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ABSTRACT: Lead halide perovskite nanocrystals (NCs) are emerging as
optically active materials for solution-processed optoelectronic devices.
Despite the technological relevance of tracing rational guidelines for
optimizing their performances and stability beyond their intrinsic resilience
to structural imperfections, no in-depth study of the role of selective carrier
trapping and environmental conditions on their exciton dynamics has been
reported to date. Here we conduct spectro-electrochemical (SEC) experi-
ments, side-by-side to oxygen sensing measurements on CsPbBr3 NCs for the
first time. We show that the application of EC potentials controls the emission
intensity by altering the occupancy of defect states without degrading the NCs.
Reductive potentials lead to strong (60%) emission quenching by trapping of photogenerated holes, whereas the concomitant
suppression of electron trapping is nearly inconsequential to the emission efficiency. Consistently, oxidizing conditions result in
minor (5%) brightening due to suppressed hole trapping, confirming that electron traps play a minor role in nonradiative decay.
This behavior is rationalized through a model that links the occupancy of trap sites with the position of the NC Fermi level
controlled by the EC potential. Photoluminescence measurements in controlled atmosphere reveal strong quenching by
collisional interactions with O2, which is in contrast to the photobrightening effect observed in films and single crystals. This
indicates that O2 acts as a scavenger of photoexcited electrons without mediation by structural defects and, together with the
asymmetrical SEC response, suggests that electron-rich defects are likely less abundant in nanostructured perovskites than in the
bulk, leading to an emission response dominated by direct interaction with the environment.
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Lead halide perovskites are attracting growing attention as
optically active materials in numerous photonics tech-

nologies,1 including high-performance solar cells,2−7 light-
emitting diodes (LEDs),8,9 lasers,10−12 and radiation- and
photodetectors.13,14 Recently, colloidal synthetic routes have
been developed to obtain perovskite nanocrystals (NCs) in the
hybrid organic−inorganic formulation MAPbX3 (MA =
CH3NH3),

15,16 as well as in the all-inorganic cesium lead
halide perovskite form, CsPbX3 (X = Cl, Br, or I),17−20 which
have been demonstrated in a variety of shapes including
nanocubes,20 nanoplatelets,18,21 nanosheets,22 and nanowires.16

Notably, the electronic structure and the deriving optical
properties of perovskite NCs are tunable both via control of the
particle size and shape (quantum confinement effect)15,18,21

and through halide substitution via postsynthesis anion-
exchange reactions,17,20 which allow for achieving full coverage
of the visible spectrum ideally suitable for wide gamut displays
with ultrahigh color saturation.11,20 For these reasons,
numerous studies have recently been dedicated to the
postsynthesis manipulation and assembly23−27 of perovskite
NCs, as well as to spectroscopic and device aspects including
single photon emission,28−32 exciton33 and biexciton34 photo-

physics, optical gain and lasing,11,35−38 LEDs,1,39−44 and solar
cells.45,46 Doping of perovskite NCs with transition metal
cations such as manganese,47−49 cadmium, zinc, tin,50 and
bismuth51 has also been reported, resulting in widely Stokes-
shifted emission from localized intragap dopant states sensitized
by the NC host as well as lead-free metal−halide perovskite
NCs that are technologically relevant due to toxicity concerns
generated from lead-based materials.52 A further beneficial
aspect of perovskite materials is the high tolerance of their
transport and photophysical properties to structural disorder,
such as point defects (i.e., vacancies,53,54 ionic rotations55−60),
high ionic mobility57,61 and electronic impurities,62 which
coexist with high carrier mobilities and large diffusion lengths
exhibited by both films63 and NCs.64 This distinctive
characteristic arises from their peculiar hybridized s−p
antibonding valence band structure and strong spin−orbit
coupling resulting in localized electronic states associated with
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structural defects to be positioned in energy inside the
electronic bands or nearly resonant to their band edges,65−68

rather than forming deep intragap states that in II−VI, III−V,
or V−VI NCs are typically responsible for carrier trapping and
nonradiative emission quenching.69−74 As a result, both hybrid
and all-inorganic perovskite NCs exhibit highly efficient
narrowband photoluminescence (PL)72,73,75−78 without the
need for electronic passivation with wider-gap shells66

commonly used to enhance the emission quantum yield of
metal chalcogenides NCs and are typically less affected by
photo-oxidation.66 Nevertheless, recent studies showed that the
PL and transport of both MAPbX3 and CsPbX3 perovskite films
and single crystals are strongly affected by the environmental
conditions,79−82 leaving the role of surface defects and direct
interaction with the chemical surroundings an open subject of
research. Specifically, the emission efficiency was consistently
observed to increase in oxygen atmosphere (both dry and
humid) with respect to inert environment (vacuum or inert
gases) due to passivation of photoinduced intragap states by
O2. A similar PL brightening effect has been found also in metal
chalcogenide nanostructures such as CdSe nanoplatelets72 and
core/shell CdSe/CdS NCs,73 whose emission efficiency is
enhanced by molecular oxygen that, being a diradical triplet
with strong electron accepting character, depletes defect states
on the particle surfaces from excess electrons responsible for
ultrafast nonradiative trapping of photoexcited holes in vacuum
conditions.72,73,83,84 Despite the fundamental and technological
relevance of tracing rational design guidelines for optimizing
the optical properties of perovskite nanostructures beyond what

is already available by exploiting their intrinsic resilience to
structural imperfections, no in-depth study of the role of
selective carrier trapping and environmental conditions on their
exciton dynamics has been reported to date.
Here, in order to investigate the nature and the effects of trap

states, as well as the role of the environment in the exciton
recombination process in perovskite NCs, we conduct for the
first time spectro-electrochemical (SEC) experiments on
CsPbBr3 NCs, side-by-side to optical oxygen sensing measure-
ments. We show that by externally tuning the position of the
Fermi level through the application of an EC potential (VEC),
we alter the occupancy of defect states and thereby control the
NC’s emission intensity without degrading the NCs. Specifi-
cally, our data show that the PL efficiency is strongly quenched
upon the application of a negative (reductive) VEC, which
corresponds to raising the Fermi level in the NC, indicating
that, consistently with bulk and thin film perovskites,79−82,85 the
emission mechanism is mostly affected by trapping of
photogenerated holes, whereas electron trapping plays a
negligible role in nonradiative PL quenching. Accordingly,
upon the application of a positive (oxidative) VEC, correspond-
ing to lowering the Fermi level in the NCs, the PL intensity
increases slightly due to suppressed hole trapping in defect
states depleted of excess electrons, despite the fact that
oxidative conditions might concomitantly lead to the activation
of electron acceptor states. The quantitative difference between
the PL responses upon raising or lowering the Fermi level in
the NCs, together with the relatively high PL quantum
efficiency at zero EC potential (ΦPL = 30 ± 4%) suggests

Figure 1. (a) Schematic of the crystal structure of CsPbBr3 perovskites. The relative sizes are adjusted proportionally to the ionic radii of each ion
(Br−: 196 pm,87 Cs+: 167 pm,87 Pb2+: 120 pm88). (b) Transmission electron micrograph of CsPbBr3 perovskite NCs and (c) related size histogram
extracted from the analysis of over 300 particles, showing cubic NCs with average side length of 9.6 ± 1.2 nm. (d) X-ray diffraction pattern of
CsPbBr3 perovskite NCs at room temperature. (e) Optical absorption (black lines) and photoluminescence (PL, green lines) spectra of the NCs in
toluene solution (top panel, solid lines) and deposited onto a silica substrate (bottom panel, dashed lines) under 3.1 eV excitation (excitation fluence
100 nJ/cm2). (f) PL time decay curves measured at the PL maximum (2.4 eV) for the NCs in toluene (green diamonds) and in solid film (light
green circles) and corresponding double-exponential fitting curve (black solid and black dashed lines for the solution and the film respectively, the
curves are shifted vertically for clarity). (g) Contour plot of the PL time decay as a function of the emission energy for the NC film showing no
spectral diffusion due to interdot energy transfer. The dashed white line is a guide for the eye to emphasize the invariance of the PL peak position
over time.
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that the number of active intragap hole traps per NC in
unperturbed conditions (VEC = 0 V) is arguably very small,
which is in agreement with the high defect tolerance of
perovskite materials.53−61 This behavior is rationalized through
a semiquantitative model that links the occupancy of trap sites
to the position of the NC Fermi level. The model shows that, in
the absence of EC potentials, trap sites are likely positioned in
energy slightly above the Fermi level (that is, they are devoid of
electrons) and their filling under negative VEC leads to
progressive PL quenching due to activated nonradiative hole
trapping. Photoluminescence measurements in controlled
oxygen atmosphere complement and extend the picture
emerging from the SEC experiments and enable us to elucidate
the role the NC environment on the exciton recombination
dynamics. Specifically, these measurements reveal a strong
effect of collisional interactions between the NCs and molecular
oxygen that acts as an efficient scavenger of photogenerated

electrons directly from the NC conduction band without
mediation by structural defects. The removal of O2 from the
NC environment leads to nearly instantaneous and fully
reversible ∼30% brightening of the PL efficiency with respect to
oxygen atmosphere. This behavior indicates that the interaction
mechanism between perovskite nanostructures and molecular
oxygen is markedly different from the process leading to the
persistent emission brightening upon O2 exposure observed in
perovskites films and single crystals,79−81 which was ascribed to
saturation of photogenerated intragap states by adsorption of
O2 molecules on the sample surface. In perovskite NCs,
conversely, the PL quenching by O2, together with the weak
brightening effect of oxidative EC potentials, suggests that
molecular oxygen extracts photogenerated electrons directly
from the NC conduction band without the need for mediation
by surface sites and further corroborates the picture that the
number of electron-rich surface states acting as hole traps in

Figure 2. (a) Schematics of the SEC setup consisting of an EC cell with tetrabutylammonium perchlorate in propylene carbonate (0.1 M) as an
electrolyte and a working electrode comprising an ITO-coated glass covered with a layer of ZnO nanoparticles (NPs) and CsPbBr3 perovskite NCs.
The figure also illustrates the radiative recombination pathway (green arrow) of photoexcited band-edge excitons and the competitive carrier
trapping processes in trap states (TS). The effect of the EC potential on the PL intensity depends on the filling/emptying TS (right of the band
diagram) in response to changes in the position of the Fermi level (FL; pink line). (b) A series of PL spectra (0.5 s acquisition time per frame) for a
stepwise scan of the EC potential to negative values (100 mV steps each lasting 10s). (c) Spectrally integrated PL intensity as a function of VEC
extracted from the spectra in (b). Two sequential SEC scans are reported to show the repeatability of the measurement. (d) Normalized PL spectra
at VEC = 0 (black line) and VEC = −2 V (green line) and VEC = +1.5 V (light green line). The spectra are shifted vertically for clarity. (e) Spectrally
integrated PL intensity during a stepwise scan of the EC potential to positive values (100 mV steps each lasting 10s). Two potential scans are
reported to show the repeatability of the measurement. All intensities in (c) and (e) are normalized to their values at VEC = 0 V. (f) PL decay curves
at VEC = 0, −2, and +1.5 V. The color code is the same as in “d”. All measurements are conducted using 3.1 eV excitation with fluence of 100 nJ/cm2.
(g) Simulated PL intensity versus VEC for negative (circles) and positive (triangles) EC potentials. The simulation is run for VEC > 1 to account for
the potential step due to the ZnO interlayer.
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unperturbed atmospheric conditions is likely smaller than in
film or bulk materials.
Results and Discussion. Structural and Optical Proper-

ties of CsPbBr3 Nanocrystals. CsPbBr3 NCs with a schematic
crystal structure depicted in Figure 1a were synthesized
following the procedure of Protesescu et al. (also see
Methods).17 The transmission electron microscopy image and
respective size histogram reported in Figure 1b,c show particles
with cubic morphology and average side length, L = 9.6 ± 1.2
nm. The powder X-ray diffraction (XRD) pattern in Figure 1d
confirms the orthorhombic structure of the NCs, matching with
previous reports.86

The optical absorption and the PL spectra of the CsPbBr3
NCs in toluene solution and dip-casted onto silica are reported
in Figure 1e, showing identical spectral properties for the two
systems with the characteristic steep absorption edge of
perovskite NCs with first excitonic feature at 2.43 eV and
narrow-band emission peak at 2.4 eV. The PL quantum yield is
ΦPL = 34 ± 4% in solution and ΦPL = 30 ± 4% in solid film.
Consistently, the PL decay curves collected at the emission
maximum (Figure 1f) show identical decay dynamics in both
solution and solid film. In agreement with previous reports,20,28

the decay dynamics follows a double-exponential trend with a
fast decay (τ ∼ 13 ns) responsible for ∼80% of the signal
followed by a longer-lived component with τ ∼ 69 ns
accounting for the remaining ∼20%. Notably, consistently
with recent results by Raino ̀ et al.,30 the spectrally resolved
contour plot of the PL decay of the NC film in Figure 1g shows
no shift of the emission profile over time, indicating that
spectral diffusion due to dot-to-dot energy transfer in the film is
negligible, although the NCs are not coated with a wide band
gap shell that has been used to suppress interdot energy
transfer in close-packed films of chalcogenide NCs.89,90

Spectro-Electrochemistry Experiments. In order to inves-
tigate the effects of carrier trapping in intragap defects on the
photophysics of CsPbBr3 NCs, we conducted SEC measure-
ments using the custom experimental setup illustrated in Figure
2a, consisting of an ITO-coated quartz substrate covered by a
film of sintered ZnO particles (∼50 nm diameter) and a thin
layer of CsPbBr3 NCs as the working electrode and silver and
platinum wires as reference and counter electrodes, respec-
tively. Figure 2a also shows a schematic band structure of the
perovskite NCs with the valence band maximum (VBm)
consisting of antibonding orbitals formed by s-orbitals of Pb
and p-orbitals of Br and the conduction band minimum (CBm)
originating from a charge transfer between p-orbitals of Pb and
p-orbitals of Br, with the former providing the dominant
character to the resulting orbital.65,91,92 In unperturbed
conditions, the NC Fermi level (FL) is placed at the center
of the energy gap, as expected for undoped semiconductors.
The intragap trap states (TS in Figure 2a) responsible for the
SEC behavior are placed in energy slightly above it, according
to the semiquantitative model of the EC response described
later in this section.
We first apply a negative VEC, which corresponds to raising

the Fermi energy in the NC film, leading to progressive
passivation (activation) of electron (hole) traps. In these
conditions, the NC emission intensity is thus determined by the
competition between the quenching effect of hole withdrawal
and the brightening effect of suppressed electron trapping.
In Figure 2b, we report the complete set of PL spectra of the

NCs under application of a negative VEC potential scanned
from 0 to −2.0 V and then back to 0 V (100 mV potential steps

lasting 10 s each). To quantify the effect of the EC potential on
the PL intensity, in Figure 2c we plot the integrated PL
intensity as a function of VEC normalized to its value at VEC = 0
V. The measurement is repeated twice so as to assess the
reversibility of the PL response and the absence of significant
degradation effects. The weak ∼10% PL drop, uncorrelated to
the EC sweep, occurring during the whole measurement (∼13
min in total) is ascribed to the dissolution of a minor
population of NCs by the propylene carbonate solution.
Accordingly, ∼10% decrease in the optical absorbance is
observed for an equivalent amount of time without the
application of an EC potential (see Supporting Figure S1). In
the initial stage of each potential ramp (up to VEC = −1.5 V),
no noticeable change in PL intensity occurs. This is common in
SEC measurements on colloidal nanostructures using ITO/
ZnO substrates72,93−95 and is due to the combined effect of the
NC coating by dielectric organic ligands and of the potential
drop across the ZnO layer96 necessary to suppress PL
quenching by energy- or charge-transfer from the NCs to the
ITO.95,97 Accordingly, the current−voltage response during the
SEC experiments reported in Figure S2 shows an injection
threshold at ∼1 V. At negative potentials above |VEC| > 1.5 V,
the PL undergoes strong quenching, reaching 60% drop of the
initial emission intensity at VEC = −2 V. When returning back
to zero EC potential, for both cycles we observe almost
complete recovery of the respective initial PL intensity,
indicating that the potential sweeps cause no significant
chemical degradation of the NCs nor permanent modifications
of their surface structure. This is confirmed by the inspection of
the PL spectrum collected for different VEC values (Figure 2d)
that shows identical emission profiles in all EC conditions. The
SEC results indicate that the PL intensity trends are to be
ascribed to reversible EC activation/passivation of trap sites
likely associated with undercoordinated atoms or dangling
bonds. Specifically, because raising the NC Fermi level under
negative VEC suppresses electron trapping and concomitantly
activates hole traps, the observed strong drop of the PL
intensity suggests that the dominant nonradiative process in
our NCs is trapping of photogenerated holes, whose quenching
effect on the PL efficiency is not counterbalanced by the
concomitant suppression of electron trapping.
The minor role of electron trapping over hole trapping is

confirmed by the SEC measurements under positive (oxidizing)
EC potentials. These conditions correspond to the progressive
lowering of the Fermi level in the NCs, which activates electron
traps and concomitantly suppresses hole trapping by depleting
surfaces states of excess electrons. Figure 2e shows the
integrated PL intensity of the same NC film as Figure 2c,
recorded while changing the potential from VEC = 0 V to VEC =
+1.5 V and back to zero (0.1 V steps, 10 s per step). Also in this
case, two consecutive cycles are performed to check the
reproducibility of the SEC response. Same as for the negative
potential ramps, for VEC < 1.5 V, we observe no significant
modification of the PL intensity except for a very weak (<1%)
photobleaching. More importantly, at VEC = +1.5 V, the trend
reverses and the PL intensity increases sharply, reaching 5%
enhancement with respect to its value at VEC = 0 V. For each
cycle, when sweeping the potential back to 0 V, the PL intensity
returns to its initial value, indicating no permanent oxidation of
the NC’s surfaces. Accordingly, the PL spectrum shows no shift
in energy nor the emergence of additional spectral features
(Figure 2d). Therefore, similarly to the PL dimming observed
under negative EC potentials, the progressive and reversible
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brightening under positive potential is ascribed to the EC
modulation of the occupancy of surface hole traps, whose
capture rate for photogenerated holes strongly outcompetes
electron trapping which likely requires to overcome a larger
activation energy. The same argument explains the trend for
negative potentials, where filling empty defect states (inactive
hole traps) with electrons markedly quenches the PL despite
the fact that electron withdrawal is concomitantly reduced.
Time-resolved PL traces collected for VEC = 0 , −2, and +1.5 V
(Figure 2f) show that the modulation of the emission intensity
is due to modifications of the early time PL intensity with
essentially no effect on the decay dynamics. This indicates that
nonradiative hole trapping is an ultrafast process occurring
prior to radiative decay, which renders a portion of NCs in the
ensemble nonemissive, while the residual PL is due to the
radiative decay of the subpopulation of “bright” NCs with no
active hole traps. We note that the quantitative difference
between the quenching and the brightening effect under
negative versus positive EC potentials suggests that in the
absence of an EC potential the number of active hole traps per
NC is arguably small, which is in agreement with the defect
tolerance of perovskite materials and the relatively high PL
quantum yield of our NCs (ΦPL = 30%). Accordingly, their

passivation upon lowering the Fermi level in the NCs leads to
markedly weaker enhancement of the emission efficiency with
respect to the strong PL quenching experienced upon their
activation under reductive EC potential. In both negative and
positive EC potentials scans, we notice that the PL response
under increasing |VEC| is measurably asymmetric with respect to
the trend when the potential is swept back to 0 V. This effect
was also observed in ZnSe and CdSe colloidal nanostruc-
tures73,93 and is ascribed to very long lifetime of trapped
carriers (up to tens of seconds)98 with respect to the rapid
capture of band edge charges in active traps resulting in the
hysteresis of the PL intensity over time.
Finally, to rationalize the SEC data we propose a model that

links the emission intensity (IPL) to the occupancy of intragap
hole traps that can be activated (passivated) by raising
(lowering) the Fermi level through the application of an EC
potential. The scheme of the decay channels determining the
emission intensity is depicted in Figure 2a for both VEC < 0 V
and VEC > 0 V, where trap states are positioned slightly above
the Fermi level in unperturbed conditions (VEC = 0 V). The
application of negative potentials gradually fills TS with
electrons, activating their hole trapping capability. On the
other hand, lowering the FL at positive VEC is nearly

Figure 3. (a) Normalized spectrally integrated PL intensity and corresponding PL quantum yield, ΦPL, of a CsPbBr3 perovskite NCs film on silica
during a stepwise pressure scan starting from P = 1 bar and lowering the pressure 1 order of magnitude per step, down to P = 10−3 bar. The PL is
monitored for 90 s at each pressure after which the chamber is refilled with pure O2 following a reverse stepwise pressure ramp to P = 1 bar. (b)
Normalized PL intensity at each pressure level of panel a as indicated by the symbols. The spectra are shifted vertically for clarity. (c) Normalized
spectrally integrated PL intensity and corresponding PL quantum yield of CsPbBr3 NCs on silica during O2/vacuum cycles between P = 1 bar
(highlighted with gray shades) and P = 10−3 bar. (d) ΦPL during continuous excitation at 3.1 eV in 10−3 bar vacuum (green triangles) and in 1 bar of
pure O2. (e) Schematic depiction of the interaction between O2 and the NCs, showing direct extraction of photoexcited electrons from the
conduction band (gray arrow) leading to quenching of the PL (green arrow), while surface defects (TS) placed close to the Fermi level (FL) in the
absence of external potentials are essentially unaffected by oxygen. The excitation light is indicated with a blue arrow. (f) Normalized PL decay
curves (dotted lines) corresponding to the pressure levels indicated by symbols in panel a and respective double-exponential fitting curves (black
lines). (g) Decay rate of the fast component of the double-exponential dynamics of the NCs as a function of the O2 pressure. All measurements are
conducted using 3.1 eV excitation with fluence of 100 nJ/cm2.
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inconsequential to the PL intensity, apart from the suppression
of residual hole trapping. Given the negligible effect on the
emission intensity observed in the SEC experiments, in the
model we neglect electron trapping in order to keep the
number of parameters reasonably low. To account for the effect
of the EC potential on the occupancy of hole traps, we assume
an average number of traps per NC, ρTS, and calculate the
fraction of “bright” NCs (FBRIGHT ∝ IPL) as the probability of
having no active hole traps assuming a Poisson distribution
across the ensemble: FBRIGHT = e−μ(VEC). Here, the term

μ ρ= × γ− − +V( )
eEC TS

1
E E V k TTS (( F EC)/ B ) 1 is the trap density multiplied

by the trap occupation probability expressed by a Fermi−Dirac
distribution where ETS is the energy of the trap state and (EF −
γVEC) is the Fermi energy tuned by VEC. The constant γ is an
attenuation factor between the applied VEC and the resulting
shift of the Fermi level. To illustrate the model, we calculate the
EC response of our CsPbBr3 NCs for a set of parameters
reported in Supporting Table S1 and considering the injection
potential step introduced by the ZnO interlayer that prevents
electrons to reach the NCs for VEC ≤ ∼1 V. The results of the
simulations under both negative and positive VEC are reported
in Figure 2g. In both cases, our semiquantitative model
reproduces the main experimental trends. Specifically, for VEC <
0 V, the progressive filling of trap states with electrons reduces
the fraction of bright NCs in the ensemble, leading to 60% drop
of the PL intensity. On the other hand, the PL intensity is only
slightly enhanced by the application of a positive EC potential,
which is in agreement with the experimental data in Figure 2e,
corroborating the original scenario that in unperturbed
conditions the availability of active hole traps is very small.
Oxygen Sensing Experiments. After having clarified the role

of intragap defects in trapping photoexcited carriers in CsPbBr3
perovskite NCs through SEC experiments, we now focus on
the effect of the NC environment on the exciton recombination
process. With this aim, we monitor the evolution of the PL
intensity of a NC film deposited onto a glass substrate as a
function of the O2 pressure. In these experiments, the sample is
kept in pure O2 at P = 1 bar pressure for 90 s, after which the
pressure is lowered by 1 order of magnitude at a time down to
P = 10−3 bar. For each step, the PL is monitored under constant
excitation at 3.1 eV for 90 s. The ramp is then repeated while
the chamber is progressively refilled with O2 until 1 bar
pressure is reestablished. The integrated PL intensity of the NC
film during the pressure scan and corresponding ΦPL values are
reported in Figure 3a, showing a stepwise PL enhancement
with decreasing O2 pressure reaching ∼30% brightening at P =
10−3 bar with respect to atmospheric conditions with ΦPL
reaching ∼40%.
No modification of the spectral profile is observed at any

pressure level (Figure 3b), which indicates that no permanent
alteration of the NCs surfaces and/or stripping of the
passivating ligands occur during the pressure ramp. Accord-
ingly, upon refilling the sample chamber with pure O2, ΦPL
gradually recovers its initial value at P = 1 bar, indicating that
the response is fully reversible and that the NCs are stable
under continuous excitation for the whole duration of the
measurement. The reproducibility of the PL response is further
confirmed by data in Figure 3c, where we report five
consecutive 90 s long ON/OFF pressure cycles between P =
1 bar and P = 10−3 bar (total duration of the measurement 15
min). The same measurement is performed also using humid
air (20.5 g/kg, Figure 3c) showing the same PL response than

pure O2, thus confirming that the effect is due to direct
interaction with O2 with negligible role of water vapors. The
long-term stability of the NCs in O2 and 10−3 bar vacuum is
finally assessed by data in Figure 3d, showing constant ΦPL for
1 h of continuous laser illumination at 3.1 eV. These results also
corroborate our interpretation that the minor PL dimming
observed in Figure 2c is a consequence of the electrolytic
environment necessary for performing the SEC experiments.
Notably, the PL response in Figure 3a,c follows almost
instantaneously the steplike pressure change, which suggests
that the increase of ΦPL with decreasing O2 pressure is due to
suppression of collisional physical interactions between the NC
and oxygen molecules that, owing to their strong electron
affinity, extract photogenerated electrons directly from the NC
conduction band. A similar effect was observed in various metal
chalcogenide NCs.72,73,99,100 A schematic depiction of the
interaction mechanism is drawn in Figure 3e.
In order to gain deeper insight into the time dynamics of the

NC-O2 interaction, in Figure 3f we report the PL decay curves
collected at each pressure step together with respective fit with
double exponential functions. In agreement with the data in
Figure 1f, for each curve we find a fast decay component
accounting for over 80% of the total signal followed by a slower
decay responsible for the remaining 20%. Upon lowering the
O2 pressure, the fast portion of the PL decay dynamics
becomes progressively slower due to the suppression of
nonradiative electron capture by O2 molecules, while the long
component remains largely unmodified. Most relevant to
distinguish between so-called “static” and “dynamic” quenching
mechanisms,101 the early time PL amplitude remains constant
at any investigated pressure, which suggests that PL quenching
by O2 is a dynamic process that competes with radiative exciton
decay on a comparable time scale, rather than a static ultrafast
mechanism, which would lower the early time PL intensity
leaving the decay dynamics largely unaltered. In order to
semiquantitatively describe the observed trend, in Figure 3g we
report the decay rate of the fast emission that accounts for the
majority of the signal (kFAST = 1/τFAST) at the various stages of
the pressure ramp of Figure 3a. The kFAST-values, obtained with
no restrain of the fitting parameters, show a monotonic increase
of the decay rate with increasing pressure with values scaling
according to the observed difference of ΦPL between the
various pressure conditions (i.e., kFAST (P = 1 bar) = 0.99 ns−1 is
∼30% larger than the decay rate at P = 10−3 bar (kFAST (P =
10−3 bar) = 0.074 ns−1).
Finally, we point out that O2 molecules might also adsorb

onto the NC surfaces by bonding with unpaired surface
electrons, leading to enhanced ΦPL by suppressing their hole
trapping capability, similarly to the application of a positive EC
potential. This mechanism likely underpins the response to
oxygen exposure of perovskite films and single crystals in refs
79−82 and determines the so-called “reverse sensing” response
of bidimensional CdSe colloidal quantum wells,72 whose ΦPL is
enhanced by adsorption of O2, which passivates nonradiative
hole traps that quench the PL in vacuum conditions. Therefore,
similarly to the SEC trends, the overall PL brightening versus
darkening response measured in oxygen sensitivity experiments
provides direct insights into the competition between the two
opposite effects of direct electron capture by collisional physical
interactions between the NCs and O2 molecules and their
adsorption leading to passivation of unpaired surface electrons.
For the perovskite NCs investigated here, the PL dimming in
O2 atmosphere indicates that direct extraction of photoexcited
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conduction band electrons by collisional interaction with
gaseous or physically adsorbed oxygen molecules is not
counterbalanced by the passivation effect of hole traps by
chemical adsorption of O2 molecules, which is in good
agreement with the weak (5%) PL brightening observed
under positive EC potential (Figure 2e) and thus independ-
ently suggests that the availability of active hole traps per NC in
unperturbed conditions is likely small. We highlight that the
stronger impact of hole traps on the radiative decay experienced
by excitons in perovskite NCs with respect to bulk or film
perovskites could result from both a larger density of defects on
the surfaces of the latter, as well as from the long electron−hole
diffusion length102−104 that enables photoexcited carriers to
sample a large portion of the material surface and consequently
be nonradiatively trapped in surface defects without their
density being dramatically higher than in nanometric sized
crystals.
Conclusions. In summary, we performed spectro-electro-

chemistry experiments and PL measurements in controlled
oxygen atmosphere on CsPbBr3 perovskite NCs to unveil the
role of selective carrier trapping in structural defects, likely
associated with surface states and dangling bonds, and the NC
environment on the exciton recombination process. Results
show that the main nonradiative channel in these NCs is
capture of photogenerated holes in localized states that can be
reversibly activated (passivated) upon raising (lowering) the
Fermi level through the application of reductive (oxidizing)
electrochemical potentials. As a result of the activation of hole
traps, the PL is strongly quenched whereas their suppression
leads to minor brightening, which strongly suggests that their
density in unperturbed conditions is likely small. This feature
has important consequences on the response of the NC’s
emission upon their exposure to oxygen gas that leads to strong
quenching of the PL quantum efficiency due to the dominant
effect of direct extraction of photoexcited electrons from the
NC conduction band over the “curing” behavior of surface hole
traps responsible for the strong PL brightening registered for
perovskite films and bulk crystals. This further suggests that,
despite the much larger surface to volume ratio of nanocrystals
with respect to bulk or film materials, electron rich surface
defects are likely less abundant in the firsts, leading to an
emission response dominated by direct interaction with the
environment. Our results, therefore, suggest that the interaction
between perovskite NCs and atmospheric agents could be
detrimental to their optical properties and thus demands
specific and, possibly, more effective passivation strategies for
their optimization and stabilization.
Methods. Chemicals. Lead(II) bromide (PbBr2, 99.999%

trace metals basis), cesium carbonate (Cs2CO3, reagentPlus,
99%), octadecene (ODE, technical grade, 90%), oleylamine
(OLAM, 70%), and oleic acid (OA, 90%) were purchased from
Sigma-Aldrich. Toluene (TOL, anhydrous, 99.8%) was
purchased from Carlo Erba reagents. All chemicals were used
without any further purification.
CsPbBr3 NCs Synthesis and Purification. CsPbBr3 NCs

were synthesized as described by Protesescu et al.20 with some
minor adaptations. In a typical synthesis, 0.2 mmol of PbBr2, 5
mL of ODE, 0.5 mL of OA and 0.5 mL of OLAM were loaded
in a 25 mL 3-neck flask and dried under a vacuum for 1 h at
120 °C. After degassing, the temperature was raised to 170 °C
and a mixture of 0.6 mL of ODE with 0.4 mL of previously
synthesized Cs-oleate (0.4 g of Cs2CO3 degassed in 15 mL of
ODE and 1.75 mL of OA at 150 °C) was swiftly injected.

Immediately after the injection, the NC solution was quickly
cooled down to room temperature with an ice bath and
centrifuged for 15 min at 4000 rpm. The purified redispersed in
TOL and stored in a glovebox. The films were deposited by
dip-casting from a toluene solution onto glass substrates.

Spectroscopic Studies. The absorption spectra were
recorded using a Varian Cary 50 spectrophotometer. The
photoluminescence measurements were performed using a
pulsed diode laser at 405 nm (Edinburg Inst. EPL 405, 40 ps
pulse width) as excitation source and collecting the emitted
light with a charged coupled device coupled to a spectrometer.
Time-resolved photoluminescence experiments were con-
ducted using the excitation source and collecting with a time-
correlated single photon counting unit coupled to a
monochromator and a photomultiplier tube. All PL measure-
ments were performed with power density of 100 nJ/cm2. All
measurements were carried out at room temperature.
For oxygen pressure studies, a few monolayer films of

CsPbBr3 NCs were deposited on quartz substrates by dip-
casting from diluted toluene solutions (optical density of 0.07
at 500 nm; 2 dips for 10 s). The films were successively
mounted in a sealed chamber with direct optical access and the
PL was monitored using the setup described above both as a
function of the oxygen pressure and during O2/vacuum cycles
to test the reversibility of the quenching process. Before any
pressure ramp, the PL efficiency has been preliminary
monitored for several minutes in pure O2 in order to evaluate
possible intensity fluctuations due to UV exposure. No
photobrightening has been observed for any of the investigated
samples. The same procedure has been followed for PL
measurements in humid air (20.5 g/kg).

Spectro-electrochemical Measurements. Indium tin oxide
(ITO) coated glass slides (50 × 7 × 0.7 mm, RS < 100Ω) were
purchased from Delta Technologies (Part No. CG-90IN-
CUV). The ITO coated surface was first covered with zinc
oxide (ZnO) nanoparticles (NP) (Nanograde, ∼50 nm
diameter) to avoid quenching of NC emission by fast charge/
energy-transfer to ITO.95,97 The ZnO NP layer (∼60 nm thick,
as measured using a Dektak profilometer) was deposited by
dip-coating the glass/ITO substrate into an ethanol suspension
of ZnO NPs (2 mg/mL, one dip for 10 s) and annealed at 150
°C for 10 min in a nitrogen glovebox.
To test the stability of the glass/ITO/ZnO NP substrates

during the potential scans, we performed control experiments
in which we monitored changes in optical absorption spectra
for prolonged exposures to negative and positive potentials.105

The results of these measurements indicate that the substrates
are unaffected by either positive or negative electrochemical
potentials for exposure times of tens of minutes, which are
much longer than the measurement time used in our SEC
experiments (∼10 min).
The NCs were deposited onto the ZnO NP layer as a few-

monolayer-thick film by dip-coating from a dilute toluene
solution (optical density of 0.07 at 500 nm; 2 dips for 10 s).
The ZnO NPs layer used in this study was not treated with
cross-linkers as in ref 95 and therefore it represented a dielectric
tunneling barrier between the ITO electrode and the NC film.
As a result of a voltage drop across the ZnO NP layer, the NCs
experienced a reduced potential; according to our estimations,
the attenuation factor was approximately 0.13 and the
activation of the EC response requires to overcome an injection
barrier of ∼1 V. The ITO was connected as a working electrode
to the potentiostat (Bio Logic SP-200 Research grade
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Potentiostat/Galvanostat) and the film was placed into a quartz
cuvette filled with the electrolyte (0.1 M tetrabutylammonium
perchlorate (TBAClO4) in propylene carbonate). Silver and
platinum wires were used as quasi-reference and counter
electrodes, respectively. All potentials reported in this work are
measured relative to the quasi-reference silver electrode during
staircase voltammetry scans (10 s scan rate).
The film was excited at 3.1 eV with continuous wave diode

lasers and the emitted light was collected with a focusing lens
and sent to a spectrometer coupled to a charge coupled device
(CCD) array for spectral measurements.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.nano-
lett.7b01253.

Figure S1: Absorption spectra of CsPbBr3NCs film
immersed in propylene carbonate collected every 300 s
over a 30 min time interval. Figure S2: Current−voltage
response collected during a spectro-electrochemical scan.
Table S1: Parameters used to reproduce the spectro-
electrochemical trends. (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: sergio.brovelli@unimib.it. Telephone: +39 02 6448
5027.
*E-mail: liberato.manna@iit.it. Telephone: +39 010 71781 502.
ORCID
Monica Lorenzon: 0000-0003-3524-9546
Mirko Prato: 0000-0002-2188-8059
Valerio Pinchetti: 0000-0003-3792-3661
Liberato Manna: 0000-0003-4386-7985
Sergio Brovelli: 0000-0002-5993-855X
Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
S.B. wishes to thank the European Community’s Seventh
Framework Programme (FP7/2007-2013) under Grant Agree-
ment 324603 for financial support (EDONHIST) and Cariplo
Foundation (2012-0844, 2012-0920). M.L. thanks the
Fondazione Cassa di Risparmio di Tortona for support. L.M
acknowledges funding from the seventh European Community
Framework Programme under Grant Agreement 614897 (ERC
Consolidator Grant “TRANS-NANO”) and from Framework
Programme for Research and Innovation Horizon 2020 (2014-
2020) under the Marie Skłodowska-Curie Grant Agreement
COMPASS No. 691185.

■ REFERENCES
(1) Sutherland, B. R.; Sargent, E. H. Nat. Photonics 2016, 10, 295−
302.
(2) Green, M. A.; Ho-Baillie, A.; Snaith, H. J. Nat. Photonics 2014, 8,
506−514.
(3) Park, N.-G. J. Phys. Chem. Lett. 2013, 4, 2423−2429.

(4) Service, R. F. Science 2014, 344, 458−458.
(5) Snaith, H. J. J. Phys. Chem. Lett. 2013, 4, 3623−3630.
(6) Tsai, H.; Nie, W.; Blancon, J.-C.; Stoumpos, C. C.; Asadpour, R.;
Harutyunyan, B.; Neukirch, A. J.; Verduzco, R.; Crochet, J. J.; Tretiak,
S.; Pedesseau, L.; Even, J.; Alam, M. A.; Gupta, G.; Lou, J.; Ajayan, P.
M.; Bedzyk, M. J.; Kanatzidis, M. G.; Mohite, A. D. Nature 2016, 536,
312−316.
(7) Nie, W.; Tsai, H.; Asadpour, R.; Blancon, J.-C.; Neukirch, A. J.;
Gupta, G.; Crochet, J. J.; Chhowalla, M.; Tretiak, S.; Alam, M. A.;
Wang, H.-L.; Mohite, A. D. Science 2015, 347, 522−525.
(8) Tan, Z.-K.; Moghaddam, R. S.; Lai, M. L.; Docampo, P.; Higler,
R.; Deschler, F.; Price, M.; Sadhanala, A.; Pazos, L. M.; Credgington,
D.; Hanusch, F.; Bein, T.; Snaith, H. J.; Friend, R. H. Nat. Nanotechnol.
2014, 9, 687−692.
(9) Zhang, F.; Zhong, H.; Chen, C.; Wu, X.-g.; Hu, X.; Huang, H.;
Han, J.; Zou, B.; Dong, Y. ACS Nano 2015, 9, 4533−4542.
(10) Xing, G.; Mathews, N.; Lim, S. S.; Yantara, N.; Liu, X.; Sabba,
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