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Coordination-induced emission 
enhancement in gold-nanoclusters 
with solid-state quantum yields 
up to 40% for eco-friendly, low-
reabsorption nano-phosphors
Hsiu-Ying Huang1, Kun-Bin Cai1,2, Maria Jessabel Talite3, Wu-Ching Chou3, Po-Wen Chen2 & 
Chi-Tsu Yuan   1,4

Colloidal quantum dots (CQDs) have gained much attention as light-emitting materials for light-
conversion nano-phosphors and luminescent solar concentrators. Unfortunately, those CQDs involve 
toxic heavy metals and frequently need to be synthesized in the hazardous organic solvent. In addition, 
they suffer from severe solid-state aggregation-induced self-quenching and reabsorption losses. To 
address these issues, here we prepare Zn-coordinated glutathione-stabilized gold-nanocluster (Zn-
GSH-AuNCs) assemblies without involving heavy metals and organic solvent. Unlike GSH-AuNCs 
dispersed in an aqueous solution with poor photoluminescence quantum yields (PL-QYs, typically 
~1%), those Zn-GSH-AuNCs powders hold high solid-state PL-QYs up to 40 ± 5% in the aggregated 
state. Such Zn-induced coordination-enhanced emission (CEE) is attributed to the combined effects of 
suppressed non-radiative relaxation and enhanced charge-transfer interaction. In addition, they also 
exhibit a large Stokes shift, thus mitigating both aggregation-induced self-quenching and reabsorption 
losses. Motivated by these photophysical properties, we demonstrated white-light emission from all 
non-toxic, aqueous-synthesis nano-materials.

Nowadays, white-light-emitting diodes for solid-state lighting and display backlight rely on the integration of blue 
LEDs with rare-earth light-conversion yellow phosphors1. Such combination can be used to generate white light 
with a moderate color-rendering index and high color temperature due to the deficiency of red emission compo-
nents2. Recently, colloidal quantum dots (CQDs) have also been applied for light-conversion nano-phosphors due 
to their several unique photophysical properties, such as tunable light absorption, efficient PL emission and nar-
row emission bandwidth, that have been commercialized in display backlight by Sony and Samsung3. However, 
those CQDs involve toxic heavy-metal elements and need to be synthesized in the hazardous organic solvent, 
thus would be replaced by eco-friendly, rare-earth-free nano-phosphors that can be directly synthesized in an 
aqueous solution4.

In addition to toxicity issues, CQDs also suffer from both concentration-induced PL quantum yield (PL-QY) 
self-quenching and reabsorption losses for serving as light-emitting materials5–7. When the CQDs are utilized 
in the solid states, the aggregation of CQDs can occur both in the thin-film or powder forms. Among CQD 
aggregates, the excited-state energy could be dissipated by the non-radiative relaxation through both singlet and 
triplet energy transfer processes, leading to concentration/aggregation induced PL-QY self-quenching8. The main 
mechanism for singlet-state quenching is dictated by dipole-mediated Forster resonance energy transfer (FRET), 
which strongly depends on the spectral overlap between optical absorption of the acceptors and PL emission 
of the donors9. To avoid this problem, a solid matrix, for example, organic polymer or inorganic silica needs 
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to be introduced to disperse CQDs from the formation of aggregation10,11. However, the loading concentration 
within the organic polymer matrix by a simple physical blending method is very low due to the restriction of 
phase segregation and the formation of CQD aggregation, thus restricting the amount of light that can be con-
verted12. Therefore, there usually exists a loading-concentration trade-off between the amount of light converted 
and solid-state PL-QYs for light-conversion nano-phosphor13,14.

In addition to concentration-induced quenching, another issue that we need to concern is the reabsorp-
tion losses for light-conversion phosphors5–7. When the converted light suffer from the reabsorption effect, the 
light intensity can be reduced accompanied with spectral red-shift, which would degrade the performance of 
light-conversion phosphors. Unfortunately, most of CQDs have small Stokes shift, leading to severe reabsorp-
tion losses15,16. To address this problem, several strategies have been applied to enlarge Stokes shift by separating 
the absorbing and emitting states, for example, designing heterostructured core/shell CQDs or doped CQDs5–7. 
However, both of them still rely on heavy-metal-containing CQDs or need to be synthesized in the hazardous 
organic solvent.

Recently, greener, aqueous-synthesis nano-materials, such as carbon nanodots (CNDs) and metal nano-
clusters (NCs) have also drawn some attention in replacing those toxic, hazardous CQDs for light-conversion 
nano-phosphors17–24. Nevertheless, the CNDs also suffered from both solid-state PL-QY quenching and reab-
sorption losses for serving as light-conversion phosphors due to moderate Stokes shift18,25. In general, the 
PL-QY for solid-state CNDs embedded within the organic polymer matrix can be high enough only under low 
loading-concentration and would be significantly degraded as the concentration increases26–28. However, the 
practical performance for light-emitting phosphors depends on the overall PL emission, which is determined by 
both factors: the amount of light absorbed and PL-QYs. As a result, it would be beneficial for light-conversion 
nano-phosphors to hold high solid-state PL-QYs under high-loading concentrations.

Another newly emerging class of eco-friendly luminescent nano-materials is metal nanoclusters (NCs), 
including gold, copper and silver23,29. The AuNCs can be synthesized based on gold salt and thiolate reducing/
stabilizing agents or protein template, which exhibit some promising photophysical and materials properties, 
such as tunable and stable PL emission, microsecond PL lifetime and good bio-compatibility30. Thiolate-stabilized 
AuNCs, such as glutathione-stabilized AuNCs (GSH-AuNCs)31 hold unique intra-molecular charge transfer 
(ICT) state, thus facilitating charge separation, which is beneficial for solar energy harvesting32,33. In addition, 
the PL emission from such AuNCs with ICT state also exhibit large Stoke shift and aggregation-induced emission 
enhancement (AIEE) has also motivated some promising applications, such as light-emitting materials, greener 
luminescent solar concentrators and bio/chemical turn-on sensing34–37.

Unfortunately, the main challenge for those greener NCs for “green photonics” is that the PL-QY is very poor, 
typically ~1% for AuNCs dispersed in an aqueous solution due to efficient non-radiative relaxation through 
surface-ligand motion38. A simple method to enhance the PL-QYs for AuNCs in solution is to induce the forma-
tion of aggregates by means of poor solvent or electrostatic attraction39,40. To enhance the PL-QYs in the solid 
state, the AuNCs can be spatially localized within the 2-D nano-sheets of layered double hydroxides, leading to 
high solid-state PL-QYs up to 14%, but is still less than that of conventional toxic CQDs, thus need to be further 
improved41.

In this work, to address the issues mentioned previously, Zn-coordinated glutathione-stabilized AuNCs 
assemblies (Zn-GSH-AuNCs) were prepared by Zn-mediated cross-linking. Interestingly, solid Zn-GSH-AuNCs 
powders exhibit high PL-QYs up to 40 ± 5% even in the aggregated states. Such coordination-enhanced emission 
(CEE) effect can be attributed to significant suppression of non-radiative relaxation and the enhancement of 
charge transfer interaction. The CEE effect is much better than conventional AIEE effect. In addition, their PL 
emission is very stable and does not suffer from concentration/aggregation induced self-quenching and reab-
sorption due to small spectral overlap between optical absorption and PL emission. White-light emission can be 
generated based on all non-toxic, aqueous-synthesis nano-materials.

Results and Discussion
Characterization of as-synthesized GSH-AuNCs dispersed in an aqueous solution.  Figure 1 
shows the normalized optical absorption, PL emission and PL excitation spectra for pristine GSH-AuNCs dis-
persed in an aqueous solution, as well as the photographs under room-light and UV-light illumination in the 
inset. The optical absorption starts at ~530 nm and PL emission peak is centered at ~640 nm with a small spectral 
overlap, which is a key photophysical property in mitigating both PL-QY self-quenching and reabsoprtion losses. 
The PL emission exhibits a large Stokes shift and unstructured spectral shape, which has been assigned to the 
transition from the ICT states42. In addition, the PL-excitation peak is centered at ~460 nm, which is just located 
at the emission peak of blue light-emitting diodes (LEDs), thus can efficiently perform light-conversion processes 
under blue-LED excitation. Unfortunately, the PL-QYs for as-synthesized GSH-AuNCs dispersed in an aqueous 
solution is only 1 ± 0.5% due to efficient non-radiative relaxation via ligand motions32.

To enhance the PL-QYs of GSH-AuNCs, a facile method based on AIEE effect was first employed by prepar-
ing solid GSH-AuNCs aggregates using poor solvent, which can serve as the control samples for comparing with 
Zn-coordinated GSH-AuNCs assemblies. As shown in Fig. 2a, the GSH-AuNCs were aggregated to form spher-
ical morphology with different sizes by the poor solvent. Such solid GSH-AuNCs aggregates with AIEE effect 
exhibit a moderate enhancement of solid-state PL-QYs to 5~10% due to the suppression of non-radiative decay 
pathways via the restriction of surface-ligand motions39. The PL spectrum was also recorded for the aggregates, 
as shown in the Supporting Information Fig. S1, which displays a spectral blue-shift as compared with pristine 
GSH-AuNCs dispersed in an aqueous solution. This spectral blue shift has been assigned to the changes of inter- 
and intra-NC Au(I)…Au(I) aurophilic interaction39 upon the formation of the aggregates. However, the achieved 
PL-QY of GSH-AuNCs by AIEE effect is still far behind that of CdSe based CQDs.
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Formation of Zn-coordinated GSH-AuNCs assemblies.  To further enhance solid-state PL-QYs of 
GSH-AuNCs, Zn-coordination-induced assembly was employed to cross-link the GSH-AuNCs. The carboxylate 
functional groups on GSH ligands can be coordinated with Zn cations, leading to the formation of Zn-induced 
cross-linked GSH-AuNCs assemblies (hereafter abbreviated by Zn-GSH-AuNCs), as evidenced by the TEM 
imaging in Fig. 2c and X-ray photoelectron spectroscopy (discussed later). In contrast to spherical morphology 
of GSH-AuNCs (Fig. 2a) with simple AIEE effect, the Zn-GSH-AuNCs assemblies display irregular network mor-
phology and is highly stable even under ambient environment for several months (Fig. 2c). From high-resolution 

Figure 1.  Normalized Optical absorption, PL emission and PL excitation spectra for GSH-AuNCs dispersed in 
an aqueous solution and the corresponding photographs under room-light and UV-light illumination.

Figure 2.  TEM images for GSH-AuNCs powders (a) lower magnification, (b) higher magnification) and GSH-
AuNCs powders in the presence of Zn2+ (c) lower magnification, (d) higher magnification.

https://doi.org/10.1038/s41598-019-40706-3
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TEM images shown in Fig. 2(b–d), clear fringe patterns were found, indicating high crystallinity of both samples 
and the average sizes are ~2.1 ± 0.2 nm for individual AuNCs.

To further unravel the modification of GSH-AuNCs upon Zn-induced coordination, X-ray photoelectron 
spectroscopy (XPS) measurements were performed for both GSH-AuNCs and assembled Zn-GSH-AuNCs. The 
XPS is a useful technique that can be employed to investigate the valence states of AuNCs39. It has been proposed 
that the ratio of the integrated area of Au(I) and Au(0) species in XPS plays a critical role in determining the 
PL-QYs43. For example, the PL-QYs can be enhanced from ~1% to ~10% by the sulfur oxidation of AuNCs44. 
As shown in Fig. 3(a,b), the XPS curves within Au 4f binding energy range for both samples show typical two 

Figure 3.  (a,b) XPS spectra for GSH-AuNCs and Zn-GSH-AuNCs within the range of Au 4f binding energy 
and (c) XPS spectrum for Zn-GSH-AuNCs within the range of Zn binding energy.
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bumps, corresponding to the binding energy of 4f7/2 and 4f5/2 contributions (black lines). Each 4f bump can be 
further deconvoluted by two components, corresponding to Au(0) (lower binding energy) and Au(I) (higher 
binding energy) contributions (for Au 4f5/2 peaks, red line is A(0) component and green line is Au(I) compo-
nent)39. Clearly, both 4f peaks of Zn-GSH-AuNCs are shifted to higher binding energy as compared with that of 
GSH-AuNCs, implying enhanced charge transfer interaction. Previous report has also shown that the enhanced 
charge transfer interaction between the metal cores and surface ligands can increase the binding energy of Au 
cores45. For Zn-GSH-AuNCs, the ratio of integrated areas between Au(I) and Au(0) species was increased and 
an additional peak corresponding to Zn contribution appeared shown in Fig. 3(c), indicating the formation of 
Zn-GSH-AuNCs assemblies.

High solid-state PL-QYs in Zn-GSH-AuNCs assemblies.  In addition to the variations in morphology 
and valence states, the photophysical properties were also significantly modified for Zn-GSH-AuNCs assemblies. 
As shown in Fig. 4, solid Zn-GSH-AuNCs powders exhibit bright PL emission centered at ~602 nm, which is sim-
ilar to solid GSH-AuNCs aggregates but is largely blue-shifted as compared with pristine GSH-AuNCs dispersed 
in solution. In light of high-resolution TEM imaging shown in Fig. 2d, we did not see obvious size variations for 
individual NCs within the assemblies, thus ruling out the size effect on the observed spectral blue-shifting. In 
addition, aggregation-induced non-radiative energy transfer should result in spectral red-shifting of PL emis-
sion accompanied with PL quenching, which are in contrast to our experimental findings, thus this can be also 
excluded. Such large PL blue-shift can be again attributed to assembly-induced alteration of Au(I)…Au(I) auro-
philic interaction46. After the formation of Zn-GSH-AuNCs assemblies, inter-AuNCs aurophilic interaction was 
enhanced, while intra-AuNCs interaction was reduced accordingly, leading to spectral blue-shift47.

In addition, solid-state PL-QYs of assembled Zn-GSH-AuNCs can be significantly enhanced up to 40 ± 5% 
even in the aggregated state, as shown in Fig. 5. The absolute PL-QY measurement was performed based on a 

Figure 4.  Optical absorption and normalized PL emission for Zn-GSH-AuNCs powders and the corresponding 
photograph under UV illumination.

Figure 5.  Experimental data of absolute PL-QY measurement for Zn-GSH-AuNCs.

https://doi.org/10.1038/s41598-019-40706-3
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spectrometer combined with an integrating sphere. Full-range spectra (including both absorption and emission 
ranges) for both experimental samples (red line) and blank reference (black line) were measured. The PL-QY 
value can be obtained by this equation, η =

−PLQY
PL

E E
sample

reference sample
, where E E,reference sample represent the intensity of 

excitation light not absorbed by the reference samples and experimental samples, while PLsample denotes the PL 
intensity of the experimental samples. We found that the CEE effect on the PL-QY enhancement is larger than 
that of conventional AIEE method.

To further unravel large PL-QY enhancement due to the CEE effect, time-resolved PL decay curves were 
measured for AuNCs dispersed in solution, AuNCs powders with AIEE and Zn-GSH-AuNCs with CEE effects, 
as shown in Fig. 6. We found that the PL lifetimes can be clearly lengthened after the formation of physical aggre-
gates of GSH-AuNCs, and even more longer for Zn-GSH-AuNCs assemblies with CEE effect. To quantitatively 
analyze the PL decay profiles, stretched exponential functions, = − +

τ

β( )I t I I( ) exp t
b0  were employed to fit the 

experimental data, where β τI I, , , b0  represent the PL intensity at zero time delay, stretching parameter, charac-
teristic time, and background intensity, respectively (more detailed fitting results can be found in supplementary 
data). The average PL lifetimes can be calculated using this equation, τ〈 〉 = Γτ

β β( )1 , where Γ is the gamma func-
tion48, which are ~1.2 μs, ~4.4 μs, and ~10.3 μs for GSH-AuNCs dispersed in an aqueous solution, aggregated 
GSH-AuNCs and assembled Zn-GSH-AuNCs (Supporting Information Fig. S2). It is known that the PL-QY is 
defined by this equation, η τ= = ×

+
kQY

k
k k PL r

r

r nr
, where τk k, ,r nr PL represent the radiative decay rates, 

non-radiative decay rates, and PL lifetimes, respectively. It implies that the non-radiative relaxation can be signif-
icantly reduced by the CEE effect, leading to enhanced PL-QYs and lengthened PL lifetime. In addition, such 
CEE-induced PL enhancement is much better compared with that of conventional AIEE effect.

In general, the PL-QY enhancement by physical aggregations can be attributed to the restriction of 
surface-ligand vibration and rotation, thus suppressing non-radiative relaxation39. In this case, the enhanced 
PL-QYs along with suppressed non-radiative decay rates should be observed without changing other photophysi-
cal and chemical properties, such as spectral properties, radiative decay processes and oxidation states, which are 
in stark contrast to the data we observed here. However, the AIEE effect in metal NCs would be more complex 
due to the introduction of extra metal-metal and metal-ligand interactions. The PL emission mechanism for 
GSH-AuNCs can be attributed to the ligand-to-metal intra-molecular charge transfer state, thus would be mod-
ified by extra metallophilic interaction and metal-ligand interaction. Upon the formation of AuNCs aggregates 
or assemblies, the intra- and inter-NC metallophilic interaction could be also altered, thus changing PL spectral 
properties and QYs by the variation of intra-molecular charge transfer interaction.

By comparing dispersed GSH-AuNCs solution with aggregated GSH-AuNCs powders, in addition to PL-QY 
enhancement, the PL emission was spectrally blue-shifted, implying the modification of metallophilic interaction. 
An important finding is that the assembled Zn-GSH-AuNCs exhibit unprecedented high solid-state PL-QYs up to 
40 ± 5%, which is larger than that of aggregated GSH-AuNCs with AIEE effect. In light of our experimental data, we 
can deduce the radiative and non-radiative decay rates using this simple equation, η τ= = ×

+
kQY

k
k k PL r

r

r nr
, where 

τk k, ,r nr PL denote radiative decay rates, non-radiative decay rates, and average PL lifetime, respectively. The k k,r nr 
values are . × −s8 3 103 1, . × −s8 3 105 1 for dispersed GSH-AuNCs; . × −s1 8 104 1, . × −s2 1 105 1 for aggregated 
GSH-AuNCs; . × −s3 9 104 1 and . × −s5 8 104 1 for assembled Zn-GSH-AuNCs. Interestingly, the radiative decay rates 
can be enhanced while the non-radiative decay rates can be suppressed for assembled Zn-GSH-AuNCs compared 
with both GSH-AuNCs samples.

Figure 6.  Time-resolved PL decay curves for GSH-AuNCs dispersed in solution, solid GSH-AuNCs powders 
and Zn-GSH-AuNCs powders.

https://doi.org/10.1038/s41598-019-40706-3
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Characterization of reabsorption effect in Zn-GSH-AuNCs.  It is known that multiple reabsorption 
events would significantly reduce the PL intensity and spectral properties, thus largely degrading the performance 
of light-conversion materials5–7. To characterize the reabsorption effect, the Zn-GSH-AuNCs were mixed with 
a polymer host to form a luminescent slab. Interestingly, the PL-QY of the luminescent slab is even higher up 
to ~43%, as shown in Fig. 7a, which might be due to the protection of local environment of Zn-GSH-AuNCs 
assemblies by the rigid polymer matrix. Such a luminescent slab can serve as a waveguide to trap a fraction 
of PL emission by total internal reflection towards the edge of the slab; while a fraction of emitted light can be 
directly radiated out of the slab through the escape cone. In this case, the edge emission would undergo more 
reabsorption processes. As a result, by comparing the PL emission collected either at the edge or from the face 
for the luminescent slab, the reabsorption effect can be assessed, which has been widely adopted to evaluate the 
reabsorption losses in luminescent solar concentrators35. As shown in Fig. 7b, the PL emission collected from the 
surfaces and the edges are nearly identical except for a slight reduction in the high-energy side, implying very 
small reabsorption effects, which can be expected due to small spectral overlap between optical absorption and 
PL emission spectra.

Resistance to aggregation-induced PL-QY self-quenching.  In general, the PL-QYs of colloidal 
nano-materials, such as colloidal QDs and organic dyes could be significantly reduced in the solid state due to the 
formation of the aggregates, in which, non-radiative FRET processes could be introduced8,9. Fortunately, such 
negative effects play a minor role in Zn-GSH-AuNCs due to unique small spectral overlap integral. The FRET 
efficiency can be expressed by this equation, =

+
EFRET d R

1
1 ( / )0

6
, where d R, 0 denote the separation distances 

between the samples and Forster radius9. The Forster radius can be calculated by this formula, 
κ φ λ= . −R n J0 211[ ( )]D0

2 4 1/6, where κ φ λn J, , , ( )D  represent orientation factor, refractive index, quantum yields 
and spectral overlap integral, respectively. As a result, the Foster radius strongly depends on the spectral overlap 
integral, defined as ∫λ λ ε λ λ λ=

∞J F d( ) ( ) ( )D A0
4 , where λ εF A( ), ( )D  is the normalized PL spectrum of the donors 

and molar extinction coefficient of the acceptors. The derived Forster radius of Zn-GSH-AuNCs is around 
0.9~1.0 nm (Supplementary Information Fig. S3). A plot of FRET efficiency as a function of the separation dis-
tance is displayed in the Supporting Information Fig. S3 based on the derived Forster radius. From TEM imaging, 
we found that most of Zn-GSH-AuNCs do not entangle with each other, thus the mutual average distance for 
individual NCs within the assemblies is at least ~3 nm by considering the length of surface ligands and the radius 
of NCs, thus reducing the FRET efficiency.

Resistance to photo-bleaching.  For conventional triplet-state-relevant emission, including phosphores-
cence and thermally activated delayed fluorescence (TADF), such triplet-related emissions with ~microseconds 
or longer PL lifetimes can be only observed under deaerated condition and would be significantly quenched 
or totally disappeared at ambient environment due to efficient triplet energy transfer to either surrounding 
molecular oxygen or host matrices49–51. In contrast, as already shown in Fig. 6, the PL decay profile with a long 

Figure 7.  (a) Absolute PL-QY measurement for Zn-GSH-AuNCs embedded in PVB matrix and (b) PL 
emission spectra collected from face and edge sides of the luminescent slab.

https://doi.org/10.1038/s41598-019-40706-3
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microsecond lifetime can be maintained under ambient environment for the Zn-GSH-AuNCs, indicating stable 
PL emission against triplet quenching. On the other hand, the PL intensity under UV illumination would be grad-
ually degraded with time for organic compounds or inorganic colloidal QDs, referred to as photo-bleaching52. 
Some researchers have proposed that the triplet energy transfer plays an important role in photo-bleaching 
behavior53. Once the excited triplet energy is transferred to surrounding molecular oxygen, single oxygen and 
some reactive oxygen species can be generated, thus oxidizing the emitters, leading to the photo-bleaching effect. 
Figure 8 shows a plot of the PL intensity as a function of observation time under UV illumination. Clearly, the PL 
intensity is very stable under ambient environments without noticeable PL reduction. It implies that the triplet 
states can be stabilized free from triplet energy transfer, leading to stable PL emission.

White-light generation based on all eco-friendly, aqueous-synthesis nano-phosphors.  Recently, 
more attention has been paid on the generation of white-light emission based on greener, aqueous-synthesis, 
biocompatible phosphors, which are promising alternatives for commonly used rare-earth-containing 
micro-phosphors and heavy-metal-containing nano-phosphors17,54–56. The photometric properties of 
heavy-metal-containing nano-phosphors can be simply modified, for example by changing the sizes or compo-
sitions, thus are beneficial in improving color-rendering index and color-correlated temperature. Unfortunately, 
as mentioned previously, those nano-phosphors involve heavy metals and hazardous solvent and still suffer from 
aggregation-induced self-quenching and reabsorption losses. As a result, it is desirable to generate white-light 
emission based on all greener, aqueous-synthesis, rare-earth-free nano-phosphors. To this end, green-emissive 
carbon nano-dots and yellow-orange emissive Zn-GSH-AuNCs powders were physically blended to form 
multi-color nano-phosphors. By combining blue-emissive LEDs, white-light emission with a CIE index of (0.38, 
0.38) and CRI value of 75 can be generated, as shown in Fig. 9 and the corresponding photograph in the inset.

Assembly-induced emission enhancement in metal nanoclusters.  Recently, assembly-induced 
emission enhancement or bonding-induced emission enhancement have been utilized to enhance the PL-QY 
of metal NCs57,58. For example, the PL emission from AuNCs ([Au8]4+) can be switched from fluorescence to 
phosphorescence by solvent-induced assembly with assembly-enhanced emission up to 18% in the solid state59. In 
addition, the assembly of AuNCs to the nano-ribbon form at the interface between oil and water can enhance the 
PL-QYs up to 13.3%60. Unfortunately, so far, the reached PL-QYs “in the solid state” for assembled AuNCs is still 

Figure 8.  PL intensity as a function of observation time for Zn-GSH-AuNCs embedded in polymer host.

Figure 9.  White-light generation based on all greener, aqueous-synthesis nano-phosphors integrated with blue 
LEDs and the corresponding photograph.
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less than 20%, which are still far behind that of conventional colloidal toxic QDs. Our demonstration provides a 
facile, post-treatment method to fabricate “greener” Zn-GSH-AuNCs assemblies with a high solid-state PL-QY 
up to 40 ± 5% even in the aggregated state, which are even comparable to toxic colloidal QDs and concurrently 
possess a large Stoke shift, which would be beneficial for light-conversion nano-phosphors and other promis-
ing photonic applications. Such Zn-induced coordination-enhanced emission strategy can be also employed for 
GSH-stabilized copper nanoclusters (Supporting Information Fig. S4).

Conclusion
In conclusion, Zn-coordinated GSH-AuNCs assemblies were prepared by a simple post-treatment method. Such 
Zn-GSH-AuNCs exhibit high solid-state PL-QYs of 40 ± 5% even in the aggregated states. This effect can be 
attributed to significant suppression of non-radiative relaxation and the enhancement of charge-transfer interac-
tion, which is evidenced by time-resolved PL and XPS measurements. In addition, the PL emission is very stable 
under ambient condition and does not suffer from both aggregation-induced self-quenching and reabsorption 
losses due to large Stokes shift. Motivated by those photophysical properties, we have demonstrated white light 
emission based on all nontoxic, aqueous-synthesis nano-phosphors.

Experimental Section
Materials.  Gold(III) chloride trihydrate (HAuCl4∙3H2O), L-Glutathione in the reduced form (GSH), zinc 
chloride, polyvinyl butyral (PVB), hydrochloric acid (HCl, 37%), sodium hydroxide and absolute ethanol were 
purchased from Sigma-Aldrich. All of these reagents are of analytical grade and used without further treatment.

Synthesis of GSH-AuNCs.  GSH stabilized AuNCs were prepared as follows31,61. Freshly prepared aqueous 
solution of GSH (10 mL, 75 mM) was mixed with HAuCl4 (10 mL, 50 mM) under vigorous stir for 5 min at ambi-
ent temperature. Until the solution turned colorless, the solution was sealed and transferred into the microwave 
vessels. The reaction temperature was set at 90 °C, which can be reached in 3 min from room temperature, and 
the irradiation time was set for 3 h (Anton Paar). Then, the pH value of GSH-AuNCs solution was adjusted to 
6.0 using NaOH. The obtained product was stored in a refrigerator at 4 °C for further use. Powdered sample of 
GSH-AuNCs was precipitated from the supernatant by the addition of ethanol and washed with ethanol repeat-
edly for three times. The product was freeze-dried and then dispersed in deionized water (200 mg ml−1) and kept 
under ambient conditions before use.

Fabrication of solid-state Zn-GSH-AuNCs assemblies.  Zn-modified AuNCs solution was prepared 
by mixing 2 ml of ZnCl2 (50 mM), and 2 ml of as-prepared GSH-AuNCs solution. The pH value of those mix-
tures was adjusted to 6.0 using NaOH. The obtained products were stored in a refrigerator at 4 °C for further use. 
Powdered sample of Zn-AuNCs assemblies were precipitated from the supernatant by the addition of ethanol and 
washed with ethanol repeatedly for three times.

Fabrication of luminescent Zn-GSH-AuNCs slab.  In a typical synthesis, 0.3 g PVB was added into 2 mL 
of ethanol, sonicated for 30 min. 0.05 g of as-prepared Zn-AuNCs powders were mixed with the PVB solution and 
then vortexed for 30 min at room temperature. The resulting mixtures were coated on the glass and allowed to dry 
for 12 h at 50 °C under vacuum.

Preparation of carbon nanodots.  Carbon nanodots were prepared according to the reference10. The pre-
cursor solution for CD synthesis was 1 g citric acid and 2 g urea dissolved in 20 ml of de-ionized water. The 
precursor solution was heated by a 700 W domestic microwave oven for 3.5 minutes. The solution changed from 
transparent to dark-brown clustered solids. Those solids were dissolved in 40 ml of de-ionized water and centri-
fuged to remove the large agglomerated particles at 6200 rpm for 20 minutes to obtain carbon nanodots.

Characterization.  Transmission electron microscopy (TEM) was performed on JEOL JEM-2010 high 
resolution transmission electron microscope operated at 200 kV. X-ray photoelectron spectroscopy (XPS) was 
performed on an Thermo Fisher Scientific K-Alpha X-ray photoelectron spectrometer. FTIR spectrum was col-
lected at room temperature (on a Jasco FTIR-4100 spectrometer) from sample prepared as pellets with KBr. The 
UV–Vis absorption spectrum was recorded with V-750 UV–Vis spectrophotometer (Jasco). Steady-state and 
time-resolved PL measurements were performed based on a spectrophotometers (Fluotime 300, PicoQuant). 
A pulsed Xenon lamp was used as an excitation source and the PL emission excited at ~400 nm is collected by a 
PMT detector with the calibration according to the wavelength-response function of our detector. The instrument 
response function for our whole time-resolved PL measurement system is ~400 ns. Absolute PL-QY measure-
ment was performed based on the aforementioned spectrometer incorporated with an integrating sphere. The 
excitation and emission spectra were measured for both reference and experimental samples by the calibrated 
detectors. In this case, the ratio between total amounts of photons emitted and absorbed can be determined, thus 
the PL-QY can be deduced.
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