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Ratiometric sensing strategy relies on the ratio of the two photoluminescence (PL) signals 

originating from the same nano-object for detecting the changes in the surrounding media. Recently, 

such dual-color emission has been demonstrated in semiconductor colloids, where the PL signal from a 

quantum-confined domain was complemented with the secondary emission from transition metal ions or 

a bulk-like structure. Here, we report on the development of dual-color nanocrystal colloids featuring a 

combination of two quantum-confined emitters within the same nano-object. The reported morphology 

relies on double-well core/barrier/shell arrangement, where zero-dimensional excitons of the core 
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component (PbS) can coexist with two-dimensional excitons of the shell domain (CdSe). As a result, the 

core and shell emission bands can be independently tuned across 880–1500 nm and 600-650 nm spectral 

windows, respectively. A CdS potential barrier at the PbS/CdSe interface was designed to suppress the 

energy and charge diffusion between the two domains allowing both emission bands to exhibit quantum 

yields over 10%. Fabricated colloids were demonstrated as dual-color probes for sensing the redox 

environment, where both the energetics and the timing of photoinduced charge transfer to an add-on 

analyte could be inferred from the ratiometric measurements. 

 

 

Dual-color emitting fluorophores have attracted a considerable amount of attention as ratiometric 

phosphors for sensing applications. The intensity ratio of the two emission bands originating from 

different recombination processes within the same nano-object has been demonstrated to depend on such 

environmental factors as the pH balance in the surrounding media,1-5 gas pressure,6 and the solvent 

temperature.7,8  In this regard, semiconductor nanocrystals offer a unique perspective by enabling two-

color photoluminescence with spectrally separated emission bands in both visible and infrared spectral 

windows.8,9-25 The photostability of inorganic colloids offers another important benefit for the 

development of sensor applications, as it facilitates a long-term exposure of phosphors to 

photodegrading environments.  

Conventionally, the sensing strategy based on a dual-color emission in nanocrystals is enabled 

through a nanoparticle morphology where one emission band is originated from a quantum-confined 

component of a nanostructure while the other is produced by a quasi-confined domain or transition 

metal ions. According to this classifications, the plethora of nanocrystal morphologies developed for 
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ratiometric sensing can be categorized into two types. The first architecture relies on integrating Mn2+ or 

Cu+ ions within a semiconductor nanocrystal body, allowing the emission of the dopant to be spectrally-

separated from the thermally-activated emission of the nanocrystal host.7,9,26,27 The resulting PL spectra 

reveal the two distinguishable peaks in the visible range, which ratio shows a predictable temperature 

dependence.7,28-30 The second nanocrystal morphology that supports a dual-color emission is realized via 

spatially separated inorganic domains placed within the same nanoparticle, often in a core/shell 

configuration.10-13,18 In this case, the simultaneous emission from the core (e.g. CdSe or PbSe) and the 

shell (e.g. wurtzite CdS) domains is enabled by a naturally forming potential barrier associated with an 

intermediate layer (zinc-blend CdS) at the interface of the core and the giant shell components. Such 

dual-color core/shell nanocrystals have been demonstrated as pH sensitive probes in aqueous media.11  

The two aforementioned morphologies developed for dual-color nanocrystal probes were designed 

to support the quantum confinement in one of the two emitting domains, which brings an added 

advantage of a size-tunable emission wavelength and an enhanced PL quantum yield. Achieving the 

quantum confinement simultaneously in both emitting domains, however, has not yet been reported. The 

difficulty lies in the underlying synthetic challenge of placing two strongly confining components within 

the same nanoparticle. At the present state of the art, only a partial confinement corresponding to the 

localization of one of the two carriers has been realized in the secondary emissive domain though the 

use of a giant core/shell geometry. An incomplete confinement was noted to promote the diffusion of 

excitons or carriers into the other emissive domain or towards nanocrystal boundaries ultimately leading 

to a low emission quantum yield, short excited state lifetimes, and limited PL spectral tuning.  

Here, we report on the synthesis and characterization of dual–emitting PbS/CdS/CdSe 

core/barrier/shell nanocrystals featuring confined excitons in the core (PbS) and the shell (CdSe) 
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domains. To achieve a size-tunable photoluminescence from the shell component, we have employed a 

recently reported nanoshell deposition strategy31 to grow a layer of the CdSe semiconductor onto 

PbS/CdS core/shell seeds. The resulting CdSe domain was shown to support two-dimensional excitons 

manifested through the size-dependent emission tunable via the shell thickness. The zero-dimensional 

excitons of a PbS core domain were spatially separated from the CdSe layer by means of a CdS barrier 

allowing the core and the shell emission bands to be independently tuned across 880 – 1500 nm and 

600-650 nm spectral windows, respectively (Fig. SF1).  The presence of a thick CdS potential barrier at 

the PbS/CdSe interface was also found to be effective in suppressing the energy and charge diffusion 

between the two domains allowing both emission bands to exhibit quantum yields of over 10%. The 

feasibility of ratiometric sensing with fabricated PbS/CdS/CdSe nanocrystals was explored through 

concentration measurements of cationic (MV2+) and anionic (thiols) species in solution. Both the 

energetics and the temporal dynamics of photoinduced charge transfer to an add-on molecule was 

successfully inferred from the ratiometric measurements. 

RESULTS AND DISCUSSION 

Conjoining the two spatially-separated potential energy minima within a small-size colloidal 

nanostructure is a challenging task. Both the inter-domain exciton diffusion and charge carrier tunneling 

between the two potential wells can result in the suppressed excitation in one of the emission bands. 

Such excitation energy exchange is exemplified in the case of giant CdSe/CdS dual-emitting 

nanoparticles, which rely on a zinc blende CdS interstitial potential barrier to suppress the hole exchange 

between the CdSe core and the wurtzite CdS shell domains. Due to an offset in ionization energies of 

zinc blende (ZB) and wurtzite (WZ) CdS crystalline phases, the ZB CdS interstitial layer could serve as 

a 0.03-0.04 eV potential barrier to photoinduced holes in the shell.12 This type of band alignment, 

however, offered no potential barrier to photoinduced electrons in the shell allowing those to delocalize 
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across the entire CdSe/CdSZB/CdSWZ nanostructure. As a result, the lifetime of excitons in the shell 

limited to a picosecond range, leading to CdS PL quantum yield (QY) of only 0.1%.10 

Figure 1. PbS/CdS/CdSe nanocrystal design for a dual-color emission. (a). Dark field STEM image of a 

PbS/CdS/CdSe nanocrystal indicating the presence of the PbS and CdSe domains through a color 

contrast. A somewhat darker shading around a bright center area is ascribed to be a CdS barrier. (b). 
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Low-resolution TEM image of PbS/CdS/CdSe NCs. (c). Schematic representation of excited state 

energy levels in fabricated core/barrier/shell NCs.  

 

In the present work, the combination of the interstitial barrier (CdS) and emissive domains (PbS, 

CdSe) was chosen to provide a substantial localization for both electrons and holes in the two 

fluorescent components. The energy diagram in Figs. 1c and 5 illustrates the expected energy offsets in 

fabricated PbS/CdS/CdSe hetero-nanocrystals featuring 4.5-nm PbS core and 2.5-thick CdSe shell 

components. The proposed carrier localization in PbS and CdSe domains was initially assessed based on 

the evolution of optical properties observed during the nanocrystal growth (Fig. 2), which included two 

sequential steps. First, CdS shell was grown onto PbS core NCs via the Cd2+→Pb2+ cation exchange.32 

Solvent temperatures of over 160 ºC and long reaction times (up to 10 hours) were used to reach an 

equilibrium diffusion of Cd2+ cations corresponding to the maximum permeation of Cd2+ cations into the 

original PbS core NCs. This strategy helped stabilizing the size of the PbS core within the CdS shell for 

the subsequent high-temperature CdSe deposition. The replacement of surface Pb2+ ions with Cd2+ gave 

rise to a characteristic blue-shift of the nanocrystal absorption edge (1250 nm → ~ 850 nm), 

corresponding to the deposition of 0.8-nm of the CdS shell. The resulting PbS/CdS NCs showed a strong 

emission in the 910-950 nm range (Fig. SF2), which intensity (QY ≈ 16%) and lifetime ( > 1 µs)  were 

consistent with a quasi-type I band edge alignment between core and shell domains. Such energetics is 

expected when the size of the PbS domain is around 3 nm in diameter in which case an excited electron 

is likely delocalized but yet partly confined in the core.33-35 The subsequent deposition of the CdSe shell 

onto PbS/CdS NCs resulted in the onset of the shell emission at ~ 600 nm (Fig. 2b). The initial intensity 

of this band was low, which is likely the result of CdSe CB edge being above that of the CdS barrier. 

With increasing shell thickness, the intensity of the shell photoluminescence has intensified and red-

shifted (Fig. 2b) in a manner consistent with the reduction in the CdSe CB energy relative to CdS CB. 

Indeed, since the effective electron mass in CdSe is about 3 times lower than that of holes, the band gap 
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reduction with growing NC size is realized mostly by the changes in the CB band edge, promoting an 

electron localization in the CdSe shell (Fig. 1c). Accordingly, the emission of fully grown 

PbS/CdS/CdSe structures has a strong contribution from the CdSe shell domain with associated QY of 

12.1%. Meanwhile, the emission of the PbS core becomes somewhat reduced during the high-

temperature CdSe deposition, resulting in the final PbS QY of 10.5%.  

Figure 2. Optical properties of PbS/CdS/CdSe nanocrystals. (a). The evolution of absorption spectra 

corresponding to progressive stages of the CdSe shell deposition on PbS/CdS core nanocrystals. The 

absorption profile of PbS core NCs used for the synthesis of PbS/CdS core/shell nanoparticles via 

Pb2+→Cd2+ cation exchange is shown in the insert. (b). The evolution of the PbS/CdS/CdSe 

photoluminescence spectra accompanying the deposition of the CdSe shell. With the increasing CdSe 

layer thickness, the corresponding CdSe band gap emission red-shifts and intensifies.  (c). The lifetime 

of the PbS “core” emission of fully-grown PbS/CdS/CdSe NCs filtered using a long-pass filter, LP850. 

The decay is two-exponential with fast and slow times of 41 and 390 ns, respectively (amplitude-

averaged τav = 346 ns). (d). A comparison of the CdSe “shell” photoluminescence lifetimes for 
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nanostructures with (red) and without (blue) the PbS core domain.  A short-pass filter (SP700) was used 

in the former case to suppress the PbS emission. The reduction of the CdSe PL lifetime in PbS-seeded 

nanoparticles is consistent with the shell-to-core energy (charge) transfer. We estimate the efficiency for 

CdSe-to-PbS excitation transfer to be %521   acceptoracceptordonorE  . 

 

The analysis of the PL lifetimes corresponding to the two emissive bands sheds further light on the 

photoinduced carrier confinement in fabricated double-well structures. According to Fig. 2c, the 

emission of the core resulting from 420 nm excitation exhibits a double exponential character with the 

amplitude-averaged exciton lifetime of 346 ns. For comparison, the PL lifetime of isolated PbS/CdS 

NCs is 1.2 microsecond, suggesting a possible contribution of trapping or tunneling deexcitation 

processes in PbS/CdS/CdSe that enhance the PbS(1Se) decay rate. The lifetime of excitons in the CdSe 

shell domain of PbS/CdS/CdSe NCs was found to exhibit a multi-exponential behavior (red curve, Fig. 

2d), which value was determined using a three-exponent averaging fit36 (τ = 15.9 ns). For a comparison, 

the lifetime of CdS/CdSe nanoshell samples (a characteristic TEM image is shown in Fig. SF6) 

fabricated without PbS core domains31 was τ = 33.2 ns (Fig. 2d, blue curve). The reduced lifetime of the 

PbS-seeded dots is consisted with CdSe-to-PbS energy (or charge) transfer with the corresponding 

efficiency of %522.339.1511   acceptoracceptordonorE  .  

The dark-field STEM analysis of dual-emitting PbS/CdS/CdSe NCs in Fig. 3 reveals the presence of 

two distinct nanoparticle morphologies. According to Figs. 3a and 3b, the CdSe shell (brighter shading) 

can grow either in a Janus geometry with a single arm nucleating at the CdS surface (Fig.3a) or as a 

spherically symmetric layer with tetrapod-like twinning of CdSe (Fig. 3b). The location of the PbS core 

domain can be identified in both cases as a small bright area in the center of the darker-shaded CdS 

shell. The ratio of Janus to tetrapod-like morphologies in a particular batch depended on the synthetic 

conditions, however, a combination of both structural types was found in all investigated samples. The 

average diameter of PbS/CdS core/shell NCs was determined from bright-field TEM images in Fig. SF3 

to be 4.6 nm, which is in a good agreement with estimates based on the exciton absorption edge in the 
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starting PbS dots (Fig. 2a). Based on the measured 9.5-nm diameter of fully grown spherical 

PbS/CdS/CdSe nanocrystals, we estimate that the average thickness of the CdSe shell was 2.5 nm.   

Figure 3. Dark-field scanning transmission electron microscope (STEM) images of PbS/CdS/CdSe 

nanocrystals. (a). A high-resolution color-contrast STEM image of Janus-type PbS/CdS-CdSe 

heterostructures indicating the presence of a (bright) CdSe domain on one side of a PbS/CdS core. The 
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location of PbS NCs is observed as a small bright area in the center of the structure. (b). Spatially 

symmetric PbS/CdS/CdSe nanocrystals showing a tetrapod-like growth of the CdSe shell. (c). STEM 

image showing the presence of both Janus and tetrapod-like PbS/CdS/CdSe nanocrystal morphologies in 

the same batch. (d,e). A low-magnification STEM images of PbS/CdS/CdSe nanocrystals. The location 

of PbS core domains can be identified in a few specimens through a color-contrast.  

 

The X-ray powder diffraction (XDR) analysis of PbS/CdS/CdSe nanocrystals provides additional 

evidence in favor of the CdSe shell growth. According to Fig. 4, the original PbS/CdS core nanoparticles 

are predominantly in the ZB CdS crystallographic phase, which is consistent with previous reports on 

this semiconductor combination.37 Indeed, the initial growth of the CdS shell onto PbS seeds forces the 

CdS layer to adopt the rock salt phase of the PbS core. However, when the shell thickness exceeds ~1.3 

nm, the crystallographic phase of the growing CdS layer returns to an equilibrium zinc blende (see Fig. 

SF4). In present experiments, CdS shell was deposited through a cation exchange at high temperature 

for a duration of 10 hours which gave rise to a predominantly ZB CdS diffraction pattern (Fig. 4b). 

Following the deposition of the CdSe outer layer, the Bragg lines shift to a lower angle consistent with 

the increasing lattice spacing in ZB CdSe (Fig. 4a). Interestingly, the final product exhibits an averaged 

CdS/CdSe lattice spacing, which may suggest that some strain is present in the shell domain. This trend 

has been previously observed in the XRD pattern of spherical CdS/CdSe nanoshells that despite a larger 

volume fraction of CdSe in the outer layer showed a strained CdS/CdSe phase.31 
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Figure 4. X-ray powder diffraction pattern of (a) - PbS/CdS/CdSe dual-emitting NCs, and (b) -PbS/CdS 

core/shell NCs prior to shell deposition. The growth of the CdSe layer onto zinc blende CdS results in a 

global shift of the corresponding Bragg peaks toward lower angles.  

The feasibility of ratiometric sensing with fabricated PbS/CdS/CdSe nanocrystals was explored 

through concentration measurements of cationic and anionic species in solution. As a representative 

example of cations, methyl viologen (MV2+) was introduced at various concentrations to nanocrystal 

samples in chloroform. MV2+ is a known reducing agent that can bind to surfaces of chalcogenide 

semiconductors through two reaction mechanisms: (i) - direct adsorption to exposed surfaces, and (ii) - 

adsorption through displacement of weakly bound Cd-oleate complexes.38 Upon binding to surfaces, 
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MV2+ cations can engage in a photoinduced electron transfer from a nanocrystal provided that the 

semiconductor conduction band edge lies above that of V2+ LUMO level (e.g. CdS39). If the charge 

transfer process is sufficiently fast, it leads to quenching of the band gap photoluminescence in 

nanocrystals with the quenching efficiency determined by the number of MV2+ attachment sites and the 

nature of surface adsorption. In this study, an equilibrium regime of MV2+ binding to nanocrystal 

surfaces was achieved by requiring the cessation of changes in the emission spectra of nanocrystal/MV2+ 

mixture during stirring of an analyte with a nanocrystal chloroform solution. Removing MV2+ from 

solution via precipitation and re-dissolution of nanocrystals resulted in a partial restoration of the PL 

signal indicating that not all MV2+ cations were stoichimetrically bound to the surface. 

The MV2+ concentration dependence of the two emission peaks in PbS/CdS/CdSe is plotted in Fig. 

5b. With the increasing amount of MV2+ adsorbed on nanoparticle surfaces, the emission of the PbS core 

becomes considerably reduced, while the emission of the CdSe shell subsides only by about 50%. The 

corresponding PbS-to-CdSe emission intensity ratio in Fig. 5e clearly reflects this trend. The stronger 

quenching of the PbS emission implies that the PbS(1Se) → MV2+ electron transfer is more efficient 

than the competing CdSe(1Se) → MV2+ electron injection process despite a PbS domain being separated 

from MV2+ by a small potential barrier of CdS. Namely, photoinduced electrons were more efficiently 

scavenged from the PbS core domain than from the CdSe shell to which MV2+ molecules were directly 

adsorbed. This unusual behavior could be attributed to two possible reasons: a greater driving force for 

an electron transfer from PbS to MV2+ and the difference in PL lifetimes between PbS and CdSe excited 

states that favors a slow non-radiative process to quench the PbS emission at a greater rate. The driving 

force consideration is supported by the cyclic voltammetry measurements of CdS-MV2+ complexes that 

place the expected LUMO level of V2+ just slightly below the CdS band edge.39 Accordingly, the V2+ 

LUMO can be tentatively positioned between CB levels of PbS and CdSe domains (Fig. 5a), which 

would favor the electron transfer from PbS. Secondly, even if the CdSe → MV2+ electron transfer 

process outpaces PbS(e)→MV2+, the 20-fold difference in the lifetime of PbS and CdSe excitons (see 

Figs. 2c & 2d) will result in the preferential suppression of the PbS emission. Consequently, the 
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decrease in the PbS/CdSe emission ratio can be attributed to the difference in PbS and CdSe exciton 

lifetimes and more favorable PbS → MV2+ energetics.  

Figure 5. (a,b) Methyl viologen concertation dependence of the dual-color emission in PbS/CdS/CdSe 

NCs. PbS band gap photoluminescence is quenched at a greater rate than that of CdSe due to a shorter 
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CdSe exciton lifetime and potentially less favorable position of the CBCdSe energy level relative to MV2+ 

LUMO. (c, d). The effect of MPA binding on the emission of PbS/CdS/CdSe NCs. CdSe band gap 

photoluminescence is quenched at a greater rate than that of PbS due to a more favorable CdSe (1Sh) → 

MV2+ energetics. (e). PbS-to-CdSe emission ratio versus the concentrations of MV2+ (brown curve, 

bottom scale markers) and MPA (red curve, top scale markers) molecules in chloroform. 

 

A hole scavenging agent, 3-Mercaptopropionic acid (MPA), was employed as a representative 

example of an anionic molecule. 40,41 Similar to MV2+, MPA was introduced to a chloroform solution of 

nanocrystals at various concentrations and the mixture was stirred until the changes in the emission 

profile were no longer observed. Binding of MPA thiol group to nanocrystals promotes CdSe 

(1Sh)→MPA hole transfer causing PL quenching. The trend is clearly seen in the photoluminescence 

spectra of MPA/nanocrystal mixture (Fig. 5d) showing a noticeable reduction in the intensity of the 

CdSe emission band. Notably, the emission of the PbS core remained largely unchanged causing the 

corresponding PbS-to-CdSe emission intensity ratio in Fig. 5e to grow with increasing MPA 

concertation. Considering that an exciton lifetime is 20 times longer in a PbS domain, quenching of the 

PL signal in CdSe indicates that the rate of hole transfer from CdSe (1Sh) to MPA is far greater than PbS 

(1Sh) → MPA. Consequently, CdSe (1Sh) → MPA must be energetically more favorable (greater driving 

force). Indeed the fact that HOMO level of MPA is situated above the VB edge of CdSe has been 

confirmed by numerous reports on CdSe→MPA hole transfer dynamics.42,43 It is also well known that 

the VB of PbS is located above MPA HOMO level, as PL lifetime of small-diameter MPA-caped PbS 

NCs (τ = 220 ns)44 does not differ significantly from that of OA-capped PbS NCs (τ = 380 ns).  Along 

these lines, the MPA HOMO was tentatively placed between valence band (VB) edges of PbS and CdSe 
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domains, as shown in Fig. 5c to explain a selective quenching of the CdSe PL signal. It should be noted 

that the high potential of PbS holes ensures that the PbS signal is unaffected during concentration 

depended quenching of the CdSe emission. This scenario offers an important benefit, as the constancy of 

the PbS PL signal makes the CdSe-to-PbS emission ratio change in a predictable manner with the 

increasing concentration of MPA. The reference signal provided by the PbS emission can thus facilitate 

quantifying the concentration of MPA (or thiols in general) in solution. 

 In summary, we report on the synthesis of dual–emitting PbS/CdS/CdSe core/barrier/shell 

nanocrystals supporting zero-dimensional excitons in the core and two-dimensional excitons the shell 

domains. By employing an interstitial CdS barrier at the PbS/CdSe interface, it was possible to suppress 

interactions between the core and shell excitations, which was manifested through a bright 

photoluminescence from both PbS and CdSe spectral bands.  The corresponding PL peak positions were 

independently tunable via a domain size across 600-650 and 880-1800 nm spectral windows, 

respectively. Fabricated colloids were demonstrated as dual-color probes for sensing the redox 

environment, where both the energetics and the timing of the photoinduced charge transfer to an add-on 

analyte could be inferred from the ratiometric measurements. 

 

Supporting information. Experimental section, additional figures and details of calculation. This 

material is available free of charge via the Internet at http://pubs.acs.org. 
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