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Graphene quantum dots (GQDs)/Ag nanoparticles with an 

unexpected quantum yield of 16.3% are synthesized by an 

efficient simple solvothermal method at atmospheric pressure. 

Experimental results show that the enhanced fluorescence is 

caused by the plasmonic effect of Ag nanoparticles. The 10 

possible mechanism of this fluorescence enhancement is also 

proposed. 

In the past few years, fluorescent carbon-based materials, 

including carbon dots (CDs),1-4 nanodiamonds, carbon nanotubes, 

fullerene,5-6 and graphene quantum dots (GQDs),7-13 have drawn 15 

increasing attention owing to their exceptional advantages such as 

high optical absorptivity, chemical stability, biocompatibility, and 

low toxicity. Among them, luminescent GQDs have been 

extensively investigated due to its strong quantum confinement 

and edge effects when their sizes are down to 10 nm, which 20 

induce new physical properties.14,15 GQDs shows many potential 

applications such as bioimaging,16,17 sensors,18 optoelectronic 

devices19 and photocatalysis20 due to its low cytotoxicity, 

excellent solubility, chemical inertia, stable photoluminescence 

and better surface grafting.21,22 25 

    On the other hand, metal-enhanced fluorescence (MEF) has 

attracted much attention and been widely reported.23-25 The 

unique plasmonic behavior of metal surface/nanoparticle is 

mainly responsible for the observed fluorescence enhancement 

through modifying the optical properties of the locally situated 30 

fluorophore. When the metal nanoparticles are irradiated with 

electromagnetic radiation of the appropriate wavelength, 

localized surface plasmon resonance (LSPR) of the conduction 

band electrons takes place and induces strong electromagnetic 

fields on and around the particle surface.26 This leads to an 35 

enhancement in the radiative and nonradiative electronic 

properties of the nanoparticles themselves, as well as nearby 

electronic systems. Therefore, fluorescence of nearby molecules 

can be enhanced at distances from the surface that are close 

enough to feel the surface plasmon near-fields of the plasmonic 40 

nanoparticles. However, so far, metal nanoparticles (Ag or Pd) 

decorated GQDs always shows a fluorescence quenching effect.7-

13,27 

     In this communication, we reported a general route to enhance 

the fluorescence of graphene quantum dots by attaching them on 45 

Ag nanoparticles. Here, we synthesized GQDs/Ag composite by 

using a solvothermal method in a DMF/H2O mixed solvent, 

which is similar to our previous method with some 

modification.28-29 The synthesis procedure is shown in Scheme 1, 

and the detailed experimental process can be seen in SI. We, for 50 

the first time, observed that the photoluminescence (PL) of 

GQDs/Ag shows an unexpected enhanced compared with that of 

initial GQDs, and the mechanism of this enhancement is also 

discussed.  

 55 

Scheme 1 Scheme of the synthesis process of GQDs/Ag.  

   Fig. 1a shows the transmission electron microscopy (TEM) 

images of GQDs, which indicates that the products consist of 

small GQDs particles and are well separated from each other. 

Inset of Fig. 1a shows the corresponding particle size distribution 60 

histograms, and the average diameters of GQDs are 2.90 nm. 

After the reaction of GQDs with Ag+, Ag nanoparticles are 

readily formed as shown in Fig. 1b. And the size of GQDs/Ag is 

measured to be 20~30 nm. Fig. 1c shows the high resolution 

transmission electron microscopy (HRTEM) image of as-65 

prepared GQDs/Ag composite, it is observed that GQDs (point 

out by yellow arrows) are attached on the surface of Ag 

nanoparticles, where the d-spacing plane of Ag can be 

distinguished and is marked in blue font.  

    The presence of Ag nanoparticles can further be identified 70 

from the UV-vis absorption spectrum in Fig. 2. It is observed that 

typical absorption peak locates at ca. 282 nm, which is speculated 

to due to the absorption of the graphitic structure. Magnified 

figure in Fig. 2 shows a visible absorption peak at around 550 nm 

for GQDs/Ag composite, which is attributed to the LSPR 75 

absorption of Ag nanoparticles. The photos in Fig. 2 shows the 

light yellow color of GQDs solution, which is commonly 

observed in the literatures.7,12 While GQDs/Ag composite shows 

a light brownish red color, which is mainly due to the LSPR 

absorption at 550 nm. 80 

    The optical properties of GQDs and GQDs/Ag were studied 

using PL spectrum. Under 380 nm irradiation, the GQDs emit 

strong green fluorescence (Fig. S1, ESI†), which is attributed to 
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surface defects (defect state emission) of GQDs.7 The  

 

Fig. 1 Transmission electron microscopy (TEM) images of (a) 

GQDs and (b) GQDs/Ag composite, inset in (a) shows the size 

distributions of GQDs. (c) high resolution transmission electron 5 

microscope (HRTEM) of as-prepared GQDs/Ag.  

 

Fig. 2 UV-vis absorption spectra of GQDs and GQDs/Ag 

solutions. Magnified figure shows the LSPR absorption of 

GQDs/Ag composite. Inset: photographs taken under visible light.  10 

fluorescence excitation and emission spectra of GQDs shows the 

maximum excitation and emission wavelength of GQDs are 

located at 400 and 570 nm, respectively(Fig. S1, ESI†). The full 

width at half maximum is about 130 nm, which approximates to 

that of the most reported green emission GQDs.17 Surprisingly, 15 

after attaching GQDs onto Ag nanoparticles, unlike almost no 

fluorescence of GQDs, we observed a significantly enhanced 

yellow fluorescence of GQDs/Ag under 560 nm excitation (inset  

 

Fig. 3 Optical excitation and emission PL spectra of (a) GQDs 20 

and (b) GQDs/Ag, inset: corresponding photograph taken under 

560 nm excitation.  

of Fig. 3b). From excitation spectrum we can see that GQDs/Ag 

composite has a strong excitation peak at around 560 nm, which 

is just the region located at the LSPR absorption peak of Ag 25 

nanoparticles. Taking Rh B as a standard (Table S1, ESI†), the 

PL quantum yield of GQDs/Ag under 560 nm excitation is 

determined to be 16.3 %, which is considerably higher than that 

of GQDs (0.38%). As a result, we speculate that this enhanced PL 

originates from the LSPR effect of Ag nanoparticles. Besides, 30 

GQDs/Ag composite exhibits long-term stable 

photoluminescence ability within 2 month (Fig. S2, ESI†). 

     To further explore the optical properties of as-synthesized 

GQDs and GQDs/Ag composite, a detailed PL study was carried  

 35 

Fig. 4 PL spectra of the (a) GQDs and (b) GQDs/Ag at different 

excitation wavelength. 

Page 2 of 5RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

 

Fig. 5 The emission peak wavelength (a) and integrated PL 

intensity (b) as a function of excitation wavelength for GQDs 

(black), GQDs/Ag (red) and physically mixed GQDs+Ag (blue). 

out using different excitation wavelengths. Fig. 4a and b show the 5 

PL emission spectrum of GQDs and GQDs/Ag with various 

excitation wavelengths from 320 to 560 nm, while Fig. 4c shows 

PL emission spectrum of GQDs physically mixed with citric- 

capped Ag nanoparticles (GQDs+Ag) for comparison. Generally 

speaking, the PL spectra of most luminescent GQDs are 10 

dependent on excitation wavelength.30 This excitation 

dependence properties is believed to result from optical selection 

of differently sized GQDs and/or different emissive sites on 

GQDs.17, 31 However, in our case, the as-prepared GQDs show an 

excitation-independent PL wavelength: when the excitation 15 

wavelength changed from 320 to 560 nm, the maximum emission 

peak wavelength of GQDs were almost invariable as shown in 

Fig. 5a (black curve). This could be explained by the high 

uniformity both in the size and the surface state of those sp2 

clusters contained in GQDs.10 It is worth noting that the 20 

fluorescence line shape of GQDs is asymmetric, it is because of 

the presence of multiple PL peaks, which is due to the existence 

of multiple electron transition pathways within the electronic 

structure of the GQDs.32 For GQDs/Ag composite and physically 

mixed GQDs+Ag in Fig. 5a (red and blue curve), it also shows an 25 

almost invariable maximum emission peak wavelength, which 

suggests that the attachment or physical mixture of GQDs on Ag 

nanoparticles does not affect the structure of GQDs itself. For 

GQDs/Ag, this is in agreement with first-principles calculation 

results that adsorption of graphene on Ag (111) surfaces leads to 30 

weak bonding, which preserves the typical electronic structure.33 

While for GQDs+Ag, the interaction between GQDs and Ag is 

even weaker due to the presence of stabilizer molecule between 

them. Fig. 5b shows the integrated PL intensity as a function of 

excitation wavelength for GQDs, GQDs/Ag and physically mixed 35 

GQDs+Ag. In the range from 320 nm to 480 nm, the introduction 

of Ag leads to the quenching effect for both GQDs/Ag and 

GQDs+Ag, which is in agreement with previous works.18,27 It is 

previously reported in the literature34 that the PL enhancement 

and PL quenching effect exist in the system at the same time, and 40 

the distance between the fluorescent material and plasmonic 

nanoparticles is mainly responsible for whether it is PL 

enhancement or PL quenching. The direct contact of plasmonic 

nanoparticle with fluorescent materials (in our case, GQDs/Ag) 

can facilitate the injection of photo-excitated electron on Ag into 45 

those fluorescent materials thus enhance their fluorescence, that 

is, enhancement effect wins over quenching effect. While the 

quenching effect in the range from 320 nm to 480 nm implies that 

quenching effect wins over the enhancement effect. It is worth 

noting that when the excitation wavelength changes from 500 to 50 

560 nm, unlike that of GQDs+Ag, the PL intensity of GQDs/Ag 

increasingly enhanced rather than decreased, and this range is just 

the LSPR absorption of Ag nanoparitcles (Fig. 2). This result 

strongly suggests that this enhancement effect is caused by the 

direct contact of GQDs with Ag in GQDs/Ag composite. Besides, 55 

we found no fluorescence emission of Ag nanoparticles itself, 

which rules out the possibility that the enhancement of 

fluorescence of GQDs is due to Ag NP emission (Fig. S3, ESI†).  

 

Fig. 6 The proposed mechanism of the enhanced fluorescence of 60 

graphene quantum dots by Ag nanoparticles. 

Recently, Qu’s group has reported that the presence of Ag 

nanoparticle could quench the PL of GQDs, which is total 

opposite to our result.18 Similar fluorescence quenching effect is 

also observed in the system of palladium nanoparticles on 65 

colloidal GQDs.27 Different from their systems, we didn’t 

introduce any stabilizer in our GQD/Ag system and the direct 

contact between GQDs and Ag is mainly responsible for the 

enhanced fluorescence. It is reported in the literature that the 

LSPR-excited electrons generated in plasmonic metal 70 

nanoparticles can efficiently transfer onto semiconductors, which 

facilitates visible-light-sensitive photocatalysis process.35-37 All 

composites in these works are stabilizer-free, which further prove 

the important role of direct contact between Ag and GQDs. In our 

case, the process mainly involve three steps as shown in Fig. 6: (i) 75 

Under visible light illumination, LSPR-excited electrons would 

be generated and enriched on the surface of Ag nanoparticles; (ii) 

The increased electron density lifts the Fermi energy level of Ag, 

which makes the transfer of LSPR electrons (hot electrons) from 

Ag to the conduction band of GQDs energetically favorable; 80 

(iii)Transition of electrons back to ground state in the form of 

light emission. Eventually, the large amount of this hot electron 

transfer leads to the enhanced florescence of GQDs/Ag composite.  

    In conclusion, we have demonstrated a general route to prepare 

GQDs/Ag composite, which shows a significant enhanced 85 

fluorescence compared with initial GQDs. Based on the 
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experimental results, we confirm that the enhanced fluorescence 

of GQDs/Ag is due to the LSPR effect of Ag nanoparticles. 

Under 560 nm excitation, where the LSPR of Ag was excited, a 

PL quantum yield as high as 16.3 % was obtained, which 

exceeded by 40 times than that of initial GQDs. Furthermore, we 5 

proposed that the hot electron transfer from LSPR state Ag 

nanoparticle to GQDs is responsible for the enhanced 

fluorescence. The concept in this work is an important step 

forward in using plasmonic particles to enhanced fluorescence of 

GQDs, we expected that it will be beneficial to take advantage of 10 

LSPR-enhanced fluorescence for high sensitive probe 

applications. 
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