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Abstract 

 

Ratiometric pressure sensitive paints (r-PSPs) are all-optical probes for monitoring oxygen flows in the 
vicinity of complex or miniaturized surfaces. They typically consist of a porous binder embedding mixtures 
of a reference and a sensor chromophore exhibiting oxygen-insensitive and oxygen-responsive 
luminescence, respectively. Here, we demonstrate the first example of an r-PSP based on a single two-color 
emitter that removes limitations of r-PSPs based on chromophore mixtures such as different temperature 
dependencies of the two chromophores, cross-readout between the reference and sensor signals and 
phase segregation. In our approach, we utilize a novel “double-sensor” r-PSP that features two spectrally 
separated emission bands with opposite responses to the O2 pressure, which boosts the sensitivity with 
respect to traditional reference-sensor pairs. Specifically, we use two-color-emitting dot-in-bulk CdSe/CdS 
core/shell nanocrystals, exhibiting red and green emission bands from their core and shell states, whose 
intensities are respectively enhanced and quenched in response to the increased oxygen partial pressure 
that effectively tunes the position of the nanocrystal’s Fermi energy. This leads to a strong and reversible 
ratiometric response at the single particle level and an over 100% enhancement in the pressure sensitivity. 
Our proof-of-concept r-PSPs further exhibit suppressed cross-readout thanks to zero spectral overlap 
between the core and shell luminescence bands and a temperature-independent ratiometric response 
between 0 and 70 °C. 
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Pressure sensitive paints (PSPs) are effective, nonintrusive tools capable of mapping gas flows near complex 
surfaces and reporting on the concentration of oxygen in gas mixtures through remote optical detection. 
The foremost use of PSPs is in aerospace engineering with applications ranging from aerodynamic tests of 
aircraft prototypes (1, 2) to fundamental studies in acoustics, (3) shock-wave propagation, and transonic 
buffeting effects (4) (see Figure 1a,b). PSPs are also widely used in the design of complex fluidic and 
microfluidic systems, (5) including supersonic micronozzles, (6) microfluidic oscillators, (5) microchannels, 
(7) and in studies of pressure, heat-transfer, and shear stress in micromechanical devices (8) (Figure 1a,b). 
Furthermore, PSPs are employed in environmental monitoring, (9) marine research, (10) the food 
packaging industry, (11) medicine, (12) and biology, (13) and are particularly effective to detect a few 
orders of magnitude of pressure variations. Traditional PSPs consist of an oxygen sensitive organic 
chromophore dispersed in a porous organic (14) or inorganic (3, 15) matrix (commonly referred to as a 
“binder”). When exposed to O2, the luminescence of the chromophore is quenched proportionally to the 
oxygen partial pressure, thus allowing for real-time pressure monitoring. (16-18) The all-optical working 
mechanism of PSPs makes these devices substantially simpler than conventional piezoresistive (19) or 
MEMS-based transducers (20) that require the integration of the sensors and the wiring on the investigated 
surfaces, which hinders their applications in the case of moving or miniaturized parts. (20) In addition, 
traditional nonoptical sensors yield pointlike pressure measurements, while PSPs allow one to map the gas 
flow with high spatial resolution on extended or complex surfaces with a single optical scan. (3, 21) This 
largely simplifies data collection and processing, which is particularly challenging in the case of turbulent or 
supersonic gas flows. (22) 



 

Figure 1. Working principles of single- and double-sensor ratiometric PSPs. (a) Illustration of different 
technologies for pressure measurements: (left) traditional MEMS-based transducers, (center) traditional 
organic chromophore-based PSPs, and (right) DiB NC-based ratiometric PSPs. (b) All of the pressure sensors 
from panel a can be used in (left) aerodynamic tests on model surfaces, whereas (right) microfluidic 
systems can be investigated only by means of PSPs. Representative plots of the ratiometric response of (c) 
conventional r-PSPs featuring an inert (pressure-insensitive) reference (R, blue line) and an O2 sensitive 
emitter (S, red line). The ratiometric response (circles) is determined by the sensitivity of the sensor only 
(S/R or R/S ratio shown as red/blue circles and blue/red circles respectively). (d) Ratiometric response of a 
double-sensor r-PSPs consisting of two O2 sensing emitters (S1 and S2) with opposite luminescence 
responses. In this case, the ratiometric response (circles) can be expressed as S1/S2 or S2/S1; in either case, 
it is strongly amplified with respect to the sensitivity of the individual sensor species. 

 

State-of-the-art organic PSP chromophores, such as metal porphyrins, (23) pyrenes, (24) and Ru(II) or Pt(II) 
complexes, (25) have good oxygen sensitivity but suffer from limited thermal (26) and photochemical (27) 
stability. The interaction with O2, which generates singlet oxygen radicals, accelerates photodegradation 
under UV illumination, (21, 22) leading to luminescence drops ranging from 1%/hour (refs 1 and 21) up to 
15%/hour (ref 28). In addition, the temperature dependence of the luminescence efficiency, typical of 
organic chromophores, introduces bias errors to the pressure data collected on different model parts and 
therefore requires continuous monitoring of the surface temperature and specific calibration protocols. (1, 
3, 4, 29) Mixtures of O2-sensitive and temperature-sensitive chromophores, operating as pressure and 
temperature references for the other emitter, have been proposed to address this problem. (30, 31) These 
PSPs require, however, effective encapsulation of the temperature sensor in oxygen-impermeable 
polymers to avoid cross-sensitivity issues. (3, 32) 

Colloidal semiconductor nanocrystals (NCs) have been recently proposed as potentially alternative sensing 
materials. (33-41) NCs combine high-emission efficiency (42-44) and size-tunable electronic properties (45, 
46) with enhanced stability and exceptionally large surface-to-volume ratios. (36, 47) Similarly to organic 
chromophores, O2 sensing with NCs relies on quenching of the luminescence intensity under O2 flow, 
mostly due to ultrafast extraction of surface and photogenerated electrons by oxygen. (48) From the 
physical perspective, the extraction of electrons from the NCs by exposing them to O2 replicates the effect 
of lowering the Fermi level by applying a positive (oxidative) potential in electrochemical measurements. In 
direct analogy, the removal of oxygen from the NC surroundings resembles the effect of raising the Fermi 
level under negative (reducing) electrochemical potentials. (49-51) An advantageous feature of NCs from 
the standpoint of potential PSP applications is that the coupling of photogenerated carriers with phonons in 
these systems is much weaker than in organic chromophores, (52) which results in a smaller variation of 



the emission quantum yield in the temperature range typically explored in PSP studies (10–40 °C). (3, 4, 29, 
31) Reported examples of O2-responsive NCs include CdSe, (38) CdTe, (39) and CdSe/ZnS core/shell 
systems. (53) These structures have been utilized for humidity detection and dry gas sensing, as well as 
biological sensing applications. (54) As distinct from organic chromophores, the use of NCs as PSPs emitters 
potentially eliminates the need for the binder, as NCs can be deposited directly onto tested surfaces (Figure 
1a). This is particularly advantageous for high-frequency sensing (4) because the rate-determining process 
in the sensing response is typically the permeation of a gas into the binder, (1) which protracts the 
response time from a few microseconds with porous matrices (4) to tens of seconds for traditional 
polymeric binders. (55) 

A common experimental difficulty of radiometric luminescence mapping using organic chromophores or 
conventional NC-based PSPs is that they require accurate quantitative measurements of the emission 
intensity across extended or complex surfaces under oxygen flow and UV irradiation. For this reason, wind 
tunnel aerodynamic tests are typically performed by comparing the results of “wind-on” and “wind-off” 
measurements in order to account for the experimental geometry, model misplacements, (1, 22, 48) 
nonuniform distribution of the chromophore in the binder and an uneven thickness of the binder layer 
across the model surface. (22, 29, 56) 

Some of these issues have been addressed through the use of so-called ratiometric PSPs (r-PSP) that exploit 
the different sensitivity to O2 of two (or more) chromophores to detect and quantify local pressure 
variations. A conventional r-PSP consists of an O2-insensitive chromophore (the “reference”) acting as an 
internal standard for the luminescence intensity of an O2-responsive emitter (the “sensor”), as depicted in 
Figure 1c. Examples of reported two-component r-PSPs include mixtures of organic dyes (22) and dye–
polymer conjugates (57) as well as organic/inorganic hybrid systems such as binary blends of dyes and NCs, 
(15, 22) NC-polymer nanocomposites, (15, 58) and dye-functionalized NCs. (33) Although these systems 
remove the need for the wind-off/wind-on calibration, their use is still associated with several experimental 
difficulties arising from (i) the different temperature dependences of the two chromophores, (22, 59) (ii) 
cross-readout errors due to the spectral overlap between the emission bands of the reference and the 
sensor (60) species, and (iii) spatial inaccuracy due to inhomogeneous distribution of the emitters on the 
model surfaces or in the binder, (60) whose effects are aggravated by intermolecular interactions leading to 
exciton migration processes. (48, 57) 

Here we demonstrate that all of these limitations can be alleviated using r-PSPs based on a single dual-color 
emitter that features intrinsic ratiometric response at the single particle level, suppressed cross-readout 
due to a vanishing overlap between the luminescence spectra of the two emissive states, a dynamic range 
of ratiometric O2-pressure sensing of 3 orders of magnitude, and a virtually temperature-independent 
ratiometric response between 0 and 70 °C. An important advantage of our new approach is that it is based 
not on an inert (pressure-insensitive) reference, but instead combines two pressure-sensitive states in a 
single emitter and that these states exhibit opposite luminescence responses to changes in the oxygen 
pressure. In these “double-sensor” systems, one emission channel is quenched, while the other is 
concomitantly enhanced by the presence of O2, similarly to the so-called “reverse sensing” behavior 
recently found in CdSe colloidal quantum wells. (36)Figure 1c,d schematically compares the luminescence-
versus-pressure dependence of a conventional reference–sensor pair (R and S, respectively) and that of a 
double-sensor (S1 and S2) r-PSP. Importantly, while the response of a conventional r-PSP featuring an inert 
reference is given solely by the sensor that determines the maximum ratiometric O2-sensitivity of the blend 
(either S/R or R/S in Figure 1c), replacing the inert reference with a “reverse” O2 sensor exhibiting 
enhanced luminescence when exposed to O2 (S2 in Figure 1d) leads to strongly amplified ratiometric 
sensitivity. We note that in the presence of two sensing species, the ratiometric response can be 
conveniently chosen (S1/S2 versus S2/S1) in order to better suit the experimental conditions, while 
ensuring in both cases enhanced sensitivity with respect to the conventional reference/sensor system. 



Our “double-sensor”, single-emitter r-PSP uses CdSe/CdS dot-in-bulk (DiB) NCs that consist of a small CdSe 
core overcoated with an ultrathick CdS shell. (49, 61) Owing to their peculiar internal structure, DiB NCs are 
capable of simultaneously sustaining core and shell excitons, whose radiative recombination leads to two-
color (red and green) luminescence under both low-intensity continuous wave (cw) optical excitation (61) 
and electrical injection. (49) Two essential structural features of these NCs are an abrupt core/shell 
confinement potential and an engineered interlayer of zincblende CdS separating the zincblende CdSe core 
from the thick wurtzite CdS shell. This peculiar structure of the core–shell interface slows down relaxation 
of shell-localized holes into core states, which leads to the development of efficient shell emission observed 
simultaneously with emission from the core. (62) Importantly for r-PSP applications, the shell excitons are 
exposed to the NC’s surface, and their luminescence is highly sensitive to nonradiative electron transfer to 
surface defects or molecular acceptors (in our case oxygen) adsorbed onto the NC surface, which leads to 
luminescence quenching. (63-65) In stark contrast, the emission arising from core-localized excitons is 
enhanced by exposure to O2 as the removal of extra electrons generated by photocharging helps quench 
nonradiative Auger recombination. (63) As a result of these effects, the two emission channels of the DiB 
NCs follow opposite trends with increasing/decreasing O2 partial pressure, which allows us to realize the 
double-sensor ratiometric response using a single emitter. 

Results and Discussion 

Optical Properties and Temperature Sensitivity of DiB NCs 

The CdSe/CdS DiB NCs used in this study have been synthesized following the procedure reported in ref 49. 
Representative TEM images of the NCs and a statistical analysis of their dimensions are reported in 
Figure.S1. A representative optical absorption and photoluminescence (PL) spectra of the DiB NCs with core 
radius R = 1.5 nm and shell thickness H = 8.5 nm under cw excitation at 400 nm are reported in Figure 2a. 
The absorption spectrum shows a steep edge at ∼500 nm due to absorption by the thick CdS shell whose 
volume is ∼300 times larger than that of the CdS core. The PL spectrum consists of two well-separated 
emission peaks located at 632 and 512 nm. The 632 nm band is due to recombination of core excitons 
characterized by the decay rate RC = 5.5 × 106 s–1 (see Figure.S2a). The 512 nm peak arises from radiative 
decay of shell excitons which has the rate RS = 5 × 109 s–1 (Figure.S2b). As was established previously, (61) 
electrostatic repulsion between the core- and shell-localized holes leads to a dynamic Coulomb blockade of 
the core states; as a result, the intensity of the shell PL exhibits complex dependence on excitation fluence 
(Figure.S3). On the other hand, the core PL shows a more common pump-intensity dependence; it first 
grows linearly with pump power and then saturates at high NC occupancies. The details of pump-power 
dependence of core and shell PL bands, however, are inconsequential from the standpoint of ratiometric 
sensing, as pressure measurements usually utilize low-intensity excitation. As illustrated in Figure.S3 
(highlighted in gray), in this case both emission bands scale linearly with excitation fluence for the pump-
intensity change by more than 2 orders of magnitude. Microscale pressure studies are affected by the exact 
type of PL pump-intensity-dependence to an even lesser degree, as they are typically performed at fixed 
excitation powers using focused light with a spot area comparable to the sample size. Most importantly for 
ratiometric sensing, both the core and the shell emission intensities (IC, IS) show nearly identical trends 
across a wide range of temperatures (0–70 °C), which covers a typical range of temperature variation for 
many PSPs applications (10–50 °C, refs 3 and 31). This results in the remarkable temperature stability of the 
ratiometric response of DiB NCs, which, in Figure 2b, is evaluated in terms of the variation of the IC/IS ratio 
as a function of temperature. The same figure also shows the relative first derivative of the luminescence 
ratio, (d(IC/IS)/dT)/(IC/IS), which emphasizes the absence of variations or drops in the ratiometric response 
over the whole range of investigated temperatures. 



 

 

Figure 2. Optical properties and temperature sensitivity of DiB NCs. (a) Optical absorption (dashed line) and 
normalized photoluminescence spectrum of a hexane solution of CdSe/CdS DiB NCs with the 1.5 nm core 
radius and the 8.5 nm shell thickness. Core and shell emission bands are highlighted by red and green 
shadings, respectively. Inset: An approximate band diagram of CdSe/CdS DiB NCs, featuring an interfacial 
zincblende CdS layer that separates a zincblende CdSe core from a wurtzite CdS shell. (b) Temperature 
dependence of the ratio of the core and the shell spectrally integrated PL intensities (IC/IS, red/green 
symbols) and the relative first derivative of the (IC/IS) ratio versus T dependence. All measurements were 
performed using the 15 μJ/cm2 excitation fluence and the excitation wavelength of 400 nm. 

 

We can quantify the temperature sensitivity (ST) of the DiB NCs through the expression ST = −[IC(T2)/IS(T2) 
– IC(T1)/IS(T1)]/(T2 – T1), where IC,S(T1) and IC,S(T2) are the intensities of the core and shell emission 
measured at the two extremes of the temperature range. (1) By considering the temperature range from 
T1 = 0 °C to T2 = 70 °C, we obtain the remarkably low value of ST of only 0.01%/°C; this is significantly lower 
than that for the state-of-the-art two-component r-PSPs, which exhibit ST of 0.05–1.5%/°C. (1) We note, 
however, that the temperature trend of IC/IS is not monotonic, as commonly observed for traditional r-
PSPs, (22) but shows a slight increase from 0 to 20 °C, followed by a small drop with increasing 
temperature. In order to account for this trend, we have derived the maximum temperature sensitivity, 
STM, as the maximum variation of (d(IC/IS)/dT)/(IC/IS), which could also arise from slight fluctuations of the 
position of the excitation spot during the measurements due to sample misplacement in the cryostat. Using 
this approach, we obtain STM = 0.19% around 10 °C, which is still comparable to state-of-the-art PSPs. 



Ratiometric Oxygen Sensing Using DiB NCs 

We proceed with demonstrating the ratiometric O2 sensing ability of DiB NCs by monitoring the evolution 
of their PL spectrum during stepwise pressure ramps from P = 1 to 10–3 bar. In these experiments, a 
submonolayer film of DiB NCs with core radius R = 1.5 nm and shell thickness H = 8.5 nm is dip-casted onto 
a glass substrate, which allows for homogeneous coverage of the surface as shown in Figure.S4. The 
luminescence of the sample is excited by 400 nm light and continuously collected with a CCD camera, while 
the sample chamber (originally filled with O2) is progressively evacuated through rapid pressure steps. For 
each step, the pressure is lowered by a factor of 10 and maintained constant for 90 s. After the final step at 
10–3 bar, the chamber was refilled stepwise with O2 following the same procedure. Because the O2 
concentration is proportional to the total pressure, these measurements directly yield ratiometric 
estimations of the pressure on the sample surface similarly to what is typically achieved with PSPs. As 
evident from the PL spectra in Figure 3a, the core and shell PL intensities demonstrate the opposite trends 
in response to changes in the chamber pressure. Specifically, the core PL undergoes progressive dimming 
upon evacuation, while the shell emission increases and becomes dominant at P = 10–3 bar. Importantly, 
refilling the sample chamber with nitrogen does not lead to recovery of the PL intensity, which confirms the 
essential role of oxygen in the sensing response. 

 

 

Figure 3. Ratiometric oxygen sensing experiments with DiB NCs. (a) A series of PL spectra (1 s acquisition 
time per frame, 90 s steps) during a stepwise pressure scan. The pressure is reduced rapidly and kept 
constant for 90 s, starting from atmospheric pressure (P = 1 bar) to 10–1, 10–2, and 10–3 bar, after which 
the sample chamber is stepwise refilled up to the initial pressure level of P = 1 bar. (b) Integrated PL 
intensities of the core (IC, red line) and the shell (IS, green line) extracted from the stepwise pressure scan 
in panel a. Both trends are normalized to the initial PL intensity at P = 1 bar. (c) The IC and IS values (red 
and green dots, respectively) and the IC/IS ratio (red/green dots) as a function of increasing pressure 
(logarithmic scale). All trends are normalized to their respective value at P = 10–3 bar (I0C and I0S 
respectively). All measurements were performed using the 5 μJ/cm2 excitation fluence and the excitation 
wavelength of 400 nm. (d) Overall emission color of a DiB NC film extracted from the PL spectra in panel a 
and projected onto the CIE chromaticity diagram. (e) Photographs of a DiB NCs sample at oxygen pressure 



of 1 bar and 10–3 bar (bottom left and top left, respectively) under UV illumination collected using UV-
filtered camera (illumination spot 1 cm × 1 cm, excitation power density ∼50 mW/mm2). The signals 
detected selectively by the red and green channels are reported in the right panels for direct confirmation 
of suppressed cross-readout. 

 

The observed difference between the O2 response of the core and the shell PL can be rationalized by 
considering the electron withdrawing nature of molecular oxygen, which in the ground state is a diradical 
triplet with strong electron-accepting character. As a result, O2 is capable of efficiently extracting electrons 
from both the quantized states (66) of the NCs and electron-rich surface defects that thereby become 
capable of trapping photogenerated electrons from the NC conduction band. (36) Similarly to the effect of 
raising the NC Fermi level obtained by either applying a negative electrochemical potential or direct electric 
bias in light-emitting diodes, (49, 63) the removal of oxygen progressively suppresses electron trapping, 
leading to the observed strong enhancement of the green luminescence due to increased radiative 
recombination efficiency of shell excitons. On the other hand, as observed previously (67, 68) and 
confirmed by our time-resolved PL measurements in controlled atmosphere (see a detailed discussion later 
in this work), the dimming of the core PL is associated with nonradiative Auger recombination of negatively 
charged core excitons (negative trions), which are formed due to accumulation of excess electrons in the 
NCs in the absence of electron withdrawing O2 molecules. A similar effect has previously been observed 
with other CdSe/CdS heterostructures including thick-shell NCs (67, 68) and colloidal nanoplatelets. (36) 

In order to quantify the ratiometric luminescence response of DiB NCs, in Figure 3b we report the spectrally 
integrated core and shell PL intensities extracted from Figure 3a, both normalized to their initial values at P 
= 1 bar. Each steplike variation of the O2 pressure leads to a concomitant modulation of both emission 
bands. Specifically, lowering the pressure from 1 to 10–3 bar results in ∼60% dimming of IC and over 300% 
increase of IS. Upon ramping the O2 pressure back up to 1 bar, both the core and the shell emission bands 
fully recover their original intensities. The opposite sign of the luminescence response of the core and the 
shell is emphasized in Figure 3c, where we report IC and IS collected at the end of each pressure step 
(highlighted with dots in Figure 3b) as a function of the O2 pressure. Thanks to this peculiar feature of DiB 
NCs, the ratiometric response considerably exceeds the sensing response of the individual emitting states 
with the enhancement reaching 100% with respect to IS and over 400% with respect to IC across the whole 
investigated pressure range. The ratiometric sensing response of our unoptimized DiB NCs between 1 and 
0.1 bar is ∼1.9, which is comparable to that of commercial single-band (radiometric) and ratiometric PSPs, 
whose responses range between ∼2 and ∼4 (ref 69). 

In order to evaluate the precision of the pressure measurement achievable with our NCs, we calculated the 
standard deviation of IC/IS in the last 50 s of each pressure step during refilling, when the NC response is 
free of kinetic effects, and propagated the error to the respective pressure value. The results, shown in 
Supporting Table 1, indicate that the precision on the pressure values measured through the ratiometric 
response of the NCs is better than 1% for any pressure between 10–3 and 1 bar. In order to describe the 
pressure sensing behavior of our DiB NCs in more quantitative terms, in Figure.S5 we report the Langmuir 
plot of the luminescence pressure response, together with its analysis using a global fit to the multisite 
Toth’s version of the Langmuir model, which accounts for the heterogeneity of the adsorption sites on the 
NC surfaces. (70) The model adequately reproduces the response of both the core and the shell using the 
same Langmuir adsorption binding constant K = 46.89 M–1 and the heterogeneity factor m = 0.56. The 
latter value is significantly different from m = 1 (a characteristic of homogeneous surfaces), which confirms 
the appropriateness of the Toth’s approach. 

Interestingly, the strong response to the O2 pressure leads to significant change of the total emission color, 
as displayed in Figure 3d, which shows the projection of the emission color coordinates extracted from the 



PL spectra of Figure 3a onto the Commission Internationale de l’Éclairage (CIE) chromaticity diagram. The 
color change is easily appreciated by examining the photographs of the DiB NCs film taken at P = 1 bar and 
P = 10–3 bar under UV illumination (Figure 3e). At atmospheric pressure, the film appears red, due to the 
dominant contribution of the core emission at 632 nm (see PL spectra in Figure 3a). Upon lowering the O2 
pressure to 10–3 bar, the total emission color turns whitish, as a result of the contribution from strong 
green emission from the CdS shell. Importantly, because the core and shell emissions are fully spectrally 
separated (Figures 2a and 3a), their respective signals are collected selectively by the red and green 
detection channels with no cross readout. This is highlighted in the right panels of Figure 3e, showing a 
strong red signal and essentially no green emission at P = 1 bar. Under vacuum, the green signal increases 
significantly, while the red channel shows a concomitant dimming, in agreement with the quenching of the 
core PL observed upon evacuation of the sample chamber (Figure 3a–c). 

In order to assess the stability of our r-PSP and the reproducibility of the sensing response, in Figure 4a we 
report the spectrally integrated intensity of the core and shell emissions during many O2/vacuum cycles in 
which the PL is continuously monitored while the sample chamber is rapidly evacuated from atmospheric 
pressure to 10–1, 10–2 and 10–3 bar. Each pressure is maintained for 90 s after which the initial O2 
pressure is rapidly restored. For any final vacuum level, the luminescence response of both the core and 
the shell closely correlates with the pressure change, which is particularly relevant for high frequency 
sensing measurements. This is a direct consequence of both the ultrafast nature of the electron trapping 
process and the fact that our r-PSPs can be processed by depositing the DiB NCs directly onto the substrate 
without the need for a polymeric binder that typically leads to long response times due to slow permeation 
of molecular oxygen. (55) The initial emission intensity is fully recovered after each cycle, thus confirming 
the reproducibility of the sensing response and ensuring that the capping ligands are intact. 

 

Figure 4. Reproducibility and dynamics of the sensing response. (a) Integrated PL intensity of the NC core 
(red, brown, and black lines) and the NC shell (light green, dark green, and black lines) during O2/vacuum 
cycles, starting from atmospheric pressure (Pi = 1 bar) down to different final pressures, Pf = 10–1, 10–2, 
and 10–3 bar, as indicated by arrows. The pressure steps are shown on the top of the panel for each Pi – Pf 
step. (b) Evolution of the shell PL extracted from panel a as a function of time for the three O2 pressure 
ranges, normalized at their maximum value. (c) Normalized shell and core PL spectra at P = 1 bar (solid 
black lines) and P = 10–3 bar (dashed green and red lines). Integrated PL intensity of (d) core (IC, red line) 
and (e) shell (IS, green line) during On/Off pressure cycles from atmospheric oxygen pressure (Pi = 1 bar) 
down to Pf = 10–3 bar collected under continuous (darker lines) or intermittent (lighter lines) illumination. 



All measurements are carried out at room temperature using 400 nm excitation; 1 s acquisition time; each 
pressure step lasts 90 s. 

 

We notice that upon evacuating the sample chamber from 1 bar to 10–1 bar, the PL intensity of both the 
core and the shell closely follows the O2 pressure change, leading to an approximately 2-fold increase of 
the shell emission intensity and ∼20% dimming of the core PL, followed by a plateau at a constant 
pressure. On the other hand, at P = 10–2 to 10–3 bar, the PL brightening/dimming is more pronounced 
(Figures 3a,b and 4a) and proceeds in time even after the chamber pressure has stabilized. This effect is 
highlighted in Figure 4b, where we display the shell PL traces of Figure 4a normalized to their intensity 
maximum for clarity; similar trends are observed for the core emission as illustrated in Figure.S6. These 
observations point to the coexistence of two interaction regimes between the NCs and O2 that respectively 
dominate the sensing behavior under high- and low-pressure conditions. The first is responsible for the 
stepwise PL response concurrent to the removal of ∼99.9% of O2 from the sample chamber and is ascribed 
to suppressed electron trapping by collisional interaction between the NC film and molecular oxygen. 
Accordingly, pumping O2 back into the chamber results in essentially instantaneous dimming of the shell PL 
due to largely increased availability of gaseous O2 molecules in direct contact with the NCs. The second 
regime leads instead to the slow progressive brightening at lower pressure, which is most likely owing to 
the gradual desorption of adsorbed O2 molecules that require a larger driving force to detach from the NCs 
surfaces. Notably, no shift of the core and shell PL peak is observed (Figure 4c), which confirms that the 
sensing response is not due to permanent oxidation/reduction of the NCs surfaces. (34) In order to further 
assess the suitability of our r-PSPs for extended time applications, we tested their stability over prolonged 
exposure to continuous illumination and O2/vacuum cycles. Detailed measurements of the sensing 
response including extended scans of over 10 consecutive O2/vacuum cycles between 1 and 2 bar O2 
pressure with different time intervals, and the stability test under UV illumination for over 2 h are reported 
in Figures.S7–S11. All measurements show full repeatability and stability over time, with no losses of both 
the PL intensity and the sensing capability over several hours of continuous sensing. 

From the point of view of prospective applications, it is also important to understand whether the 
interaction between the NCs and molecular O2 is a photoassisted process, as this might affect the accuracy 
of pressure measurements. To evaluate the effect of exact excitation conditions on the measured 
radiometric response, we have performed On/Off pressure sensing measurements using the same 
experimental procedure as the one described above while monitoring the NC emission under either 
continuous or pulsed (10 s pulse duration) 400 nm excitation. For direct comparison between the two 
excitation conditions, in Figure 4d,e we report the intensity traces for the core and the shell, respectively, 
with five cycles collected using pulsed excitation and five cycles monitored under continuous illumination. 
No differences in the sensing response are observed, which indicates that the NC–O2 interaction occurs 
identically under “dark” and “light” conditions. A perfect overlap between the PL trends is also found for 
the core emission excited at 532 nm as reported in Figure.S12. 

Single Particle Ratiometric Oxygen Sensing Using DiB NCs 

As we show below, an important feature of DiB NCs is that they behave as ratiometric pressure sensors 
even at the single-NC level, which makes them capable of reporting O2 pressure variations with nanoscale 
spatial resolution. This represents a unique advantage over PSPs based on chromophores blends and 
simplifies the paint processing by removing issues associated with the inhomogeneous distribution of the 
emitters on the model surfaces or in the binder, the factors that typically reduce the spatial accuracy in 
submicron-scale pressure studies. (60) 

The ratiometric sensing ability of individual DiB NCs is demonstrated in Figure 5, where we show confocal 
imaging and micro-PL data of isolated NCs (drop casted from a diluted hexane solution onto a quartz 



substrate with a nominal NC density of ∼0.1/μm2) as a function of the O2 pressure. Upon raising the 
pressure from 10–3 to 1 bar, all NCs show a progressive transition in their emission color from green, to 
orange, and then red, which is in perfect agreement with the results of the ensemble measurements 
(Figure 3e). Figure.5b reports the histogram of the IC/IS ratio for 40 individual DiB NCs as a function of the 
chamber pressure, showing remarkable homogeneity of the ratiometric response across the NC population. 
This indicates that individual DiB NCs can indeed be used as highly accurate nanoscale ratiometric pressure 
(or O2) sensors. Importantly, the ratiometric sensing response IC/IS is independent of the total emission 
intensity, as highlighted in the correlation plot of IC/IS versus (IC + IS) in Figure 5c. 

 

Figure 5. Single particle ratiometric oxygen sensing. (a) A large-area spectrally resolved image of a 
collection of individual DiB NCs as a function of the O2 pressure under 400 nm excitation (excitation fluence 
7 μJ/cm2), showing a progressive change of the emission color from green to red upon increasing the 
chamber pressure. The scale bar corresponds to 5 μm. (b) Histogram of the single-particle ratiometric 
response expressed as IC/IS for 40 individual NCs at the monitored oxygen pressures. (c) Correlation plot of 
the ratiometric sensing response IC/IS versus the total PL intensity (IC + IS) at increasing O2 pressure, 
indicating that the sensing response is independent of the total emission intensity. The same color code 
applies to all panels and resembles the total emission color of the NCs: 10–3 bar, dark green; 10–2 bar, light 
green; 10–1 bar, orange; 1 bar, red. The mean values averaged across the whole NC population are 
indicated by black solid lines; the respective standard deviations are shown by gray shading. 

 

Photophysical Mechanisms of the Double Sensing Response 

In order to gain a deeper insight into the photophysical mechanisms underpinning the ratiometric sensing 
response of DiB NCs, we have measured the decay dynamics of both the shell and the core luminescence in 
a controlled atmosphere (Figure 6a,b). We start our analysis with the reversed pressure response of the 
core luminescence, which is key for the realization of the “double sensing” regime. Examining the core 
time-resolved PL traces in Figure 6a we note a ∼20% increase of the zero-delay PL intensity with decreasing 
pressure from 1 bar to 10–3 bar, which is accompanied by the acceleration of the decay dynamics. These 
are the typical spectroscopic signatures of the recombination of charged excitons (trions) consisting of a 
photoexcited electron–hole pair and a pre-existing carrier (in the case of CdSe/CdS NCs it is predominantly 
an electron (51, 71, 72)) produced by photoionization. (63, 67) In atmospheric conditions (Figure 6c), 
molecular oxygen continuously removes excess electrons thereby hindering the formation of negative 
trions. As a result, the spectroscopic behavior of the DiB NCs is dominated by neutral excitons. If these 
excitons are core-localized, they are virtually unaffected by surface species due to the protective effect of 



the ultrathick CdS shell. Upon evacuation, the oxygen-driven “discharging” process is gradually suppressed, 
resulting in the formation of negative trions. These species are characterized by an increased emission rate 
(it is ideally twice that of a neutral exciton), which can explain the increase in the early time PL amplitude 
observed upon reducing the amount of oxygen in the sample chamber. 

 

Figure 6. Photophysical mechanism of the dual sensing response. PL decay curves of (a) core and (b) shell 
emission measured at P = 1 bar (red and green lines, respectively) and P = 10–3 bar (black lines). The inset 
in panel a reports the decay curve of the core PL using a linear scale to highlight the increase in the 
intensity at zero delay time as well as the accelerated decay exhibited at low O2 pressures. Schematics of 
the NC-O2 interaction leading to the observed optical responses: In the presence of O2, (c) neutral core 
excitons recombine radiatively, while (d) the shell-exciton decay is affected by nonradiative electron 
processes involving either direct electron extraction by O2 molecules or trapping at surface defects 
depleted of electrons due to interactions with O2. In the absence of O2, enhanced availability of excess 
electrons makes nonradiative Auger decay the dominant recombination pathway for negatively charged 
core excitons (e), while shell excitons decay radiatively thanks to impeded electron capture by O2 and 
suppressed Auger recombination (f); the latter is diminished due to a large volume of the shell. The regimes 
dominated by nonradiative recombination are highlighted by gray shading. 

 

In addition, we observe the reduction of the PL lifetime, which is due to a combined effect of the enhanced 
radiative decay and the activation of nonradiative Auger recombination. In DiB NCs with a sharp core/shell 
interface, the Auger process is not as strongly suppressed as in graded or interfacially alloyed thick-shell 
CdSe/CdS NCs that could exhibit nearly unity trion PL quantum yields. (73, 74) As a result, the dominant 
decay channel for the core PL in the absence of O2 is nonradiative Auger recombination of negatively 
charged excitons (Figure 6d). 

The formation of negative trions in NC samples under vacuum is confirmed by circular polarization-resolved 
PL measurements in high magnetic fields reported in Figure.S13. This data shows that, similarly to giant 
core/shell CdSe/CdS nanocrystals and core/shell CdSe/CdSe nanoplatelets, magneto-PL from DiB NCs 
exhibits circular polarization typical of negatively charged excitons. (67, 75) We note that O2/vacuum scans 
using core-selective excitation at 532 nm reported in Figure.S12 show similar dimming of the core PL as 
that observed using 400 nm excitation, thereby unambiguously confirming that the sensitivity of core 
emission to O2 is due only to nonradiative Auger recombination of core trions and not the depletion of the 
NC conduction band due to progressively more efficient shell emission observed for decreasing O2 
pressure. 



Next, we investigate the effect of O2 on the shell-PL dynamics. Because the thickness of the CdS shell (8.5 
nm) is greater than the exciton Bohr radius in CdS (5.6 nm), the shell excitons are bulklike and hence are 
virtually unaffected by Auger recombination. The rate of Auger decay scales inversely with the particle 
volume and, therefore, is expected to be over 300 times lower than in the 1.5 nm CdSe core. (76) As a 
result, even in the case of excess electrons, as indicated by circular polarization-resolved magneto-PL 
measurements in Figure.S13, the nonradiative decay of shell excitons is primarily not due to Auger 
recombination, but still surface trapping (Figure 6e). Accordingly, lowering the chamber pressure, which is 
equivalent to raising the Fermi levels, leads to passivation of electron surface traps, which is manifested in 
the strong increase of the zero delay PL intensity, accompanied by the extension of the PL lifetime (Figure 
6b,f). The resulting effect of these changes is the >300% enhancement of the emission intensity observed in 
cw measurements (Figure 3b). This confirms that the shell PL dynamics is dominated by 
activation/suppression of electron capture either directly by O2 or electron-deficient surface traps. This 
further points to the coexistence of two trapping processes occurring on two different time scales: (i) 
ultrafast electron capture with the characteristic time unresolvable in our measurements with ∼6 ps 
resolution (streak-camera detection), thereby modulating the zero-delay PL intensity without affecting its 
temporal dynamics, and (ii) a slower electron trapping channel competing with radiative recombination of 
shell excitons, whose progressive suppression at decreasing pressure leads to slower PL dynamics. (36, 77) 
Further evidence of the dominant effect of oxygen on the PL intensity of core and shell excitons is provided 
by On/Off pressure cycling with other gases, as reported in Figures.S14 and S15. Specifically, the PL 
intensity of both the core and the shell was recorded while filling the sample chamber with CO2 
(Figure.S14) and humid air (Figure.S15). The ratiometric double sensing response is also observed upon 
exposure of the NCs to CO2, although with a weaker sensitivity than in the case of oxygen due to a weaker 
reactivity of CO2. This observation suggests that DiB NCs can also be applied as environmental gas sensors. 
Furthermore, data indicate (Figure.S15) that the sensing response to wet air is similar to that observed for 
dry O2, which suggests that humidity has a negligible effect on the PSP behavior. This extends the potential 
use of DiB NCs as gas flow sensors in ambient conditions without distortions due to variations in humidity. 

Beside their implications in pressure sensing, the conducted studies reveal an important fundamental 
connection between the effect of changing oxygen pressure outside the NC and the NC Fermi level, which is 
largely analogous to the effect of the applied potential in electrochemical experiments. (66) Specifically, as 
shown in Figure.S16, the application of a negative potential to DiB-NCs leads to the gradual increase of the 
shell emission and the concomitant dimming of the core PL. At V = −1 V, the core PL dynamics shows typical 
signatures of trion decay, indicating direct injection of electrons into the NC conduction band states. The 
value of this injection potential is consistent with expectations for undoped NCs with Eg = 1.9 eV (the core 
band gap) wherein the Fermi level is near the center of the energy gap. This further confirms that the 
potential drop outside the NCs in the spectro-electrochemical measurements is essentially negligible 
leading to one-to-one correspondence between the applied potential and the position of the Fermi level. 

The effect of reduced oxygen pressure on the NC’s emission intensity and dynamics (Figures 3b and 6a,b) 
shows a striking similarity to that of the electrochemical potential (Figure.S17). Specifically, progressive 
removal of oxygen from the NC surrounding area leads to the rise of the Fermi level such that eventually it 
can reach the position of the conduction band (at ∼10–3 bar). At this point, excess electrons are injected 
into the NC quantized states leading to formation of negative core trions under optical excitation 
(Figure.S13). A similar behavior has been previously observed for CdSe/CdS nanoplatelets. (36) Notably, the 
magneto-optical data for DiB-NCs shown in Figure.S13 further indicate that the effect of charging with extra 
electrons is not limited to core states but also affects shell states, resulting in formation of negative shell-
based trions. The effect of the Fermi energy modulation on the dual-color emission of DiB NCs was 
modeled in ref 63 as a function of occupancy of surface states, which allowed for closely describing the 
observed behaviors for both the core and the shell PL. 



We note that the regime of hole injection can also, in principle, be realized by applying sufficiently large 
positive electrochemical potentials or, in direct analogy, exposing the NCs to high oxygen pressure. 
However, because the valence band energy of the CdS shell is ∼1.5 eV below the intrinsic-NC Fermi level, 
strongly oxidative conditions required for hole injection usually result in significant NC damage 
accompanied by PL quenching. As discussed, for example, in ref 63, the PL quantum yield does not fully 
recover after NCs are exposed to about +1 V oxidative potential, which is indicative of their photochemical 
degradation. 

In conclusion, we have demonstrated the first example of a ratiometric O2-sensing PSP based on a single 
type of two-color emitter, which features (i) intrinsic ratiometric response at the single particle level, (ii) 
negligible overlap between the luminescence spectra of the reference and the sensor, (iii) enhanced 
sensitivity to O2 partial pressure, and (iv) temperature-independent ratiometric behavior. Because of the 
shell- and core-PL bands of the DiB NCs exhibit trends of opposite directions in response to exposure to 
oxygen, our “double-sensor” r-PSPs demonstrate an enhanced pressure sensitivity with respect to that 
achievable with traditional reference-sensor pairs, where the reference channel is “neutral,” that is, not 
sensitive to O2. Specifically, as a result of the direct exposure of shell excitons to the NC surfaces, the shell 
luminescence is strongly affected by electron withdrawing by O2, which leads to progressive emission 
quenching with increasing oxygen pressure. In direct contrast, the core PL is enhanced in the presence of 
oxygen that helps maintain NCs in the neutral state by removing extra electrons that otherwise trigger fast 
nonradiative Auger recombination. As a result of these opposing trends, the ratiometric response of the 
NCs is largely amplified with respect to that achievable by monitoring the individual emissions of the core 
and the shell. Temperature-controlled PL measurements reveal that temperature-induced changes in 
pressure sensitivity are negligibly small in the interval between 0 and 70 °C. The sensing response probed 
both at the ensemble and at the single-particle level using continuous and pulsed excitation is fully 
reproducible and unaffected by prolonged UV illumination. Finally, a nearly complete spectral separation 
between the core and the shell emission bands leads to no cross-readout between the two detection 
channels. 

Methods 

Synthesis of DiB NCs 

DiB NCs NCs were synthesized following the procedure described in ref 49. Briefly, zincblende CdSe NCs 
were synthesized by previously reported methods. (78) For the synthesis of CdSe (R0 = 1.5 nm)/CdS NCs, 2 
× 10–7 mol of CdSe NCs (purified twice) dispersed in 10 mL of 1-octadecene (ODE) were loaded into a 100 
mL flask, degassed at 110 °C for 1 h. The flask was filled with Ar, and heated up to 300 °C for CdS shell 
growth. A 0.2 mmol sample of Cd-oleate and 0.2 mmol of 1-dodecanethiol were added slowly (0.1 
mmol/min) and the reaction was maintained at the elevated temperature for 30 min to form a thin CdS 
buffer layer (∼3 monolayers) on top of the CdSe cores. For further CdS shell growth, a mixed solution of Cd-
oleate and trioctylphospine-sulfur (0.5 M/0.5 M) in ODE was continuously added at a rate of 1 mmol/hour 
at 300 °C. After the injection of precursors was completed, the reaction products were cooled to room 
temperature and purified repeatedly by a precipitation-and-redispersion method. The final products were 
dispersed in hexane for further characterization. 

Spectroscopic Studies 

Optical absorption and emission measurements were performed on thin films dip-casted on quartz 
substrates. Optical absorption spectra were measured with a Varian Cary 50 spectrophotometer. Steady-
state and time-resolved photoluminescence (PL) spectra were excited by a frequency-doubled Ti:sapphire 
laser (400 nm, pulse duration 150 fs, repetition rate 76 MHz). PL spectra were collected with a liquid-
nitrogen-cooled Instrument SA Spectrum One charge-coupled device (CCD) coupled to a Horiba Scientific 
Triax 180 monochromator. The PL dynamics of shell emission in the subnanosecond time regime were 



measured with a Hamamatsu streak camera. The PL dynamics of core emission in the nanosecond time 
regime were studied with the same Ti:sapphire laser as an excitation source but reducing its repetition rate 
to 760 kHz with a pulse picker based on a Conoptics 350-160 electro-optical modulator. The PL dynamics 
were measured with a Hamamatsu R943-02 time-correlated single-photon counting unit coupled to an 
Oriel Instruments Cornerstone 260 monochromator. 

For magneto-optical measurements, the samples were mounted in the variable temperature insert of a 
split-coil cryo-magnet with direct optical access. The PL was excited with the same frequency-doubled 
Ti:sapphire laser and the circularly polarized emission was selected using a quarter-wave plate coupled with 
a linear polarizer. The signal was monitored using a CCD camera coupled to a 6 m long optical fiber to 
ensure full depolarization of the emitted light. 

Pressure Sensing Experiments 

For oxygen pressure studies, a few monolayer films of DiB NCs were deposited onto quartz substrates by 
dip-casting from diluted hexane solutions (optical density of 0.05 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 O2 in order to evaluate possible photobrightening effects due to UV 
curing of surface defects. No photobrightening has been observed for any of the investigated samples. The 
same procedure has been followed for PL-sensing measurements using CO2 (purity grade 4.5, ≥99.995 vol 
%) and humid air (20.5 g kg–1). 

For single particle PL sensing experiments, the DiB NCs were deposited onto a glass substrate from a very 
diluted hexane solution and loaded into an Oxford Instrument Microscopy Cryostat. Confocal imaging was 
performed using a Nikon Ti-U inverted microscope and exciting the NCs with a frequency-doubled 
Ti:sapphire laser (400 nm, 7 μJ/cm2). In collecting single particle data, large NC aggregates were excluded 
from the statistics. Photographs of the NC film and isolated particles in O2 and vacuum conditions were 
taken using a Canon EOS 400D camera. 

The Supporting Information is available free of charge on the ACS Publications website at DOI: 
10.1021/acs.nanolett.6b04577. 
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