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Abstract: Controlled fabrication of semiconductor nanostructures 
with unique physicochemical properties is vital for future 
technologies. In this study, transformation from red-emitting metal 
halide perovskite CH3NH3PbI3 nanocrystals (NCs) to green-emitting 
CH3NH3PbBr3 NCs was achieved without significant morphological 
changes and loss of photoluminescence (PL) efficiency via a 
controlled halide exchange reaction. In situ single-particle PL 
imaging along with detailed structural and elemental 
characterizations revealed that sudden cooperative transitions 
between two light-emitting states via intermediate dark states with 
>100 s durations during halide exchange originate from two distinct 
defect-mediated reconstruction processes with different activation 
energies (0.072 and 0.40 eV), leading to an isokinetic temperature of 
~314 K, across a solid-state miscibility gap between the I- and Br-
rich phases inside a single NC.  

Introduction 

Metal halide perovskites (e.g., MAPbI3, MA = CH3NH3
+) have 

recently attracted much attention as light absorbers in 
photovoltaic cells[1] and as promising materials for optoelectronic 
applications including lasers[2] and light-emitting diodes.[3] One of 
the notable features of these materials is their structural diversity 
and softness. For example, the bandgap energy can be readily 
tuned by changing the composition of halide anions (Cl−, Br−, 
and I−) to realize colorful and high-performance devices.[4] 
Meanwhile, it was reported that the metastable compositions 
and phases formed under operating conditions cause severe 
problems (e.g., current-voltage hysteresis behavior).[5] A precise 
control of  nanostructures of perovskites is thus needed to 
manipulate their properties for improving the performance and 
for extending their potential applications. 

Ion exchange reactions are useful for the fabrication of new 
types of nanocrystals (NCs) with unique structures and 
compositions that are difficult to access by direct synthetic 
methods.[6] For example, existing Cl− (or Br−) ions within the 
crystal lattice of perovskite NCs are reversibly exchanged with 
diffusing incoming Br− (or I−) at room temperature, resulting in 
mixed-halide perovskites while preserving their morphology.[7] 
However, the interplay of kinetics and thermodynamics of each 
reaction step governed by nanoscopic heterogeneities makes it 
difficult to control the nucleation and growth events occurring 

simultaneously over a wide range of time and length scales. 
Compared to all-inorganic perovskites (e.g., CsPbBr3 and 
CsPbI3), this issue is particularly pronounced for chemically 
unstable hybrid organic-inorganic perovskites.[8] 

In situ microscopy observations with high temporal and spatial 
resolutions provide a mechanistic understanding of solid-state 
transformations on the nanoscale as well as guidance regarding 
the setting of the parameters that control the exchange reactions. 
In a pioneering work, Routzahn and Jain employed in situ single-
particle photoluminescence (PL) imaging to obtain kinetic 
trajectories during cation exchange over individual CdSe NCs 
with Ag+.[9] They proposed a stochastic reaction model that 
incorporates positive cooperativity between exchange events.[10] 
Recently, Wang et al. observed PL from individual CsPbBr3 NCs 
generated during the halide exchange reaction of the parent 
CsPbCl3 NCs with Br− (and vice versa) and found a strong 
dependence of the switching times of the changes in the PL 
intensity on the concentration of the substitutional halide ions.[11] 
Although previous studies have succeeded in providing some 
important insights into nanoscale transformation, the overall 
process is still not well understood. In particular, intermediate 
states present in the process and their structures have not been 
characterized at all because only either the reactant or the 
product NCs could be observed in the studies performed to date. 
Additionally, exciton and charge carrier dynamics that play a key 
role in any optoelectronic device are closely associated with the 
heterostructures that vary over time during ion exchange.[12] 

In this study, we fully monitored the transformation from red-
emitting MAPbI3 NCs to green-emitting MAPbBr3 NCs, while 
maintaining their morphology and PL efficiency by carrying out a 
precisely controlled halide exchange reaction, using a multi-
wavelength single-particle PL imaging technique. It was found 
that the starting NCs are transformed to deficient MAPb(I1−xBrx)3 
NCs as non-emitting dark states with durations of more than 100 
s, followed by a sudden transition to the light-emitting states with 
time constants of less than 10 s. Furthermore, combined with 
structural and elemental analyses, it was revealed that 
successive transitions between light-emitting and dark states are 
closely related to the solid-state miscibility between the I- and 
Br-rich phases in which defect-mediated reconstructions with 
different activation energies occur cooperatively. 
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Results and Discussion 

Figure 1a shows the PL spectra of MAPbI3 NCs with a mean 
size of ~90 nm during halide exchange with Br− using a custom-
made flow reactor (Figures S1 and S2). Prior to the reaction, the 
MAPbI3 NCs exhibited intense PL with a peak at approximately 
770 nm and a quantum yield of ~3.6%. Initially, the controlled 
flow of n-octylammonium bromide (OA-Br) solution ([OA-Br] = 
100 μM at a flow rate of 200 μL min−1) caused a continuous 
peak shift from 770 nm to 620 nm accompanied by an initial 
increase which may be due to the passivation of surface defects, 
and a subsequent decrease in the PL intensity (red symbols in 
Figure 1b). However, PL peaks between 620 and 550 nm were 
not observed during and after the reaction, while a detectable 
peak appeared at approximately 550 nm after 40 min, and then 
became more intense over time and eventually shifted to 530 
nm (green symbols in Figure 1b). The strong PL with a peak at 
approximately 530 nm is attributed to almost pure MAPbBr3 
NCs.[13] Overall, the observed peak shift from 770 nm to 530 nm 
indicates the conversion of MAPbI3 NCs to MAPbBr3 NCs with 
negligible loss (0.3%) of the PL quantum yield (Figure 1a). We 
note that a simple dropping or flow of the OA-Br solution at 
higher concentrations into the sample results in the 
decomposition of NCs.  

Transmission electron microscopy (TEM) measurements 
showed that the cubic shape of the MAPbI3 NCs was retained 
after 80 min of OA-Br flow while decreasing the size of the 
sample by ~40%, which is consistent with the difference in the 
lattice constants between MAPbI3 and MAPbBr3 (Figure S3). 
Energy dispersive X-ray spectroscopy (EDS) measurements 
using scanning TEM showed a Br/Pb ratio close to 3.0, also 
suggesting the formation of MAPbBr3 (Figure S3). The optical 
absorption spectra during the reaction (Figure S4) revealed that 
the band edge continuously shifted from 755 nm to 525 nm, 
since the bandgap energies depend on the halide 
composition.[7a] Considering that MAPb(I1−xBrx)3 NCs fully absorb 
excitation light at 405 nm, MAPb(I1−xBrx)3 NCs with x in the range 
of 0.75–0.96, corresponding to the PL range between 620 and 
550 nm, exhibit a much lower PL quantum yield (<0.2%) due to 
nonradiative deactivation. This interpretation is supported by the 
substantially shortened lifetimes due to the addition of the OA-Br 
solution (Figure S5).  

 

Figure 1. (a) Ensemble-averaged PL spectra during exchange on MAPbI3 with 
Br− ions in solution. The excitation wavelength was 405 nm. (b) Temporal 
changes in the PL peak intensity and wavelength. Black symbols represent the 
results obtained for MAPbI3. 

A previous study has demonstrated the absence of PL during 
the halide exchange of MAPb(I1−xBrx)3.[14] Pellet et al. have 
shown that MAPbI3 microcrystals did not exhibit PL in the 
wavelength range between 535 and 609 nm during halide 
exchange until pure MAPbBr3 was formed, while the X-ray 
diffraction (XRD) patterns continuously shifted.[14a] A similar 
trend was observed for MAPb(I1−xBrx)3 synthesized directly using 
mixed-halide precursor solutions. Lehmann et al. showed that 
the bandgap of MAPb(I1−xBrx)3 remains nearly constant in the 
halide composition range of 0.29 ≤ x ≤ 0.92, in addition to the 
absence of PL in the wavelength range between 717 and 556 
nm.[15] They found that the XRD patterns of MAPb(I1−xBrx)3 
powders could be classified as those for I- and Br-rich phases 
due to the miscibility gap, resulting in a non-linear PL peak shift 
with increasing Br content. Moreover, for formamidinium lead 
mixed-halide perovskites FAPb(I1−xBrx)3, the films with halide 
compositions in a certain range showed no PL emission and 
XRD patterns, indicating the formation of amorphous states.[16] 

To confirm the structural transformation during the halide 
exchange reaction on NCs, XRD was performed. OA-Br 
solutions were flowed onto the MAPbI3 NCs immobilized on the 
glass substrate and the flow was stopped at each reaction time, 
followed by gentle washing of the NCs with toluene. To prevent 
the decomposition of the NCs during X-ray measurements, a 
polystyrene solution was spin-coated on the NCs after 
washing.[17] Figure 2a shows the XRD patterns obtained in the 
2θ range of 26–31°. The full range data are shown in Figure S6. 
Prior to the reaction, the MAPbI3 NCs showed a (220) peak at 
28.5°. As the reaction time increased, the (220) peak shifted 
toward higher angles. The substitution of larger I− ions (2.20 Å) 
by smaller Br− ions (1.96 Å) results in a shrinkage of the crystal 
lattice,[18] leading to an XRD peak shift toward higher angles. At 
a reaction time of 80 min, XRD peaks appeared at 30.1, 29.7, 
and 28.5°. The full range data for the reacted MAPbI3 NCs are in 
agreement with the reported patterns of MAPbBr3,[19] indicating 
that most MAPbI3 NCs were almost completely converted to 
MAPbBr3 NCs within 80 min, even though less than 5% of the 
initial intensity of the (220) peak at 28.5° remained. Considering 
that the XRD patterns were observed without any distinct 
features of the amorphous phase at all reaction times, it is 
concluded that the NCs almost maintained their crystallinity 
during the exchange reaction. At the reaction time of 10 min, it 
was found that a new peak located at a higher angle near 30° 
was observed in addition to the main peak of MAPb(I1−xBrx)3 at 
28.8°. The peak at a higher angle can be attributed to Br-rich 
perovskites with an almost cubic structure. This peak shifted 
toward smaller angles, and finally merged into the main peak of 
MAPb(I1−xBrx)3 at 60 min. 
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Figure 2. (a) Temporal changes in the XRD patterns (solid gray lines). Fitted 
Gaussian peaks are shown as solid red, green, and blue lines. (b) Temporal 
change in the domain size (D) of the MAPb(I1−xBrx)3 and Br-rich phase 
evaluated using the Scherrer equation. The black symbol represents the result 
obtained for MAPbI3. (c) Relationship between ap and xBr. The gray region 
indicates the miscibility gap reported in Ref. 22 

To obtain more insight into the structural transformation, the 
domain size (D) was evaluated using the Scherrer equation: D = 
Kλ/βcosθ, where K is the Scherrer constant (0.9 was adopted 
here), λ is the X-ray wavelength (λ = 0.15418 nm, Cu Kα), and β 
is the full-width at half-maximum at the reflection angle (θ). As 
shown in Figure 2b, over 40 min, D gradually decreased from 78 
nm, which is comparable to the sizes (90 ± 39 nm) of the NCs 
determined by TEM, to 31 nm, then increased to 68 nm at 80 
min. Moreover, from the peak at a higher angle, D of the Br-rich 
phase was found to increase from 20 nm to 70 nm (Figure 2b, 
green symbols). Based on these results, it can be concluded 
that the successful substitution of I− in NCs by Br− through OA-Br 
flow initially caused a decrease in the size of I-rich 
MAPb(I1−xBrx)3 domains and led to the formation of a Br-rich 
phase on the surface. Further substitution led to an increase in 
the domain sizes of both MAPb(I1−xBrx)3 and Br-rich phases, and 
these two separated phases finally merged together.  

The above-described structural transformation was also 
indicated by the significant shifts in the lattice constant. The 
pseudo-cubic lattice constant (ap) of the MAPb(I1−xBrx)3 phase 
was determined from Rietveld analysis of the XRD patterns. As 
shown in Figure S7, the ap value decreased linearly as a 
function of the reaction time up to 40 min, while a large deviation 
from the linearity was observed at 50 and 60 min. The deviations 
to smaller values indicate the mixing of MAPb(I1−xBrx)3 and the 
Br-rich phase, leading to the shrinkage of the lattice. We 
mention here that the lattice constants of MAPbI3 NCs (a = 8.89 
Å, c = 12.5 Å) and the final product after OA-Br flow for 80 min 
(a = 5.93 Å) matched well the lattice constants reported for 
tetragonal MAPbI3 (a = 8.88 Å, c = 12.6 Å) and cubic MAPbBr3 
(a = 5.93 Å) single crystals, respectively.[20] 

In a complete solid solution, the variation in the lattice 
constant with the concentration of the constituent element 

follows Vegard’s law, whereby lattice constants vary linearly with 
the concentration of the constituent elements. However, for 
MAPb(I1−xBrx)3 perovskites, the lattice constant varies non-
linearly with the halide composition due to phase separation 
caused by miscibility. To reveal the range of the miscibility gap 
in the phase diagram, the halide compositions after the 
exchange reaction were determined by total reflection X-ray 
fluorescence (TXRF) analysis. TXRF measurements use an X-
ray beam directed to a sample surface at a very small angle, 
allowing surface-sensitive analysis of a sample to depths as low 
as a few nanometers below the surface.[21] Figure 2c shows a 
plot of ap as a function of the bromide molar fraction (xBr). The 
black solid line shows a linear fitting obtained using only the two 
data points at xBr = 0 and 1.0, and represents the Vegard’s law-
predicted ap values. Interestingly, symmetry with respect to the 
data point at xBr ~ 0.5 is observed, implying phase separation. 
The data points above (below) the Vegard’s law-predicted line 
indicate the crystalline phase with larger (smaller) lattice 
constants in the two separated phases. Thus, the observed 
symmetrical dependence suggests that the initially formed 
MAPb(I1−xBrx)3 and the separated Br-rich phase are found in 
mixed states, the data points of which obey Vegard’s law, 
followed by the growth of the MAPbBr3 phase and the exclusion 
of the iodide phase from the inner region of the sample (Figure 
3a). The data points deviating from Vegard’s law are in 
agreement with the reported miscibility gap (gray region in 
Figure 2c).[22] 

 

Figure 3. Schematic illustration of (a) structural changes and (b) charge 
carrier dynamics of NCs during the halide exchange reaction. e− and h+ denote 
the photogenerated electrons and holes, respectively. 

To clarify the discontinuous changes observed by ensemble-
averaging optical and X-ray measurements and their effects on 
the charge carrier dynamics, single-particle PL observations 
were performed using a multi-wavelength imaging technique 
with two optical filters for selective detection based on the 
development of the PL spectra (Figure 4a and S8). As 
demonstrated in Figure 4b, the PL collected from dozens of 
reactant NCs (>593 nm range) gradually weakened with the 
progress of the exchange reaction under OA-Br flow, while PL 
from the products (510–560 nm range) appeared after a certain 
period of time. Meanwhile, individual NCs exhibited a sudden 
intensity drop and rise in PL, with the non-emitting period 
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reaching 100 s or greater (Figures 4c and S9). This finding 
suggests that intermediate(s) with low crystallinity and thus a 
weak luminescence (so-called dark state) were formed between 
the two light-emitting states. Almost the same trajectory was 
obtained with intermittent excitation light (Figure S10), excluding 
the involvement of the light-induced degradation or halide phase 
segregation as well as sample heating.[23] 

To quantitatively characterize the transition processes, the 
intensity trajectories were tentatively fitted with the Boltzmann 
sigmoidal equation:  

 
(1) 

 
where Iinitial and Ifinal are the initial and final values, respectively. 
The parameter twait is the center (the inflection point) of the 
dependence and was used to determine the characteristic time 
required for structural changes, and τswitch is the width of the 
transition from the light-emitting state to the dark state (and vice 
versa) (Figure 4c). 

 

Figure 4. (a) Dual channel single-particle PL images during halide exchange 
reaction acquired under 405 nm laser irradiation (5 mW cm−2). The scale bars 
are 2 μm. Temporal changes in (b) ensemble-averaged and (c) single-particle 
PL intensities.  

As shown in Figure 5a, the histograms of twait
off/on for PL turn-

off/on events were distributed over a wide range of times, but 
unfortunately masked the inherent static and dynamic disorder. 
To characterize the dark state, therefore, the dark time (τdark) 
was determined as the difference between twait

off and twait
on for 

individual NCs (Figure 5b). If the transition from the dark state to 
the light-emitting state has a constant probability of occurrence, 
exponential distribution of the duration is expected. However, 
the histogram of τdark has a peak, suggesting that the transition is 
not a simple first-order reaction that is determined by a single 
time constant. To reveal the hidden relationship between the 
kinetic and structural parameters, correlated PL and field 
emission-scanning electron microscopy (FE-SEM) 
measurements were carried out (Figure S11). Here, we 
assumed that τdark is the time required for the adsorbed Br− ions 

to diffuse and replace most I− ions inside the NC. In fact, much 
shorter τdark values were obtained for the MAPbI3 NCs with 
smaller sizes (~7 nm) (Figure S12). The diffusion time (tdiff) is 
known to be proportional to the square of the diffusion length, tdiff 
≈ r2/αDdiff, where r is the particle radius, α is the geometric factor, 
and Ddiff is the diffusion coefficient.[24] As demonstrated in the 
inset of Figure 5b, a positive correlation was observed between 
τdark and r2. From the slope and α of 0.15 for a spherical 
particle,[24] Ddiff was calculated as 3.1 × 10−12 cm2 s−1, which is 
close to that (~10−12 cm2 s−1) reported for iodine vacancies 
(VI

+).[25] This result implies that charge carrier dynamics on the 
pico- to nanosecond time scale are coupled with slow ion 
(vacancy) dynamics on the millisecond to second time scale. 

On the other hand, the histograms of τswitch
off/on for the PL turn-

off/on processes exhibit an exponential distribution (Figure 4c). 
From the single-exponential fits, the mean values (<τswitch

off/on>) 
were determined to be 2.6 and 7.4 s for the turn-off and turn-on 
processes, respectively. These time constants are much longer 
than that (few 100 ms) reported for cooperative transition from 
CdSe (3.5 nm in diameter) to Ag2Se.[9]  Furthermore, from the 
Arrhenius plots of these parameters (Figures 5d and S13), the 
activation energies (Ea) were evaluated as 0.072 ± 0.044 and 
0.40 ± 0.16 eV for τswitch

off and τswitch
on, respectively, suggesting 

that their origins are different. Moreover, an Ea value (0.52 ± 
0.05 eV) close to the latter was obtained for τdark (Figure S13).  

 

Figure 5. (a) Histograms of twaitoff (red bars) and twaiton (green bars). (a) 
Histogram of τdark. The solid line indicates the best fit obtained based on eq. 2. 
The inset shows the relationship between τdark and r2. (c) Distributions of 
τswitchoff (red) and τswitchon (green). (d) Arrhenius plots for τswitchoff (red), τswitchon 
(green), and τdark (blue).  

Based on these findings, we introduce a new perspective 
related to charge carrier dynamics into the consideration of the 
ion exchange reaction mechanism, as illustrated in Figure 3b. 
Prior to the reaction, PL from MAPbI3 was observed at 
approximately 770 nm. As the exchange reaction proceeds, Br-
rich shells are formed on the surface, and the I-rich core inside 
the crystal is partially exchanged with Br− ions. In such a 
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structure, PL emission occurs only from the I-rich perovskite with 
a smaller band gap due to the interfacial charge transfer.[12] 
Furthermore, numerous defects are generated during the 
exchange reaction, as suggested by the decreased PL intensity, 
shortened PL lifetime, and slightly weakened and broadened 
XRD peaks. As the reaction proceeds, the density of internal 
defects that may be located at the grain boundaries increases 
accordingly, resulting in the quenching of PL, and thus, the 
transition to the dark state. As long as the defects exist, the dark 
state will persist. However, as the reaction proceeds, the defects 
are gradually reduced by the incorporation of Br− into the crystal, 
and at the point in time when one or a few remaining defects 
that act as effective charge traps inside the NCs disappear, the 
PL from MAPbBr3 suddenly increases.  

These transitions are a highly cooperative process that is 
controlled by the change in the Gibbs free energy (G). When the 
free energy is plotted as a function of composition (Figure S14), 
the region lying within the inflection points of the curve (∂2G/∂xBr

2 
= 0) is intrinsically unstable. The composition within this so-
termed spinodal region can separate the system into two phases 
without a thermodynamic barrier. Importantly, this phase 
separation is triggered by microscopic fluctuations in 
composition and is solely diffusion-controlled (so-called uphill 
diffusion).[26] As mentioned above, MAPb(I1−xBrx)3 samples 
synthesized from stoichiometric mixtures of MAI, MABr, and PbI 
in solution did not show PL in the range of 717–556 nm because 
of the miscibility gap of 0.29 ≤ x ≤ 0.92.[15] It is evident that phase 
separation occurs in our system, but dynamic equilibrium 
between the mixed and separated phases during the exchange 
reaction may result in detectable PL up to 620 nm (x ~ 0.75). 
This may provide a partial answer as to why the observed 
transitions with τswitch

off/on are very slow (Figure 5c). 
Finally, we discuss the reconstruction process based on the 

obtained thermodynamic parameters. The Ea values 
experimentally determined from the current-voltage curves of the 
MAPbI3- and MAPbBr3-based solar cells are 0.33 eV and 0.17 
eV, respectively, which are in excellent agreement with those for 
the migration of VI

+ (0.28 eV) and the bromine vacancy (VBr
+) 

(0.22 eV) predicted from first-principles calculations.[27] The 
tendency (i.e., Ea on Br-rich NCs > Ea on I-rich NCs) observed 
herein is opposite to this trend, and hence cannot be simply 
explained in terms of the diffusibility of halide vacancies that act 
as charge traps. As a different type of mobile defects, interstitial 
halide ions have been proposed.[28] The energy barrier for the 
hopping of the iodine interstitial (Ii−) was reported to be 0.12 eV, 
which is smaller than that (0.17 eV) of VI

+.[29] It is presumed that 
I− ions are pushed out by excess Br− ions on the surface and 
trapped at the interstitial sites. These mobile Ii− ions inside the 
NC capture the photogenerated holes, leading to PL quenching.  

Another possible explanation is based on the crystallinity of 
the NCs. Xing et al. reported that the lower Ea (0.27 eV) for the 
small-grain film (~300 nm) compared to that (0.50 eV) for the 
large-grain film is probably due to the higher density of the grain 
boundaries that provide a higher likelihood of forming ion 
migration channels.[30] The lower Ea for the PL turn-off process 
on I-rich NCs may originate from their deficient structures with 
relatively poor crystallinity, while greater energy is required in 
the PL turn-on process on Br-rich NCs for the overall 
reconstruction to well-crystallized MAPbBr3.  

Importantly, Figure 5d reveals that the isokinetic temperature 
(Tiso) for τswitch is approximately 313.5 K (40.4 °C), which is lower 

than the tetragonal-to-cubic phase transition temperature (327.4 
K) of MAPbI3.[31] Tiso is a fundamentally important parameter for 
the optimization of the process design, and its existence 
indicates the compensation of enthalpy and entropy. According 
to the multi-excitation entropy model, when a transition is 
associated with a fluctuation that involves a large number of 
excitations of phonons (i.e., a large entropy), a large activation 
barrier is overcome.[32] This point of view appears to be 
reasonable because ion migration accompanied by 
reconstruction is strongly associated with the required number of 
phonon modes involving octahedral tilting and molecular 
reorientation. It has been reported that halide anions are bound 
to NH3

+ in the MA, and lighter halides result in a smaller cavity 
that raises the frequencies of the molecular modes.[33] This 
mechanism may explain in part why the PL turn-on process on 
Br-rich NCs exhibits a higher prefactor in the Arrhenius plots 
(Figure 5d).   

Conclusion 

This study clarifies the fundamental aspects underlying the 
structural transformation of mixed-halide perovskite NCs during 
halide exchange. Because of the miscibility gap, individual 
MAPb(I1−xBrx)3 NCs partly separate into two phases 
accompanying the formation of core–shell structures with 
significant defects, resulting in non-emitting dark states. After 
more than 100 s of inaction related to the intraparticle diffusion 
of ions (vacancies), a cooperative transition to the light-emitting 
state suddenly occurs with a time constant of ~7 s. Single-
particle analysis further revealed that the transitions between the 
two states are closely related to defect-mediated structural 
changes with different activation energies (0.072 and 0.40 eV), 
leading to an isokinetic temperature of ~314 K. Our single-
particle approach for controlling and evaluating the rate-limiting 
processes of ion exchange on nanostructures will help to 
improve device performance and will open new avenues for 
extending the applications of halide perovskite NCs. 
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In situ single-particle photoluminescence imaging revealed that sudden cooperative transition from green-emitting CH3NH3PbI3 
perovskite nanocrystals to red-emitting CH3NH3PbBr3 while maintaining their morphology and emission efficiency during halide 
exchange. The transformation proceeds via intermediate dark states with >100 s durations and originates from two distinct defect-
mediated processes with different activation energies. 


