovskite Quantum Dot Transformation
Encouraged by the irreversible transformation of the PQDs under electrochemical conditions, we analyzed their transformation by in situ UV-Vis absorption measurements at different applied potentials. Figures 4A,B show examples of the spectroelectrochemical responses of the PQDs at different oxidizing potentials. The absorption band edges of CsPbBr3 (at 497 nm) and CsPbI3 PQDs (at 675 nm) reduced gradually in the range of 0.0 to +1.4 V in 0.2 V increments (Figures 4C,D). Absorbance at shorter wavelengths also decreased in the range of 0.0 to +0.6 V. In contrast, the absorbance increased at potentials higher than +0.8 V, as shown in Figure 4D. In the case of CsPbBr3 PQDs, absorbance increased at 258 and 272 nm at potentials higher than +0.8 V (green highlights in Figures 4A,C). Meanwhile, the absorbance of CsPbI3 PQDs at 292 and 370 nm decreased in the range of 0.0 to +0.6 V but started to increase at potentials higher than +0.8 V (green highlights in Figures 4B,D). This difference in the absorption response of the two PQDs between the band edge and shorter wavelengths is attributed to their transformation to other species. As illustrated in Figures 2 and Supplementary Figure S5, the two PQDs exhibit interstitial halide hole trapping with (−/0) transition due to electrochemical oxidation (Samu et al., 2019). To determine their absorption behavior at shorter wavelengths, it is necessary to assign the corresponding species. Kamat and coworkers demonstrated that the lead-halide complexation chemistry dictates the nature of binding between Pb2+ and Br− and Pb2+ and I− as well as the absorption features of PbX2, PbX3–, and PbX42– as multihalide plumbate complexes (Stamplecoskie et al., 2015; Yoon et al., 2016b). In Supplementary Figure S8A, absorption of PbBr2 solution and PbBr2 with saturated CsBr solution was shown. The absorption feature of PbBr2 with saturated CsBr solution indicates absorption of the PbBr3− plumbate complex. It can be observed that the initial absorbance at 280 nm due to the absorption of PbBr2 decreased upon the addition of CsBr as a source of bromide. CsBr, when added to PbBr2, resulted in alternative absorption at 258 nm, which can be attributed to the PbBr3− species (Yoon et al., 2016b). A new absorption peak at ∼258 nm started to appear at voltages higher than +0.8 V, as shown in Figure 4A, which indicates that the PQDs transformed into PbBr3− (Supplementary Figure S8A). The changes occurring in the absorption behavior of CsPbI3 PQDs were similar to those observed for CsPbBr3 PQDs. In CsPbI3 PQDs, two additional absorption peaks at 292 and 370 nm intensified at voltages higher than +0.8 V as compared to continuous decrement at band-edge absorption, as shown in Figure 4B. The two absorption peaks from PbI2 matched the two peaks at 292 and 370 nm (Supplementary Figure S8B). The transformation of CsPbI3 PQDs was clearly observed in more defective PQDs with a quantum yield of 10%, as shown in Supplementary Figure S10. In contrast, when potentials in the range of 0.0 to −1.2 V were applied to CsPbBr3 and CsPbI3 PQDs at a step size of −0.2 V, the overall absorbance decreased gradually (Supplementary Figure S9). These results indicate that, under oxidizing conditions, CsPbBr3 and CsPbI3 PQDs undergo irreversible transformation to PbBr3− and PbI2, respectively.
[image: Figure 4]FIGURE 4 | Spectroelectrochemical analysis of (A) CsPbBr3 and (B) CsPbI3 with respect to the applied potential. The potential was increased from 0.0 to +1.4 V in +0.2 V steps. The insets show magnified views of the UV-Vis absorption spectra, which are highlighted in green. Kinetic trace of the absorption spectra of (C) CsPbBr3 and (D) CsPBI3. The recorded spectroscopic traces correspond to the data of CsPbBr3 and CsPBI3 in (A) and (B), respectively.
Irreversible Transformation of Perovskite Quantum Dots to Plumbate Complexes
In situ spectroelectrochemical measurements indicated that halide-mediated hole-trap filling initiated PQD transformation into a plumbate complex. Considering the aforementioned results and literature (Samu et al., 2018; Samu et al., 2019), we propose the following reaction mechanisms to explain such irreversible transformation (Figure 5):
[image: image]
[image: image]
Equation 2 describes the separation of the plumbate complex from crystalline CsPbX3 PQDs at an oxidative potential. We hypothesize that separation occurs at small positive voltages by electrostatic reactions, but when the applied voltage increases toward more positive values, which leads to hole-trap filling by interstitial halides, Eq. 3 becomes dominant. The interstitial halide traps hole and the hole trapping initiates separation of the PQDs, and the PbX2 can occur. We speculate the trapped hole could induce lattice strain by formation of polaron (Park et al., 2018) and to release the lattice strain, the deformation of perovskite at the strained region so through the in situ spectroelectrochemical measurements, formation of PbX2 could be monitored.
[image: Figure 5]FIGURE 5 | (A,B) Schematic illustrating the proposed reaction mechanism for the irreversible transformation for CsPbBr3 and CsPbI3 PQDs.
CONCLUSION
In summary, we investigated the photophysical properties of CsPbX3 (X = Br or I) PQDs subjected to an electrochemical potential. The hot-injection process used to synthesize PQDs resulted in an accurate energy-level distribution. Herein, two possible charge-recombination pathways are proposed for these PQDs, i.e., 1) radiative recombination and 2) trap-assisted nonradiative recombination. We studied the redox properties of the PQDs in terms of the CBM, VBM, and interstitial halide-mediated hole trapping via electrochemical measurements. Importantly, the similar energy levels observed in CsPbBr3 PQDs and CsPbBr3 3D bulk films might be attributed to minor oxidation. This means that the energy-level distribution of the interstitial halide-mediated defects might be similar in the PQDs and bulk film. Furthermore, when an oxidative potential was applied, the PQDs experienced irreversible transformation into PbX2 or PbX3− plumbate complexes, which could be monitored by in situ spectroelectrochemical analysis. Such irreversible transformation of the PQDs provides insight into their working mechanism in optoelectronic devices at an applied bias and helps in developing strategies to improve device performance.
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