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Highly emissive Ag2S nanocrystals (NCs) passivated with a gradated shell

incorporating Se and Zn were synthesized in air, and the temperature

dependence of their photoluminescence quantum yield (PLQY) was

quantified in both organic and aqueous media at B1200 nm. The

relevance of this parameter, measured at physiological temperatures,

is highlighted for applications that rely on the near infrared (NIR)

photoluminescence of NCs, such as deep NIR imaging or luminescence

nanothermometry. Hyperspectral NIR imaging shows that Ag2S-based

NCs with a PLQY in organic media of about 10% are inefficient for

imaging at 40 8C through 20 mm thick tissue with low laser irradiation

power densities. In contrast, water-transferred Ag2S-based NCs with an

initial PLQY of 2% in water exhibit improved robustness against tem-

perature changes, enabling improved imaging performance.

Introduction

There is an increasing need for luminophores that emit in the
second near-infrared transparency window (NIR-II, with

wavelengths ranging from 1.0 mm to 1.7 mm) in various fields
such as telecommunication, security systems, photovoltaics, and
biomedical applications.1–4 To push achievable sensitivities to the
limit, many research activities are dedicated to strategies to
improve the brightness of NIR-luminescent reporters and probes,
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n Bundesanstalt für Materialforschung und -prüfung (BAM), Richard-Willstaetter-Str. 11, 12489 Berlin, Germany. E-mail: karl-david.wegner@bam.de, ute.resch@bam.de

† Electronic supplementary information (ESI) available: eSI-S1 – on procedural aspects; eSI-S2 – information related to experimental results. See DOI: https://doi.org/10.

1039/d4mh01016g

Received 1st August 2024,
Accepted 24th September 2024

DOI: 10.1039/d4mh01016g

rsc.li/materials-horizons

New concepts
This work presents a comprehensive study on the synthesis, structural
analysis, and photophysical characterization of bright hydrophobic and
hydrophilic Ag2S-based nanocrystals (NCs). The NCs are synthesized via

hot-injection of Ag2S cores followed by selenium and zinc treatments. The
Zn treatment conducted in air results in NCs with a higher
photoluminescence quantum yield (PLQY), in comparison to those
synthesized under nitrogen, a difference attributed to the different zinc
content integrated into the NC lattice. For the first time, here we report on
the temperature dependence of the PLQY of these NCs, both in organic
and aqueous media. Hyperspectral NIR imaging under 20 mm tissue
thickness underscores the importance of reporting PLQY variations with
temperature, to establish a benchmark for the synthesis and evaluation of
NCs for subcutaneous NIR imaging and luminescence nanothermometry.
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i.e., the product of the photoluminescence quantum yield (PLQY)
and the molar absorption coefficient or absorption cross section
at the excitation wavelength. High brightness, which controls the
size of the resulting luminescence signals from the material side,
is crucial for both diagnostic and therapeutic approaches, includ-
ing NIR imaging,5–7 and luminescence nanothermometry (LNT).8

LNT is a non-invasive technique used to measure temperature
and temperature variations with nanometer resolution by exploit-
ing the temperature-dependent photoluminescence (PL) of lumi-
nophores. Luminophores commonly employed for LNT are
colloidal semiconductor nanocrystals (NCs), including quantum
dots (QDs), rare-earth-doped nanoparticles, organic dyes, and
fluorescent proteins.9 LNT has been employed to measure the
temperature within living cells10 or in organs such as the brain11

or the liver in in vivo mice models.12 A common requirement for
all NIR imaging and LNT probes is a sufficiently high efficiency of
light emission, which is determined by the PLQY. PLQY is defined
as the ratio of the number of emitted photons to that of absorbed
photons. In addition, a high absorption cross section at the
chosen excitation wavelength is advantageous. The figure of merit
in LNT is the relative thermal sensitivity (S), defined as the
temperature dependence of the rate of change of a particular PL
indicator (e.g, intensity, PL intensity ratio, peak position, lifetime,
etc.)8,13–15 Alternatively, temperature coefficients can be utilized
for LNT comparison as done, e.g., for lanthanide-based systems,
which enable ratiometric measurements.16

For NCs or other luminophores, in which the temperature
dependence of the PL is exploited for local temperature mon-
itoring, the PLQY is commonly measured at room temperature
(RT). However, to fully characterize these systems and better
evaluate their performance as luminescent nanothermometers,
PLQY values at physiological body temperatures and/or the
temperature dependence of their PLQY should be provided.
Likewise, for in vivo PL imaging, in addition to the essential
low cytotoxicity of the respective reporters, knowledge of the
temperature dependence of their PLQY at physiological body
temperatures is crucial, as such experiments are performed at
relatively elevated temperatures compared to typical spectro-
scopic studies performed at RT. However, the temperature
dependence of PLQY is scarcely reported for many lumino-
phores. The temperature-dependent PLQY values can also
provide detailed information on the PL mechanisms, which
complement the simpler relative changes covered by thermal
sensitivity values. Together, these measurements offer an
improved and more comprehensive understanding of the ther-
mal behavior of luminophores.

A promising NIR imaging and LNT probe is nanocrystalline
silver sulfide (Ag2S), with its PL band centered at approximately
1200 nm for the bulk material. These NCs reveal a low cyto-
toxicity when covered with a robust biocompatible shell.17

Because of its small band gap of about 1.1 eV, Ag2S has also
found applications in photovoltaics, particularly as a sensitizer
in solar cells.18 As narrow band gap semiconductor, Ag2S is
highly prone to quenching due to thermal excitations and non-
radiative recombination, which strongly restricts its PLQY at RT
and above. The bohr radius of Ag2S is approximately 2.2 nm,19

which limits the observation of quantum confinement effects
to very small NCs. Ag2S NCs can be synthesized in both aqueous
and organic solvents where synthetic recipes are mainly carried
out under N2.14 The latter is the preferred route for obtaining
NCs with improved crystallinity and PL response. In organic
solvents, Ag2S NCs can be prepared by the thermal decomposition
(commonly known as heat-up) of a silver salt [usually silver(I)
diethyldithiocarbamate, (AgDDTC)] in dodecanethiol (DDT) at
approximately 200 1C.20 This strategy yields micrometer-sized
superlattices of NCs with sizes of about 5 nm and a PLQY of
2.5% at RT in tetrachloroethene (TCE).21,22 The formation of these
superlattices is the result of the formation of silver(I) dodeca-
nethiolate, an intermediate lamellar product formed during the
decomposition reaction, where the NCs nucleate and grow.21,22

NCs obtained from metal thiolates have been previously reported
for other systems such as Cu2�xS and CuInS2.23,24

Sonication in chloroform can be used to untangle the NC
superlattices and obtain individual NCs.25 Alternatively, the
reaction can be performed in toluene. This strategy, that
prevents the formation of the lamellar-like intermediate, allows
to obtain individual NCs by hot injection of a sulphur source.21

The treatment of these Ag2S NCs with a selenium solution,
Se@TOP, leads to core/shell Ag2S/Ag2(S,Se) structures with
improved PLQY with respect to the Ag2S NCs cores, although
typical PLQY values are still below 1%.21

A straightforward and common methodology to increase the
PLQY of NCs, particularly QDs, is the passivation of the NC
surface with a higher-bandgap semiconductor. This strategy
was exploited to passivate Ag2S with a ZnS shell in droplet
microreactors,26 through microwave assisted reactions,27–29 or
by wet chemistry procedures,30,31 including hydrothermal
approaches.32,33 Other alternatives to enhance the PL proper-
ties of Ag2S NCs involve the use of femtosecond laser pulses on
Ag2S NCs in chlorinated solutions, yielding PLQY values of
approximately 10% at RT.34 Similarly, the sonication of Ag2S
NCs in chloroform can also increase the PLQY up to values of
10% at RT due to surface etching.35,36

In this study, an alternative and straightforward approach
for fabricating Ag2S NCs with improved PL properties is
reported, relying on the hot-injection synthesis of Ag2S followed
by Se and Zn treatments, in air. This strategy yields NCs with
PLQY values of B10% at RT in TCE. As evidenced by X-ray
photoelectron spectroscopy (XPS), Zn diffuses through the
Ag2S/Ag2(S,Se) core/shell structure, producing NCs with a mixed
shell that includes ZnS. In contrast to other studies,30,31 the ZnS
shell forms without addition of a sulphur precursor, but as
reported previously30 it can be considered a cation exchange
process. The subsequent characterization of these bright NCs as
dual NIR emitting reporters and luminescent nanotherm-
ometers for biological media was enabled by encapsulation by
a well-known biocompatible amphiphilic polymer, utilized pre-
viously to stabilize nanothermometers in water.37,38 In this work,
the temperature dependence of the PLQY of our Ag2S-based NCs
was determined in the physiologically relevant temperature
range in organic and aqueous media. The impact of PLQY values
on temperature was assessed in sub-tissue imaging experiments
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using hyperspectral NIR imaging at approximately 40 1C, with
low excitation power densities ranging from 0.4 to 50 mW cm�2

and fast acquisition times of up to 100 ms. The temperature-
dependent PLQY data of Ag2S-based NCs obtained in this study
can be used as a solid basis for comparing different Ag2S-based
NCs and predicting their performance in bioimaging studies and
LNT under biologically relevant conditions.

Results and discussion

The synthesis route used to produce bright Ag2S NCs is shown in
Fig. 1a. Briefly, after synthesizing Ag2S NCs cores (C-cores here-
after) from AgDDTC and DDT in toluene, the resulting NCs were
treated with Se@TOP, leading to a shell in which Ag atoms are
bound to S and Se, thus forming an Ag2S/Ag2(S,Se) core/shell
structure (CS hereafter) according to previously performed X-ray
absorption spectroscopy (XAS).21 In the second step, these NCs
were treated with a zinc oleate (Zn(OA)2) solution to passivate the
NC surface and improve the optical properties by growing a Zn
chalcogenide shell (NCs named CSS hereafter). This route was
explored under different conditions, i.e., under N2 atmosphere
and in the presence of air, and will be further discussed (see also
eSI-S1, eS-S2, ESI†). Furthermore, to preserve the optical properties
of the CSS NCs, their encapsulation using the amphiphilic ligand
dodecylamine-modified polyisobutylene-alt-maleic anhydride

(N-PMA),25 has been performed. N-PMA has been used before
for the bio-compatibilization of metallic, oxide, and semiconduc-
tor NPs,39–42 and has also been employed to render Ag2S NCs
produced by a heat-up synthesis biocompatible.25

Fig. 1b shows a series of optical images of the silver
precursor solution taken at different reaction times, where
the color of the solution changes from yellow to orange and
to dark red. As observed in Fig. 1c, the PL spectra of these
solutions reveals a PL band spanning the range 350 to 600 nm,
which does not vary with time (no PL was detected in the NIR
range). This indicates that the observed colors during this step
are not the result of quantum-confined NCs growing in the
solution. The color variations are tentatively attributed to the
evolution of the previously mentioned silver(I) dodecanethio-
late lamellar product.43

To enable the controlled growth of individual Ag2S NCs at
low reaction temperatures, in our case 100 1C, the injection
of a sulphur stock solution in the previously mentioned
silver precursor is required. We found that the timing of this
injection influenced the overall PL intensity of the final Ag2S
NCs, as shown in Fig. S1 in eSI-S2 (ESI†). The highest PL
intensity was observed when the injection was performed
during the late stage of AgDDTC decomposition, i.e., when
the colour of the precursor solution shifts from orange to red.
NC size analysis by HRTEM revealed a slight increase in size
from B7.4 nm to B8.4 nm, depending on the injection time.

Fig. 1 (a) Schematic presentation of Ag2S cores treated with Se (CS) and Zn precursors, to obtain a better-passivated surface in the final CSS structures.
(b) Optical images showing the evolution of the silver precursor solution, at temperatures of 100–110 1C. (c) Emission spectra of the precursor solutions,
associated with the colors apparent in (b), i.e., yellow, orange, red, and dark-red, respectively. (d) and (e) HRTEM images of CS and CSS NCs, respectively;
in (e) a more crystalline core, surrounded by a more amorphous phase, indicated by the yellow dash lines, is apparent. (f) EDX line profiles, evidencing a
predominant presence of Zn on the outer part of the NCs, along with a simultaneous decrease in Ag content (shadow areas), pointing out to the
formation of ZnS shell.
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The largest size was observed for the late-stage injection (see
Fig. S1 in eSI-S2, ESI†). Although the average sizes are similar
and experimental variations in the synthesis can influence
these values, we believe that the evolution of the silver(I)
dodecanethiolate lamellar intermediate product plays a crucial
role. Further studies, which are beyond the scope of this paper,
are needed to clarify the molecular structure of the intermedi-
ate over time and its correlation with the final average size of
the NCs obtained. The PL emission maxima of all Ag2S NPs
cores were located at approximately 1200 nm, which corre-
sponds to the emission of bulk Ag2S. Thus, we ascribe the
higher PL intensity observed for larger NCs to their stronger
absorption. Additional details of sample synthesis and
measurement procedures are provided in the ESI,† eSI-S1.

Fig. 1d and e show the HR-TEM images of the CS and CSS
NCs, respectively. In all cases, highly crystalline NCs were
obtained. The average size of CS NCs is approximately 8.0 �
0.6 nm (Fig. 1d). A similar size distribution was observed for the
pure Ag2S NC cores. However, for the Zn-treated samples (such
as those shown in Fig. 1e), a slight increase in size distribution
by (about 1.0 nm was observed), but the average size was
maintained. As shown in Fig. 1e, the Zn treatment also leads
to a slight modification of the initial morphology, i.e., yielding
more polyhedral NCs. Additionally, a shell marked with two
dashed lines can be inferred (see also Fig. S2 in eSI-S2, ESI†).
This scenario fits well with Zn atomic diffusion and/or cation
exchange, a strategy amply used to controllably manipulate the
optical properties and PLQY of several types of NCs.30,44,45

Fig. 1f shows the analysis of the EDS spectrum, which has
been acquired across the CSS NC marked with an arrow (in the
inset). The corresponding X-ray intensity profile confirms the
presence of NCs with a composition close to that of stoichio-
metric Ag2S and the presence of a ZnS rich shell, which should
probably be the result of Zn diffusion along the initial crystal-
line CS lattice. The low concentration of Se limits its detection
during the spectrum acquisition, which was done within a few
seconds, to preserve the integrity of the NC. However, evidence
of the presence of Se was clearly visible at longer exposure times
(see Fig. S2 in eSI-S2, ESI†) and by inductively coupled plasma
(ICP) spectroscopy analysis where 2.5 at% of Se is detected (eSI-
S1, ESI†). However, long exposure times under an electron
beam can affect the morphology/distribution of the elements
composing the NC shell, and therefore can limit the spatial
resolution for the determination of elements at sub-nanometer
resolution.

The spectroscopic properties of the resulting NCs are shown
in Fig. 2; note that all synthesis steps were performed in air
(details in eSI-S1, ESI†). Fig. 2a shows the extinction spectra of
the Ag2S NC cores, CS NCs, and CSS NCs. The spectra of the
NCs before and after Se@TOP and Zn(OA)2 treatments showed
similar properties, with a featureless absorption tail; this is
expected in the absence of quantum confinement effects. The
different samples revealed small differences in the optical
density values above 400 nm. In the case of the CS samples,
the slight increase in scattering after Se treatment might be due
to a slightly higher aggregation tendency of CS NCs compared

to that of the Ag2S NCs cores. For CSS NCs treated with Zn(OA)2,
the higher extinction at approximately 400 nm can be ascribed
to the absorption of ZnS. Fig. 2b shows the corresponding PL
spectra, exhibiting a very strong increase in PL intensity after Se
treatment, and even more so after Zn treatment. An additional
feature is a slight relative shift in peak position, which is
evident when normalizing the PL spectra after the Se and Zn
treatments (see Fig. S5 in eSI-S2, ESI†). These small shifts can
be ascribed to minor differences in the formed band gap
structure of the modified Ag2S lattice after Se and Zn
treatments.26 Fig. 2c compares optical images of diluted solu-
tions of the Ag2S NC cores, CS, and CSS (Ag concentration,
[Ag] = 0.04 � 0.01 mg mL�1) without (left images) and with
illumination (right images) with light from an 808 nm laser,
highlighting the PL enhancement. [Ag] corresponds to the
atomic concentration of the three NCs solutions measured by
ICP spectroscopy (see eSI-S1, ESI†).

The application of these NCs as NIR imaging probes and/or
nanothermometers for biological studies requires water dis-
persible NCs. This was achieved by surface modification with
the copolymer N-PMA. This biocompatible polymer intercalates
between the alkyl chains of the initially present hydrophobic
surface ligands of the NCs prepared in organic solvents.
This approach has been recently used to passivate Ag2S NCs,

Fig. 2 (a) Extinction and (b) PL spectra of Ag2S NCs cores, CS and CSS
NCs, in air. (c) Optical images of the Ag2S NCs cores, CS and CSS NCs
solution samples without (left) and with (right) illumination with a NIR laser
(808 nm). (d) Extinction and (e) PL responses of CSS NCs, dispersed in
water and in chloroform.
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produced by heat-up synthesis.25 Fig. 2d shows the extinction
spectra of the NC samples in chloroform (CHCl3) and in water
after treatment with N-PMA, confirming their close match and
no increase in scattering due to aggregation. The shapes of the
PL spectra (Fig. 2e) changed slightly after transfer to water,
owing to the water absorption band at around 1200 nm.

As previously mentioned, the synthesis of Ag2S NC cores, as
well as CS and CSS NCs, was explored under varying conditions,
specifically in N2 and in air. Interestingly, we found that the
formation of Ag2S NC cores and CS NCs is minimally affected by
the presence of oxygen. However, the treatment with the Zn
precursor significantly influences the final PL response. Notably,
the PL response is higher when the CSS samples are synthesized
in air. To understand the origin of this effect, we have explored
the surface chemistry of the CSS NCs produced in air and N2

with XPS in combination with Ar–ion bombardment. This meth-
odology allows the extraction of photoelectrons at different
penetration depths from the particle (see Fig. S3 for further
details, eSI-S2 ESI†). These studies confirm the presence of a
gradient of the chemical composition from the outer shell sur-
face, rich in ZnS, to regions closer to the inner core, rich in Ag2S.
The results also support the Zn diffusion and/or cation exchange
hypothesis. Furthermore, the comparative studies shown in
Fig. S3 and S4 (eSI-S2 ESI†) provide evidence for the higher
integration of Zn in samples produced in air. The strategy to
produce robust and efficient QDs emitters by alloying the structure
from the core to the shell is well-known for several QD systems.46,47

Transient absorption spectroscopy (TAS) measurements

To provide further insights into the photophysics of Ag2S NCs
and the effect of Se and Zn passivation on the optical

properties, transient absorption spectroscopy (TAS) measure-
ments were performed with NCs dispersions pumped with
different laser pulse energy densities (mJ cm�2). Such studies
are of particular interest because many-body effects, such as
multi-exciton generation (MEG) or Auger recombination, have
been reported in Ag2S QDs.48,49 Although we did not expect
MEG in these samples, because of the small excess of energy of
pump photons (used laser 775 nm, 1.6 eV) with respect to the
bandgap of Ag2S, the presence of other many-body processes
cannot be excluded. Auger recombination was evaluated by
performing a TAS study at different fluences, namely 0.16, 0.32,
0.6, and 1.29 mJ cm�2. Note that these pump fluences are
within the linear absorption range, as confirmed by the linear
scaling of the TAS signal at 1033 nm (see Fig. S6 in eSI-S2, ESI†).

To elucidate the role of Se and Zn in the suppression of
surface defects, which could contribute to the observed PL
enhancement, the dynamics of the excited states of the Ag2S
cores and CSS NCs were investigated. The TAS contour plot of
Ag2S (Fig. 3a) shows broad photobleaching (PB), visible as a
positive DT/T in the 950–1130 nm spectral region, accompanied
by excited-state absorption (DT/T o 0) above 1130 nm. These
two main spectral features are in agreement with previous
TAS measurements of Ag2S NCs.22,50 During the first 3 ps, the
PB band shifts towards lower energies. This shift has been
ascribed to different processes, such as thermalization of hot
excitons51 bandgap renormalization,52 the Burstein–Moss
effect,53 or the Stark effect due to photoexcited charges.54 After
the initial evolution, the TAS signal undergoes a monotonic
decay, typically assigned to band-to-band recombination. The
contour plot for CSS NCs is shown in Fig. 3b. Fig. 3c and d
depict the TAS spectra of the Ag2S NCs cores and CSS NCs at

Fig. 3 Transient Absorpton Spectroscopy (TAS) contour plot of (a) Ag2S and (b) CSS NCs pumped at 775 nm, with 0.16 mJ cm�2. The arrows indicate the contour
slices shown in (c) and (d). (c) and (d) TAS spectra pumped at 775 nm, with 0.16 mJ cm�2, at different pump–probe delays of Ag2S NCs cores and CSS, respectively.
(e) and (f) TAS dynamics at 1033 nm, normalized at 300 ps, of Ag2S NCs cores and CSS, respectively, pumped with different energy fluences: 0.16 (black), 0.32 (red),
0.6 (green) and 1.29 (navy) mJ cm�2. (g) and (h) TAS dynamics at 1033 nm of Ag2S NCs cores and CSS, respectively; the solid lines correspond to global fits.
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different pump–probe delays, respectively. These spectra con-
stitute slices through the contour plots in Fig. 3a and b, for the
delays indicated by the white arrows. As it can see in Fig. 3d, Zn
passivation has a strong impact on the TAS spectra, leading to
narrower PB and excited state absorption (ESA) bands with
steeper onsets. This is compatible with the reduction of the
number of defects in CSS NCs with respect to the Ag2S cores.
The blue shift of the isosbestic point in CSS NCs suggests a
slight reduction in core size.

These effects were accompanied by an overall faster decay of
the TAS features, in comparison to the bare Ag2S NCs cores. The
TAS kinetics monitored close to the PB maximum (1033 nm)
exhibited a stronger pump energy fluence dependence for the
CSS than in the Ag2S NCs cores (Fig. 3e and f). It is noteworthy
that the TAS kinetics of CSS NCs reveal a larger pump fluence-
dependence, confirming a more pronounced Auger recombina-
tion compared to Ag2S NCs cores. We attribute this to a
stronger carrier diffusion, owing to a lower concentration of
trapping defects in the former. The TAS spectra and dynamics
were fitted by combining singular value decomposition and
global analysis, to reveal the different carrier relaxation pro-
cesses and their corresponding timescales.

The good agreement between the fits and the experimental
data is illustrated in Fig. 3g and h. Low fluence kinetics (0.16
and 0.32 mJ cm�2) were successfully reproduced with a simple
model involving two sequential processes, namely fast carrier
thermalization (o1 ps) and band-to-band recombination
(B100 ps). On the other hand, to model the TAS kinetics at
0.6 and 1.29 mJ cm�2 an intermediate Auger recombination
process is needed in the relaxation sequence. The proposed
model accurately reproduced all TAS measurements (see
Fig. S7 and S8 in eSI-S2, ESI†). It is noteworthy that the obtained
Auger recombination parameter is larger in CSS NCs (7 �
10�3 ps�1 cm6) than in Ag2S only cores (5.8 � 10�3 ps�1 cm6),
indicating that after surface passivation, processes competing
with Auger recombination (such as charge carrier trapping in
defects) diminish in importance.55

This indicates that the surface of CSS NCs is better passi-
vated than that of Ag2S NCs by the plausible formation of a
shell. The larger carrier diffusion in CSS NCs is compatible with
the observed longer PL lifetimes from the time-resolved PL
measurements. As shown in Fig. S9 in eSI-S2 (ESI†), the PL
decay dynamics exhibited a large increase in the average
fluorescence lifetime from approximately 50 � 4 ns for Ag2S
NCs cores to 360 � 3 ns for CS and 817 � 4 ns for CSS NCs.

Synchrotron X-ray absorption spectroscopy (XAS)

To gain an in-depth understanding of structure and chemical
composition of the passivation shell as well as aging informa-
tion (i.e., modification of the chemical composition with time),
we performed X-ray absorption spectroscopy (XAS) at the syn-
chrotron ESRF (BM30 beamline, Grenoble, France), including
X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS). XANES provides infor-
mation regarding the oxidation state, whereas EXAFS offers
insights into the local environment around the absorbing Ag

ions, including the atomic distances and coordination num-
bers of the surrounding shells.

The combination of these techniques allows for an in-depth
structural analysis, detailing the Ag short-range geometry, and
identifying the phases and their reduction–oxidation trends.
Using these two techniques, we assessed and compared CS and
CSS samples in CHCl3 and water, for the latter surface-capped
with N-PMA, 11 months after their synthesis (samples stored in
air, within the fridge). Fig. 4a shows the XANES spectra at the
Ag K-edge (25 514 eV) of the samples in CHCl3 and in water,
encapsulated in N-PMA (fluorescence mode).

In order to observe any sign of oxidation, the spectra of the
samples were compared to those of Ag2S and Ag2O bulk
standard materials. As seen in Fig. 4a, no apparent differences
were observed between the different samples, pointing to a

Fig. 4 (a) XANES spectra at the Ag K-edge of CS and CSS NCs solutions in
CHCl3 and water, compared with Ag2S and Ag2O standards. (b) Fourier
transform (FT) of the k2-weighted EXAFS oscillations, for all NCs systems
shown in (a).

Communication Materials Horizons

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/5
/2

02
6 

7:
48

:2
2 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mh01016g


6164 |  Mater. Horiz., 2024, 11, 6158–6168 This journal is © The Royal Society of Chemistry 2024

similar oxidation state of Ag in all them. However, clear
differences can be observed in Fig. 4b, showing the k2-
weighted Fourier transform (FT) of the EXAFS oscillations for
all systems.

The comparison of the FT maxima with those corresponding
to Ag2O and Ag2S references (that account for the first Ag–O and
Ag–S distances), evidences some signs of oxidation for the CSS
samples in CHCl3, compared to the sample transferred to
water. Thus, these spectra indicate a better resistance to oxida-
tion of the N-PMA samples (water) compared to those in CHCl3.
While the lower solubility of oxygen in water compared to that
in CHCl3 may partially explain this result, the better stability is
mainly related to the more robust N-PMA shell for aqueous NCs
compared to the oleylamine (OLA) surface ligands present on
the Ag2S NCs in CHCl3 as will be evidenced further below.

Optical characterization with temperature and hyperspectral
imaging

To evaluate the applicability of our step-wise systematically
optimized NCs for NIR imaging and LNT, the temperature
dependence of the PL properties of the CSS NCs produced in
air was investigated. Fig. 5a and b show the temperature-
dependent PL spectra of CSS in CHCl3 and water, respectively.
An increase in temperature induced a decrease in PL intensity
and a redshift of the PL band, as previously reported for Ag2S
NPs produced by heat-up synthesis.22 As the temperature
increased, the emission intensity of the NCs decreased due to
the activation of surface states that cause non-radiative

luminescence quenching. Thermal vibrations increase ligand
absorption/desorption rates, exposing more of the NC surface
and creating defect states that can trap charge carriers, favour-
ing non-radiative recombination and reducing the PL signal.
Relative PLQY measurements using the fluorescent dye IR125
as a PLQY standard (PLQY of 13% in ethanol, see Methods in
the eSI-S1, ESI†)56 are displayed in Fig. 5c and d, yielding PLQY
values of 9.2% and 2.7%, for the samples dispersed in CHCl3

(Fig. 5c) and water (Fig. 5d), respectively. Note that these
measurements were carried out six months after NCs synthesis.
Although monoclinic Ag2S and wurtzite ZnS crystalline lattices
exhibit a large lattice mismatch,26 the relatively high PLQY at
RT of around 9–10%, exceeding reported values of around 4%
for core/shell Ag2S/ZnS.31 suggests that with our strategy to add
an intermediate synthesis step, including Se, and to perform
the Zn treatment at relatively low temperature (60 1C) in air, we
can nevertheless reduce the number of surface defects of the
core without increasing the compression of its lattice.26 The
PLQY decrease in water is attributed to the labile ligands,
mainly OLA, present on the NC surface.21 OLA could hamper
the complete intercalation of N-PMA between the alkyl moieties
of OLA during the water transfer process.

Although Ag2S NCs have been increasingly used as intensity-
based luminescent thermometers, their temperature-dependence
of PLQY has not been quantified before. In this work, the
evolution of PLQY of CSS NCs in CHCl3 and water with increasing
temperature is shown in Fig. 5e. Also aging-induced PL changes
have barely been assessed. The PLQY values of 9.2% and 2.7%

Fig. 5 PL response of CSS NCs to temperature in (a) chloroform and (b) water. Comparison of PL emission spectra with IR 125 dye (PLQY 13%) of CSS
stored in (c) chloroform and (d) water. (e) PLQY dependence on temperature for CSS in chloroform and water. The labels ‘‘aging’’ denote a decrease in
PLQY in two consecutive measurements carried out with 3 months of difference. Note that the first measurements were performed 6 months after
synthesis. (f) Relative thermal sensitivity of CSS NCs in chloroform and water obtained 6 months after synthesis. The values of DS are three orders of
magnitude smaller than those of S, and have been excluded from the plot.
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measured 6 months after synthesis are indicated along with data
measured after further 3 months. These measurements (labelled
with the word ‘‘aging’’ in Fig. 5e) showed a slight decrease in
PLQY from 9% to about 7% and from 2.7% to around 2.0% for the
samples stored in CHCl3 and water, respectively. These findings
indicate a similar temporal influence (aging) on the PL intensity at
RT (25 1C) in both samples, with a loss of at least 20% of the PL
signal 9 months after synthesis. The evolution of PLQY with
temperature shown in Fig. 5e revealed a more pronounced
reduction for NCs in CHCl3 than in water. As an example, the
decrease is from 7% to 2% at 40 1C, while the PL in water only is
reduced by 1% at the same temperature.

In order to evaluate and compare the NCs, temperature-
dependent PL responses have been performed during three
consecutive heating–cooling cycles (see Fig. S11 in eSI-2, ESI†).
The results indicate partially irreversible PL quenching during
the cycles mainly for CSS NCs in CHCl3. In contrast, the
temperature-dependent PL responses of CSS NCs in water
remained constant across the three cycles, indicating that the
NCs are significantly more robust against temperature changes.

As previously mentioned, the suitability for temperature
sensing in LNT is compared, using their relative thermal
sensitivity, S, as a figure of merit. S is calculated from the data
summarized in Fig. 5a and b, and is presented in Fig. 5f (see

Fig. S10 in eSI-S2 for calculations and details, ESI†). The S-
values for samples stored in CHCl3 and water, at approximately
40 1C, are close to 2.5 1C�1 and 2.2% 1C�1, respectively. S is
slightly higher for NCs in the former, in agreement with their
reduced thermal stability compared to NCs in water. These S
values are among the most competitive ones for Ag2S NCs.12,22

To mimic in vivo conditions for NIR deep imaging and LNT
applications, the performance of these CSS NCs at temperatures
around 40 1C, under different tissue thicknesses, is illustrated in
Fig. 6, modeling different penetrations depths. These experiments
were performed to highlight the importance of known PLQY data
at different temperatures for performance estimation and compar-
ison. In this experiment, 350 mL of CSS NCs solutions in CHCl3
(left) and water (right) matching optical densities were filled into
two quartz cuvettes, that were then heated on a temperature
controlled surface (see the sketch in Fig. 6a and a more detailed
description in eSI-S1, ESI†) from RT to 40 1C for 3 h. A thermal
imaging camera was used to control the temperature of the
cuvettes under the chicken breast tissue (see Fig. 6b). Fig. 6c–e
show the hyperspectral NIR images (acquired at 1150 nm) of the
uncovered cuvettes (c) and covered with (d) 4- and (e) 20-mm thick
chicken breast tissue, respectively (an optical image of the cuvettes
with 20 mm chicken breast tissue on top can be seen in eSI-S1,
ESI†). Fig. 6c shows that the emission of CSS NCs in CHCl3 (left) is

Fig. 6 (a) Sketch of the experiment where two cuvettes filled with NCs solution in chloroform (left) and water (right) were excited with an 808 nm laser
and the NIR image was collected at 1150 nm. (b) The temperature of the solutions was measured using a thermal camera, pointing to B40 1C under the
tissue. (c)–(e) NIR images obtained without (c) or with 4 mm (d) and 20 mm (e) chicken breast tissue on top. The image shown in panel (c) was acquired
with an integration time of 50 ms under a laser irradiance of 0.4 mW cm�2. The data in panels (d) and (e) were acquired with an integration time of 100 ms
and irradiance of 50 mW cm�2, which is a very low value considering that the limit of in vivo experiments is set at 1 W cm�2. (f) Comparative spectra of the
NCs solution in chloroform (red) and water(blue) in the marked areas in panel (c). (g) Comparative spectra acquired from the marked areas when 4 mm
tissue covers the cuvettes (red and blue for chloroform and water, respectively). The orange strip is related to the autofluorescence of the tissue. (h)
Comparative spectra acquired from the marked areas when 20 mm tissue covers the cuvettes (red and blue for chloroform and water, respectively). The
spectrum from the NCs solution in water is also included (dashed blue line). The orange strip is related to the autofluorescence of the tissue The control
experiment, with water and without NCs (data not shown), showed no signal for this medium under these conditions.
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significantly stronger than that in aqueous solution (right), accord-
ing to the higher PLQY values shown in Fig. 5e. This is in good
agreement with the hyperspectral PL response presented in Fig. 6f,
corresponding to the marked areas (blue and red) in both cuvettes.

As expected, with the increasing thickness of the chicken
breast tissue (Fig. 6d and e), the spatial resolution of the NIR
images gradually decreased because of the strong attenuation and
scattering of light by the tissue. In both cases, stronger signals
were obtained for CSS NCs in water. Only this sample provides
detectable PL signals at 40 1C. Thus, while higher initial PLQY
values were observed for the samples in CHCl3, a better NIR
imaging of the entire cuvette section was observed for the NCs
solution in water. In Fig. 6g the spectra extracted from the marked
red and blue areas in Fig. 6d are compared: only the emission of
the CSS NCs in water can be clearly detected. Fig. 6h provides a
comparison between the spectra from the red and blue marked
areas in Fig. 6e; this comparison reveals the absorption of chicken
breast tissue and its impact on the PL band of the final spectrum.
Similar distortions have been previously reported in the frame-
work of LNT applications.57,58

The final PL line shape is the result of autofluorescence
(marked with an orange strip) and intrinsic absorption of the
components of the chicken breast tissue.59 In the control experi-
ment, with the cuvette filled with water and without NCs (data not
shown), no signal was observed for this medium under these
conditions. The results shown in Fig. 6 highlight the improved
robustness of N-PMA-functionalized CSS NCs, which indicates that
during the heating process, temperature-dependent PL quenching
process occurred to a different extent in both solutions.

Our results highlight the crucial role of the surface passivating
ligands. In the aqueous solution of CSS NCs, the presence of N-
PMA leads to the formation of a compact ligand shell,25 which is
denser and more robust than the capping shell of NCs in CHCl3

(mainly labile OLA ligands).21 This accounts for the enhanced
thermal stability of the CSS NCs passivated with N-PMA in water
compared to CSS NCs in CHCl3. Previous studies on Ag2S core
NCs produced by heat-up synthesis, exhibiting a relative thermal
sensitivity higher than 4% 1C�1 at 38 1C, failed to allow for
imaging deeper than 6 mm through similar tissues.22 Further-
more, similar experiments showed the impossibility to work with
the PL spectrum at locations deeper than 4–7 mm thick tissue.12,60

The performance of the CSS NCs reported in this work suggests
that these NCs might be superior candidates for NIR deep
imaging and luminescence thermometry applications based on
changes in the PL spectrum. The PL signal observed in the NIR
images clearly correlates with the brightness of the NCs. As shown
in Fig. S12 in eSI-2 (ESI†) the variation in absorption with
temperature of the NCs solutions is negligible. Thus, the decrease
in the PL signal in the NIR images is mainly caused by
temperature-induced changes in PLQY. This underlines the
importance of temperature-dependent PLQY studies for deep
NIR imaging and LNT applications. These findings also underline
the importance of utilizing temperature-dependent PLQY for
optimizing materials for practical bioimaging, particularly for
applications in LNT, where a high PL efficiency over a broad
temperature range is desired.

Conclusion and outlook

This study presents a straightforward synthetic strategy for
producing optimized Ag2S-based nanocrystals (NCs) composed
of Ag2S cores and a gradated shell incorporating Se and Zn.
The resulting NCs exhibit high photoluminescence quantum
yield (PLQY), with values around 10% in chloroform and 3%
after transfer to water using a biocompatible polymer. Notably,
the highest PLQY values are achieved when the synthesis is
conducted in air, which, according to XPS analysis, is attributed
to increased Zn integration into the crystalline lattice. For the
first time, we report on the temperature-dependent variations
in PLQY for these NCs—a critical factor for imaging applica-
tions and a pioneering step in temperature studies for Ag2S
NCs. Our findings demonstrate that Ag2S-based NCs with the
highest PLQY in chloroform (B10%) are inefficient for imaging
at 40 1C under 20 mm of tissue. In contrast, NCs in water with
an initial PLQY of 2% provide superior tissue penetration and
imaging clarity, emphasizing the importance of a robust ligand
shell. Additionally, Ag2S-based NCs with a PLQY of B2% in
water at 40 1C, maintained for at least 3 hours, enable reason-
able subcutaneous imaging under 20 mm of tissue using low
laser power densities (up to 50 mW cm�2) and short acquisition
times (up to 100 ms), surpassing previous studies limited to a
few millimeters. We believe these results will aid in the rational
design of multifunctional NCs for NIR applications and set a
new standard for comparing NCs in subcutaneous imaging and
luminescence nanothermometry with NCs in the NIR range.
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10 R. Piñol, J. Zeler, C. D. S. Brites, Y. Gu, P. Téllez,
A. N. Carneiro Neto, T. E. da Silva, R. Moreno-Loshuertos,
P. Fernandez-Silva, A. I. Gallego, L. Martinez-Lostao,
A. Martı́nez, L. D. Carlos and A. Millán, Nano Lett., 2020,
20, 6466–6472.

11 B. del Rosal, D. Ruiz, I. Chaves-Coira, B. H. Juárez,
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D. H. Ortgies, R. López-Méndez, A. Espinosa, D. Jimenez
de Aberasturi, D. Jaque, N. Fernández Monsalve, E. J. de la
Rosa, C. Hernández-Sánchez, E. Martı́n Rodrı́guez and
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46 C. de M. Donegá, Chem. Soc. Rev., 2011, 40, 1512–1546.
47 M. Acebrón, J. F. Galisteo-López, D. Granados, J. López-
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