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Ultrasmall gold nanoclusters are fascinating fluorescent materials with many unique properties, yet, to
render them highly luminescent and stable remains challenging. In this work, solvent-induced
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aggregates of gold nanoclusters are encapsulated

in silica/zirconia nanostructures, realizing a

significantly enhanced photoluminescence efficiency and stability. These silica and zirconia coated gold
nanocluster aggregates achieved a photoluminescence quantum yield of ~55%, with high resistance to

photobleaching and water, due to the stabilization by the dual-oxide matrix. Furthermore, we

rsc.li/materials-c

1. Introduction

Metal nanoclusters, composed of several to dozens of atoms,
emerge as promising fluorescent materials for bio/chemoana-
lysis,"> and energy’ and catalysis applications.*® Fluorescent
gold nanoclusters have attracted most of the scientific attention
due to their superior performance compared to their silver and
copper counterparts.®® Various molecules or templates, such as
amino acids,” peptides,'® thiolates,"'* dendrimers®® and
macromolecules,”'* have been utilized as stabilizers to synthesize
gold nanoclusters with different fluorescence properties in the
past decades.

Nevertheless, gold nanoclusters (GNCs), like other fluorescent
materials, suffer from stability problems. The ultrasmall size of
GNCs results in extremely high surface activity, making them
most susceptible to ambient environments. Prolonged exposure
to light or heat could cause emission quenching of fluorescent
GNCs. Diverse methods have been developed to improve the
stability of metal nanoclusters, such as coating these ultra-small
particles with protective shells,” confining them within stable
substrates'®'” and exchanging their surface ligands with robust
stabilizers.'®

Inert-shell coating is among the most effective ways to
achieve superior stability.'**° The shell inhibits the encapsulated
substances from structural destruction or chemical degradation.
However, coating usually leads to an unwanted decrease in
photoluminescence quantum yields (PLQYs), which is especially

“ Department of Applied Physics, School of Science, Aalto University, FI-00076
Espoo, Finland. E-mail: robin.ras@aalto.fi
> IMDEA Materials Institute, Calle Eric Kandel 2, Getafe, 28906, Spain
¢ Department of Bioproducts and Biosystems, School of Chemical Engineering,

Aalto University, FI-00076 Espoo, Finland
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2tc00824f

This journal is © The Royal Society of Chemistry 2022

demonstrate their suitability for visualizing latent fingerprints.

unfavorable for fluorescent metal nanoclusters. Although
highly luminescent metal nanoclusters (PLQY > 60%) have
been reported in recent years,”"*> PLQYs of most of the metal
nanoclusters remain at less than 10%. Therefore, synthetic
strategies to improve both the stability and PL efficiency of
GNCs are still important.

Herein, we introduce silica and zirconia coated GNC aggregates
(GNCAs), namely GNCA/SiO,/ZrO, nanopatrticles (NPs), with high
stability and strong emission. The GNCAs exhibit strong PL due to
the aggregation-induced emission enhancement (AIEE) effect,
which can offset the PLQY decrease that coating could cause to the
fluorophores.>*** However, the aggregates are extremely vulnerable
to ambient conditions due to the weakly bonded structure. The
outside silica—zirconia shell hereby provides a robust fixation and
protection effect, leading to a significant improvement in stability.
Being resistant to UV light and sensitive environments, GNCA/SiO,/
ZrO, NPs can achieve a PLQY of ~55%, showing potential for
applications like illumination, displays and fluorescence analysis.

Detection of latent fingerprints (LFPs) has been extensively
applied in identity recognition. However, the LFPs could be
barely seen with the naked eye because of their low optical
contrast. One effective technique is to adhere powder contrast
agents to the LFPs to increase the overall visibility. Various
contrast agents, such as conjugated oligomers®>*® and magnetic
particles,”” have been developed to visualize LFPs. The highly
emissive and stable GNCA/SiO,/ZrO, NPs can also serve as a
competent fluorescent contrast agent in LFP detection, in
which both the oxide matrix and incorporated GNCAs play
an important role. The dual-oxide shell increases the overall
stability and provides a compatible surface (e.g., fingerprint
residue-affinitive), and the encapsulated GNCAs give out a strong
PL that allows high-contrast imaging under UV light. Moreover,
composed of low-toxicity constituents, GNCA/SiO,/ZrO, NPs
exhibit applicability in areas that require high biocompatibility.
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2. Experimental
2.1 Chemicals

Gold chloride (HAuCl,-3H,0, 99%), i-glutathione reduced (GSH,
>98%), ammonium hydroxide aqueous solution (NH;-H,O, 28-
30%), and tetraethyl orthosilicate (TEOS, 98%, reagent grade) were
purchased from Sigma Aldrich. Dodecane (CiyHys, 99%),
zirconium(wv) tert-butoxide (ZTB, 99.999% trace metal basis), and
polyvinylpyrrolidone (PVP, M.W. 10000) were obtained from Alfa
Aesar. Ethanol (C,HsOH, 99.5%) was purchased from Altia Oyj
(Finland). All the reagents were utilized without further purification.
Millipore ultrapure water with a resistance of 18.2 MQ was used
throughout the work.

2.2 Synthesis of GNCs

Fluorescent gold nanoclusters are synthesized according to
reported procedures.’® 0.5 mL of HAuCl, aqueous solution
(20 mM) is mixed with 4.35 mL of ultrapure water, followed
by the addition of GSH aqueous solution (100 mM, 150 pL).
The as-obtained solution is stirred at 20 °C for 15 min until it
becomes colorless and transparent, which is then heated at
70 °C for another 24 h. Byproducts are removed after 12 h of
dialysis to purify the as-obtained GNC solution, which is stored
under 4 °C for subsequent use.

2.3 Synthesis of GNCA/SiO, NPs

GNCAs are encapsulated into silica matrices using a modified
Stober method. 1 mL of GNC solution is mixed with 9 mL of
ethanol to form dense GNCAs, followed by the addition of
200 mg of PVP. The mixture is ultrasonicated at 37 kHz, 100 W
for 10 min. Then, NH;-H,O solution (125 pL) is added into the
system, followed by slow addition of TEOS (250 pL) to initiate
the hydrolysis and condensation of silane. The system is stirred
at 400 rpm, 20 °C for 72 h. The pale-yellow products are
collected by centrifugation at 11 000 rpm for 10 min, followed
by washing with ethanol to remove excess reactants and bypro-
ducts. The final products are obtained after three-time washing
and calcination at 50 °C for 12 h.

2.4 Synthesis of GNCA/SiO,/ZrO, NPs

Typically, 100 mg of the as-prepared GNCA/SiO, NPs are
dispersed in 10 mL of dodecane after sonication at 37 kHz,
100 W for 20 min. 100 puL of ZTB is added into the dispersion,
which is stirred without sealing at 400 rpm, 20 °C for 48 h. The
hydrolysis and condensation of ZTB proceed spontaneously
and consume the residual water in the air. The products
are collected by centrifugation at 6000 rpm for 5 min, which
are washed with ethanol three times. GNCA/SiO,/ZrO, NPs are
obtained after calcination at 50 °C for 12 h.

2.5 Characterization

Micromorphology is analyzed by high-resolution transmission
electron microscopy (HR-TEM) and scanning electron micro-
scopy (SEM), using a JEM 2800 HR-TEM and a JSF 7500FA high-
resolution analytical SEM, respectively. HR-TEM is performed
at an acceleration voltage of 200 kV. The samples for the TEM
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measurement are prepared by drop-casting on holey carbon
copper grids. UV-vis absorption spectra are collected using a
UV-vis-NIR Agilent Cary 5000 spectrophotometer. Fourier trans-
mission infrared spectroscopy (FTIR) is performed using a
Nicolet 380 FTIR spectrometer (Thermo Electron Corporation).
Dynamic light scattering (DLS) analysis is carried out using a
Malvern Zetasizer Nano-ZS90 instrument. Steady-state fluores-
cence spectroscopy is performed using a PTI QuantaMaster 40
fluorescence spectrometer. Time-resolved fluorescence spectro-
scopy and absolute photoluminescence quantum yield (PLQY)
measurements are carried out with an FS5 Spectrofluorometer
(Edinburgh Instruments). PLQYs are measured using the SC-30
module coupled with an integrating sphere, in which the
powder or liquid samples are excited at 390 nm. The PL decay
curves are collected and analyzed using a time correlation
single photon counting (TCSPC) system. A picosecond pulsed
diode laser (EPL-375, Edinburgh Instruments) with a pulse
width of 64.3 ps and a wavelength of 377.6 nm is used for
excitation.

2.6 Latent fingerprint detection

The latent human fingerprints are acquired by pressing for 5 s
on clean substrates (glass, polystyrene and aluminum alloy).
The GNCA/SiO,/ZrO, powder is then introduced on the sub-
strates to cover the imprinted area, which is quickly adhered to
the LFPs. The excess powder is removed by a gentle N, gas flow.
The pictures are taken by a phone camera under room light and
UV light at 365 nm, respectively.

3. Results and discussion
3.1 Synthesis of GNCA/SiO,/ZrO, NPs and their optical properties

3.1.1 Chemical synthesis of GNCA/SiO,/ZrO, NPs. Scheme 1
shows the synthesis of GNCA/SiO,/ZrO, NPs, which undergoes
three typical stages: (1) formation of PVP-stabilized GNCAs by a
solvent-induced assembly process, (2) generation of silica coated
GNCAs through hydrolysis and condensation of silane, and (3)
formation of zirconia on the surface of GNCA/SiO, NPs.

The as-prepared GNCs are Au(0) clusters that are capped
by Au(i)-glutathione oligomeric complexes, whose emission
originates from charge transfer within their Au(1) rich surface.'®

(1) (2) (3)
e Y ;-;
' i . sio, zZro,
¢ € ¢ {oEthanol pvp o TEOS v z18
: o, . - & " .
Discrete PVP-stabilized Silica coated Zirconia coated
GNCs in GNC aggregates GNCAs GNCA/SiO,
water (GNCAs) (GNCA/SiO, NPs) (GNCA/SiO,/ZrO, NPs)

Scheme 1 Synthesis process of GNCA/SIO,/ZrO, NPs. GNCAs are
formed in the presence of excess ethanol and stabilized by PVP. GNCAs
are first encapsulated into the silica matrix and further coated by zirconia
through hydrolysis and condensation processes.
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Reducing the distance between the GNCs will lead to a substantial
increase in the fluorescence intensity because of the AIEE effect,
which is effective in boosting the PL efficiency of various fluor-
escent metal nanoclusters.*$3°

It is thermodynamically favorable for these polar GNCs
to aggregate in the ethanol-water environment, due to the
disruption of the hydration shell and charge neutralization
of GNCs.*® Fig. 1(a) shows the hydrodynamic diameter and
relative PL intensity of the GNC water-ethanol mixture, which
change with the volume fraction of ethanol. The hydrodynamic
diameter of the dispersed phase increases from initial ~2.5 nm
to ~262 nm as the volume fraction of ethanol increases to 50%,
which indicates large aggregation of GNCs. The hydrodynamic
diameter decreases further when more ethanol is present,
reaching ~134 nm when the volume of ethanol accounts for
90%. The PL emission also changes with the clustering of
GNCs. Aggregation of GNCs leads to a constant increase in
the emission intensity, as well as a blue shift in the peak
wavelength. The emission intensity increases by 389%, and
the peak blue-shifts from 603 nm to 589 nm (Fig. S1, ESIY)
upon the formation of GNCAs (ethanol 90 v/v%). Clearly, the
clustering of GNCs decreases the average inter-particle distance
and gives rise to the AIEE effect.

PVP molecules are added to stabilize the nanocluster
aggregates from precipitation by concentrating on the interface
between the ethanol and GNC aqueous droplets because of
their amphiphilic properties.*’ PVP not only keeps the GNCAs
dispersed in ethanol, but also directs the hydrolysis and con-
densation of silane around the aggregates. GNCAs are thereby
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encapsulated in a SiO, matrix. It is noteworthy that the for-
mation of silica not only provides a protective layer for the
GNCAs, but also consumes most of the water molecules in the
droplet, which is necessary for the subsequent zirconia coating.
The ZrO, precursor, ZTB, is too water-sensitive to hydrolyze
controllably in a water-rich environment. Thus, zirconia is
deposited on the silica coated GNCAs in an oil phase. ZTB
reacts with the ambient water and produces a ZrO, layer that
covers the silica surface, producing GNCA/SiO,/ZrO, NPs.

3.1.2 PL properties of GNCA/SiO,/ZrO, NPs. Fig. 1(b) shows
the normalized excitation and emission spectra of GNCA/SiO,/
ZrO, NPs and GNCs. They share almost the same excitation
bands, while the emission band of GNCA/SiO,/ZrO, NPs blue
shifts by 14 nm to 589 nm with respect to 603 nm of GNCs,
consistent with that of GNCAs. The PL decay curves indicate a
longer average PL lifetime for GNCA/SiO,/ZrO, NPs, which is
10.3 us, in comparison with 3.7 us of GNCs (Fig. 1(d)). Their
micro-second lifetimes indicate that the emissions originate
from the triplet excited states, which are associated with charge
transfer behaviors between gold and the ligands.**

Fig. 1(c) shows the emission brightness comparison between
GNCA/SiO,/ZrO, NPs and GNCs. Both the emission spectra and
inset picture reveal that GNCA/SiO,/ZrO, NPs produce a much
brighter emission than the GNCs do. GNCA/SiO,/ZrO, NPs have
an absolute PLQY of 54.79%, an approximately eleven-fold
increase with respect to 4.76% of GNCs (Table S1, ESIt). It is
noteworthy that coating could in principle lead to a decrease in
the PLQY, when the outside layer could not only cause an
emission energy loss, but also increase the light absorption.
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(a) Left: illustration on the solvent-induced aggregation of GNCs with enhanced emission. Right: The hydrodynamic diameter and relative PL

intensity of the GNC-water—ethanol mixture as a function of volume fraction of ethanol. Highly emissive GNCAs are formed when the volume fraction of
ethanol reaches 90%. (b) and (c) Steady-state PL spectra of GNCs and GNCA/SiO,/ZrO, NPs: the normalized excitation and emission spectra (b) and the
absolute emission spectra (c). The molar concentration of Au for both GNCs and GNCA/SiO,/ZrO, NPs is 1 mM. (d) Time-resolved PL spectra of GNCs
and GNCA/SiO,/ZrO, NPs. The average PL lifetimes are both on a microsecond scale.
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In addition, the aggregation of fluorophores could also result in
the loss of PL (aggregation-induced quenching), due to the
depopulation of excitons.**** Yet, in our work, we managed to
offset these negative effects by taking advantage of the AIEE
properties.

The AIEE origin of the glutathione-capped metal nano-
clusters has been discussed in recent studies."®*>*® Structure
rigidification is one of the major causes for the conspicuous
emission enhancement.?’ In this work, GNCAs in the oxide
matrixes are most likely affected by the structure rigidification
triggered by aggregation and matrix encapsulation, because of
which the non-irradiative recombinations are greatly inhibited.

As discussed above, the PL of GNCs stems from the radiative
ligand-metal charge transfers. The ligand-metal charge transfer
would go through non-radiative pathways when there are fierce
thermal motions, including the nanocluster movement and
ligand fluctuation, to meet the demand for thermal energy.
The thermal motions decrease the PLQYs and PL lifetimes of
GNCs profoundly, since fewer excitons go through the radiative
pathway for the recombination.””*” This can be partially
manifested by the significantly stronger PL intensities of GNCs
and GNCA/SiO,/ZrO, NPs at low temperatures (Fig. S2 and S3,
ESIY).

The aggregation extent and the encapsulation in the oxide
matrixes provide a quite rigid medium for every encapsulated
GNC. The GNCs are sterically confined, and their surface
ligands are given little freedom for rotation, fluctuation, and
other thermal energy-consuming motions. The fewer thermal
motions, the fewer non-radiative ligand-metal charge transfers.
Therefore, more excitons are going through the radiative pathways
for the recombination, increasing the PLQYs and the PL lifetimes.
This explains the great PL performance enhancement that is
observed in GNCA/SiO,/ZrO, NPs as compared to that of GNCs.

3.2 Morphology, composition and structure

3.2.1 Morphology. The solid GNCA/SiO,/ZrO, NPs appear
as yellowish white powder, which emit bright orange emission
upon UV excitation (365 nm, Fig. 2(a)). SEM images in Fig. 2(b)
and Fig. S4 (ESI{) reveal the surface morphology of GNCA/SiO,/
ZrO, NPs on a microscopic scale. Spherical oxide particles with
rough surfaces and dimensions of 50-250 nm can be observed.
The sizes of these particles are highly dependent on the
dimension of encapsulated GNCAs. The STEM images exhibit
more information on the inner morphology of GNCA/SiO,/ZrO,
NPs (Fig. 2(c) and Fig. S5, ESIt). It can be seen that clusters of
ultrasmall particles, namely GNCAs, are well coated by the
amorphous shell. The spherical nanocluster aggregates are
sized from 51 to 145 nm, smaller than the DLS results revealed
in Fig. 1(a) (98-172 nm), due to the elimination of the hydration
shell after the silica coating. This result also suggests that PVP,
the stabilizer of the GNCAs, has successfully directed the
formation of the oxide shell to encapsulate the spherical
aggregates. An insufficient amount of PVP will lead to a
structural disruption of the nanocluster aggregates and highly
interconnected products (Fig. S6, ESIT). The average diameter
of GNCs in the oxide matrix is ~1.8 nm, while discrete GNCs
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have a size of ~1.7 nm (Fig. S7, ESIt), indicating that GNCs
have not experienced apparent changes after the oxide coating.

3.2.2 Composition and structure. Fig. 2(d) shows the EDX
spectrum of the GNCA/SiO,/ZrO, particle. The presence of S,
Au, Zr, Si and O is observed in the scanned area, indicating that
GNCs, zirconia and silica make up the material. The structure
of GNCA/SiO,/ZrO, NPs is further revealed by X-ray mapping
analysis (Fig. 2(e) and Fig. S8, ESIt). Fig. S8 (ESIt) shows the
elemental distributions of S, Si and Zr on the GNCA/SiO,/ZrO,
particle, which represent GNCs, silica and zirconia layer,
respectively (due to the close characteristic energy with Zr, Au
is not selected as the typical element for GNCs). The S element,
which comes from the surface ligands of GNCs, is concentrated
in the nanocluster aggregates. While overlapping, the distributions
of S and Si elements results in an apparent core/shell structure,
suggesting the encapsulation of GNCAs in the silica matrix. A
further distribution overlap of S, Si and Zr elements confirms the
outmost zirconia shell. Clearly, as revealed in Fig. 2(e), the GNCA/
SiO,/ZrO, NPs have a typical core/shell/shell structure: aggregates
of GNCs are capped by an inner silica shell and an outer
zirconia layer.

Fig. 2(f) shows the UV-vis absorption spectra of GNCs,
GNCA/SiO, NPs and GNCA/SiO,/ZrO, NPs. Compared with
GNCs, GNCA/SiO, NPs show a dominant feature of silica. The
characteristic absorption peak of GNCs at 396 nm'® becomes
inconspicuous in the absorption spectrum of GNCA/SiO, NPs.
But the absorption peak at 223 nm, the characteristic of SiO,,*®
is intense. The spectrum of GNCA/SiO,/ZrO, NPs shows other
apparent absorption peaks at 237 nm and 309 nm, which are
assigned to ZrO,,*° besides the peak at 223 nm for the SiO,
component. This result further confirms the dual-oxide feature
of GNCA/SiO,/ZrO, NPs. Plasmonic absorption peaks at 500-
550 nm for plasmonic gold NPs are absent in all the spectra,
demonstrating that no larger gold particles have been formed
after the silica and zirconia coating.

Fig. 2(g) shows the FTIR spectra of GNCs, GNCA/SiO, NPs
and GNCA/SiO,/ZrO, NPs. It should be noted that the spectrum
of GNCA/Si0,/ZrO, NPs is quite similar to that of GNCA/SiO,
NPs, but different from that of GNCs, since most of the
transmittance peaks stemming from the SiO, component.
The peak at 1071 cm™ " is ascribed to the asymmetric stretching
vibration of Si-O-Si, a typical bond in silica. The peaks at 553
and 502 cm ™" are assigned to the stretching vibration of Zr-0,*°
a typical bond in zirconia. It is worth mentioning that the
characteristic peaks of Zr-O bonds are concentrated in the
range of 400-800 cm ™. As a result, the transmittance band of
GNCA/SiO,/ZrO, NPs exhibits a stronger intensity than that
of GNCA/SiO, NPs in this wavenumber range (Fig. S9, ESIT).
In general, all the spectral results indicate that the GNCAs are
well encapsulated in the SiO,/ZrO, matrix.

3.3 Stability evaluation

Stability is of great significance to practical applications for
fluorescent metal nanoclusters. Fig. 3 reveals the emission
changes of GNCA/SiO,/ZrO, NPs under different conditions,
such as exposure to water and UV light. The higher resistance to

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Morphology, structure and composition of GNCA/SiO,/ZrO, NPs. (a) Photographs of GNCA/SiO,/ZrO, NPs under room light (up) and UV light at
365 nm (down). The yellowish white powder exhibits bright fluorescence under excitation at 365 nm. (b) SEM image of GNCA/SiO,/ZrO, NPs. (c) Bright-
field STEM image of GNCA/SiO,/ZrO, NPs. The nanocluster aggregates are well incorporated in the oxide matrix. (d) EDX spectra (area scan) of the
GNCA/SiO,/ZrO, NP. Si, Zr, Au and S can be observed. Inset: STEM image of the GNCA/SiO,/ZrO, NP in the bright field mode. (e) X-ray mapping result of
a typical GNCA/SIO,/ZrO; particle: distributions of Zr from ZrO, (blue), Si from SiO, (green) and S from GNCs (purple) suggest a GNC core/SiO, shell/
ZrO; shell structure. (f) and (g) UV-vis absorption (f) and FTIR (g) spectra of GNCs, GNCA/SiO, NPs and GNCA/SiO,/ZrO, NPs, respectively.

PL changes indicates a better stability for the GNCAs in the
dual-oxide matrix.

3.3.1 Hydrostability. Resistance to water becomes indis-
pensable for GNCA/SiO,/ZrO, NPs due to the hydrophilicity of
GNCAs. The nanocluster aggregates are highly water-sensitive
because GNCs are extremely prone to separation, rather than
staying together, in the water-rich environment (Fig. S10, ESIT).
The collapse of aggregates will result in a sharp decrease in the
emission intensity, due to the failure of the AIEE effect. Fig. 3(a)
and (b) display the PL spectra of GNCA/SiO, NPs and GNCA/
Si0,/ZrO, NPs when they are dispersed in water and ethanol to
form suspensions, respectively. A PL intensity decrease by
~53% occurs on GNCA/SiO, NPs when they are dispersed in
water. It is likely because the silica shell has pores or holes on

This journal is © The Royal Society of Chemistry 2022

the surface,> allowing water molecules to diffuse through the
matrix. The emission band is broadened when GNCA/SiO, NPs
are dispersed in water (Fig. 3(a) inset), which suggests an
increased proportion of the weak emission (e, = 603 nm) that
GNCs emit in water. The silica shell becomes less rigid for
GNCs when the water molecules diffuse into the matrix, which
means a less effective inhibition of the ligand motions, result-
ing in a great intensity decrease. On the other hand, dispersion
of GNCA/SiO,/ZrO, NPs in water only causes the intensity to
decrease slightly by ~ 3%, demonstrating an enhanced water-
resistant performance.

Fig. 3(c) shows the relative PL intensity change of GNCA/SiO,
NPs and GNCA/SiO,/ZrO, NPs in water to reveal their sustain-
ability in water resistance. The emission intensity of GNCA/SiO,

J. Mater. Chem. C, 2022, 10, 10001-10008 | 10005
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Fig. 3 Hydro- and photo-stability evaluation. (a) and (b) PL spectra of
GNCA/SiO, NPs (a) and GNCA/SiO,/ZrO, NPs (b) in water and ethanol.
Inset figures: Normalized PL spectra of GNCA/SiO, NPs (a) and GNCA/
SiO,/ZrO, NPs (b) in water and ethanol. Inset photographs: Dispersions of
GNCA/SiO, NPs (a) and GNCA/SiO,/ZrO, NPs (b) in water and ethanol. (c)
PL evolution of GNCA/SiO, NPs (red) and GNCA/SiO,/ZrO, NPs (blue)
under dispersion in water at 293 K over time. (d) PL evolution of GNCs
(black), GNCA/SiO, NPs (red) and GNCA/SiO,/ZrO, NPs (blue) in ethanol
over time under UV irradiation at 350 nm, 5.96 mW cm~2.

NPs shows a gradual decrease in the intensity, which is ~58%
of the initial value after dispersion for 272 h. However, the
emission intensity of GNCA/SiO,/ZrO, NPs decreases more
slowly in the first 124 h, which decreases by only ~8% and
remains at ~73% of the initial value after 272 h in water. These
results indicate better hydrostability for GNCA/SiO,/ZrO, NPs
as compared to that of GNCA/SiO, NPs. It is the SiO,/ZrO, shell
that keeps most of the water molecules away, and maintains the
aggregates from collapsing to discrete, weakly emissive GNCs.

3.3.2 Photostability. Photostability is highly important
for fluorophores because of their frequent exposure to light
excitation. Their fluorescence can be easily quenched by irre-
versible photo-induced reactions. Fig. 3(d) shows the relative PL
intensity changes of GNCs, GNCA/SiO, NPs and GNCA/SiO,/
ZrO, NPs under continuous UV irradiation (350 nm, 6 mW cm™>).
The high-intensity UV light quickly quenches the PL of GNCs,
whose intensity decreases by ~53% in the first 60 min and
remains only at ~7% of the initial value after 510 min irradia-
tion. However, GNCA/SiO, NPs, under the stabilization of the
silica shell, show a slower quenching rate. Their residual PL
intensity remains at ~21% of the initial value after irradiation for
the same period. However, it is noteworthy that a thicker silica
shell does not lead to an improvement in photostability (Fig. S11
and Table S2, ESIt), largely because the shell is not dense enough
to prevent the penetration of ambient active species.

A secondary coating with zirconia can improve the photo-
stability conspicuously. The emission intensity of GNCA/SiO,/
ZrO, NPs remains at ca.60% of the initial value after 510 min
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under high-intensity UV light, significantly higher than those of
GNCs and GNCA/SiO, NPs. Obviously, the SiO,/ZrO, shell is
more effective in inhibiting the unwanted photochemical reactions
by both preventing active species (e.g., photo-generated free
radicals) and prohibiting the mobility of GNCs. Varying the
amount of zirconia results in a significant change in photo-
stability: more zirconia leads to a better UV resistance (Fig. S11
and Table S2, ESIT). These results suggest the indispensability
of ZrO, in the photostability improvement.

3.4 Latent fingerprint detection

As shown in Fig. 4, GNCA/SiO,/ZrO, NPs can be applied as an
effective contrast agent in imaging the LFPs, which cannot be
easily found on many surfaces due to the low-optical contrast.
Detection of LFPs requires a strong adhesion between the
contrast agent and fingerprint residues to achieve an easy
visualization. Besides, a significant PLQY is also necessary to
ensure a clear, emissive fingerprint pattern for detailed recog-
nition under light excitation. Composed of highly luminescent
GNCAs and the fingerprint residue-affinitive oxide shell, GNCA/
Si0,/ZrO, NPs show promise in LFP detection. Fig. 4(b) and (c)
display the photographs of a LFP on the glass substrate before
and after adhesion by the GNCA/SiO,/ZrO, NPs. The fingerprint
is almost invisible on the transparent substrate, which emerges
after adhesion by the GNCA/SiO,/ZrO, powder. Fingerprint
details, such as ridge flows and ridge orientation field, can be
clearly seen under visible light (Fig. 4(c)). The fingerprint
becomes even clearer under UV excitation, as a result of a
larger contrast between the emissive pattern and the dark
background (Fig. 4(d)). Fig. 4(e;)-(e3) reveal more morphological
details. A ridge ending, a bifurcation and an island can be
observed in the marked areas. And a right loop pattern can be
found in the core area of the fingerprint. All the morphological
details developed by the GNCA/SiO,/ZrO, powder provide
sufficient information for fingerprint type classification and
indexing.**

More substrates are used to investigate the compatibility of
the GNCA/SiO,/ZrO, powder in LFP detection. A transparent,
hydrophobic polystyrene cover and a hydrophilic aluminum
alloy plate are selected as the typical substrates with different
hydrophilicities and transparency. As shown in Fig. 4(f) and (g),
LFPs on these substrates can be easily visualized by the GNCA/
Si0,/ZrO, powder, demonstrating good compatibility with
various substrates.

Interestingly, the LFP patterns developed by GNCA/SiO,/
ZrO, NPs exhibit better storage stability than those by GNCA/
SiO, NPs. As shown in Fig. 4(h), the pattern developed
by GNCA/SiO, NPs gives out a greatly quenched PL after a
seven-day storage in the dark environment (temperature: 21 °C;
relative humidity: 80%). As a result, the background interference
becomes strong, increasing the difficulty in further analysis.
However, the emissive pattern developed by GNCA/SiO,/ZrO,
NPs shows little change after 7 days (Fig. 4(i)), suggesting better
resistance to the ambient environment. A denser SiO,/ZrO, shell
is responsible for the stability difference between GNCA/SiO,/
ZrO, NPs and GNCA/SiO, NPs.
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Fig. 4 GNCA/SIO,/ZrO, NPs as a fluorescent contrast agent in imaging latent fingerprints (LFPs). (a) Schematic illustration on LFP detection by GNCA/
SiO,/ZrO, NPs. (b) and (c) Photographs of the LFP on the glass substrate before (b) and after (c) adhesion by GNCA/SiO,/ZrO, NPs under room light.
The glass substrate is placed on a piece of black fabric. (d) Photographs of the fingerprint developed by GNCA/SiO,/ZrO, NPs under UV light at 365 nm,
0.07 mW cm™2. (ey)—(e3) Zoomed-in images of the marked areas on the fingerprint under UV light at 365 nm, 0.07 mW cm™2. (f,)~(fs) Photographs of the
LFP on the polystyrene substrate before (f;) and after adhesion by GNCA/SiO,/ZrO, NPs under room light (f,) and UV light at 365 nm, 0.40 mW cm™2 (fs).
The transparent substrate is placed on a piece of black fabric. (g;)—(gs) Photographs of the LFP on the aluminum alloy substrate before (g;) and after
adhesion by GNCA/SiO,/ZrO, NPs under room light (g,) and UV light at 365 nm, 0.40 mW cm™~2 (gs). (h) The LFP pattern developed by GNCA/SiO, NPs
under UV excitation at 365 nm, 0.40 mW cm™2, before (left down) and after (right down) 7 days of storage. (i) The LFP pattern developed by GNCA/SIO,/
ZrO, NPs under UV excitation at 365 nm, 0.07 mW cm™2, before (left down) and after (right down) 7 days of storage.

Conclusions Importantly, this synthetic strategy improves both the lumines-

cence and stability of the fluorescent GNCs at the same time,
We report a facile method to encapsulate GNC aggregates which has always been a great challenge. The zirconia-silica-
obtained from a solvent-induced assembly process into SiO,/ GNC nanocomposite is found to be a good fluorescent contrast
ZrO, NPs. The GNC aggregates give out a strong emission, agent in visualizing the latent fingerprints. The oxide shell
which are stabilized and rigidified by the inert dual-oxide shell. ~provides a compatible surface that can easily adhere to
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fingerprint residues on diverse substrates, and the encapsu-
lated GNC aggregates, which emit a bright PL to reveal the
morphological details of fingerprints under light excitation.
In summary, this work provides an effective way to obtain
biofriendly, stable, high-performance metal nanocluster com-
posites, which exhibit promise in various applications such as
analysis, illumination, displays and catalysis.
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