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 Upconversion rare-earth nanomaterials (URENs) possess highly effi cient near-
infrared (NIR), e.g., 980 nm, laser absorption and unique energy upconversion 
capabilities. On the other hand, graphene and its derivatives, such as graphene oxide 
(GO), show excellent performance in optical limiting (OL); however, the wavelengths 
of currently used lasers for OL studies mainly focus on either 532 or 1064 nm. To 
design new-generation OL materials working at other optical regions, such as the 
NIR, a novel nanocomposites, GO–URENs, which combines the advantages of both 
its components, is synthesized by a one-step chemical reaction. Transmission electron 
microscopy, X-ray diffraction, infrared spectroscopy, and fl uorescence studies prove 
that the  α -phase URENs uniformly attach on the GO surface via covalent chemical 
bonding, which assures highly effi cient energy transfer between URENs and GO, and 
also accounts for the signifi cantly improved OL performance compared to either 
GO or URENs. The superior OL effect is also observed in the proof-of-concept thin-
fi lm product, suggesting immediate applications in making high-performance laser-
protecting products and optoelectronic devices. 
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  1. Introduction 

 Graphene has recently attracted dramatic interest from 

researchers working in physics, chemistry, biology, materials, 

and modeling, due to its superior mechanical, optical, and 

electronic properties, as well as its excellent controllability 

and manipulability compared to its analogues. [  1–4  ]  A large 

number of graphene-based applications in the areas of sen-

sors, solar cells, transistors, and biochips have been devel-

oped. [  5–7  ]  However, graphene possesses large conjugated 

aromatic systems composed of sp 2 -hybridized single-layer 

carbon atoms, and its hydrophobicity has rendered serious 

challenges for processing in aqueous media. A simple altera-

tion is to oxidize graphene into graphene oxide (GO), which 

has become a well-adopted precursor to make various 

graphene-based nanomaterials. [  8  ,  9  ]  For example, gold nano-

particles, quantum dots, and TiO 2  nanoparticles have been 

successfully decorated onto GO sheets. [  10–12  ]  

 Due to the ultrafast carrier dynamics and the good inci-

dent light absorption capabilities, graphene and its derivatives 
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     Figure  1 .     TEM images of a) GO–NaYF 4 :Yb/Er, b) NaYF 4 :Yb/Er 
nanoparticles, and c) GO. d) HRTEM image of NaYF 4 :Yb/Er nanocrystals 
on GO. Inset: SAED pattern of NaYF 4 :Yb/Er nanocrystal on GO.  

      Scheme  1 .     Schematic illustration of the reaction for GO–UREN 
nanocomposite synthesis.  
have become the benchmark standards for optical limiting 

(OL) studies. [  13  ,  14  ]  With the principal structure of graphene 

reserved after oxidation, that is, the large conjugated aro-

matic system, GO and GO-based nanocomposites are also 

reported as decent candidates for broadband OL applica-

tions. [  15  ,  16  ]  However, the current OL studies using graphene 

or GO mainly focus on the 532 or 1064 nm laser. Therefore, it 

is necessary to extend the laser working wavelength to other 

regions, such as the NIR, to broaden its applicability. 

 On the other hand, upconversion rare-earth nanomate-

rials (URENs) have shown strong NIR absorption and unique 

energy upconversion capabilities due to the special confi gu-

ration of the 4f electrons in rare-earth elements. As a typical 

example, NaYF 4 :Yb/Er nanoparticles can emit fl uorescent vis-

ible light at high effi ciency under NIR excitation, [  17–19  ]  thereby 

giving great potential in bioimaging, bioassay, and disease 

diagnosis. [  17–21  ]  However, studies on the nanocomposites of 

URENs and GO, which generates superior OL performance at 

the NIR region (e.g., 980 nm) by combining the advantages of 

both nanomaterials, are still absent. Herein, we report a facile 

method to synthesize GO–UREN nanocomposites ( Scheme    1  ). 

Its superior OL performance under femtosecond 980 nm laser 

excitation is investigated, followed by demonstration of the 

mechanism study and proof-of-concept applications.  

Scheme 1 depicts the experimental principles we 

employed to synthesize GO–UREN nanocomposites. Briefl y, 

GO [  10  ]  was mixed with rare-earth elements in ethanol at a 

certain ratio, and the reaction was carried out in an autoclave 

at 170  ° C for 8 h. Based on previous reports, [  22  ,  23  ]  URENs are 

expected to be anchored onto the GO surface via the coor-

dination interaction between rare-earth ions on URENs and 

carboxylic acid groups on GO. The short distance defi ned 

by the covalent bond assures that the fl uorescence energy 

upconverted by URENs can be effectively transferred to GO, 

which is the foundation of our design of these nanocompos-

ites for superior OL performance as discussed below.  

 2. Results and Discussion 

 The transmission electron microscopy (TEM) image in 

 Figure    1  a shows the synthesized nanocomposites of GO and 

NaYF 4 :Yb/Er nanocrystals (abbreviated as GO–NaYF 4 :Yb/

Er). The NaYF 4 :Yb/Er nanocrystals with sizes between 17 

and 35 nm were anchored on a GO sheet (the dashed line 

indicates the contour of multiple pieces of GO). It is worth 
www.small-journal.com © 2012 Wiley-VCH V
noting that the NaYF 4 :Yb/Er nanocrystals on GO look quite 

different from those synthesized under the same condi-

tions but in the absence of GO (abbreviated as NaYF 4 :Yb/

Er nano particles), shown in Figure 1b, which are spherical 

particles with large size-distribution ranging from 30 to 

200 nm. This difference is because here GO works not only 

as a substrate for NaYF 4 :Yb/Er nanocrystal binding, but also 

behaves as a surfactant to regulate the growth of NaYF 4 :Yb/

Er nanocrystals via the -COOH and -OH groups, [  12  ,  24  ]  which 

results in more uniform NaYF 4 :Yb/Er nanocrystals than 

without GO. Figure 1c shows the TEM image of GO used for 

synthesizing the nanocomposites. The high-resolution TEM 

(HRTEM) image in Figure 1d reveals the  α -phase struc-

ture of NaYF 4 :Yb/Er nanocrystals on the GO surface, which 

agrees well with its cubic shape as can be seen in Figure 1a. 

The 0.32 nm lattice fringes corresponding to the (111) lattice 

plane also indicate that the nanocrystals are in the  α  phase. 

The selected area electron diffraction (SAED) pattern in 

Figure 1d suggests a polycrystalline structure of NaYF 4 :Yb/

Er nanocrystals, and the concentric rings indexed as the (111), 

(200), (220), and (311) planes of  α -NaYF 4  are consistent with 

its X-ray diffraction (XRD) patterns, as shown in  Figure    2  a.   

 In Figure 2a, it is clear that GO–NaYF 4 :Yb/Er contains 

XRD signals of both GO (Figure 2b) and a standard sample 

of  α -phase NaYF 4  (JCPDS 06-0342, Figure 2c). In other 

words, the nanocomposites retains the crystal structures 

of both GO and NaYF 4 :Yb/Er nanocrystals, and thus their 

principal properties and respective functionalities are also 

expected to be retained. Here we would like to emphasize 

that the characteristic XRD peaks of the NaYF 4 :Yb/Er nano-

particles (Figure S1, Supporting Information, SI) are identical 

to those of both the standard sample (Figure 2c) and the 

NaYF 4 :Yb/Er nanocrystals on the GO surface (Figure 2a). 
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      Figure  2 .     XRD patterns of a) GO–NaYF 4 :Yb/Er, b) GO, and c) the standard 
sample of  α -phase NaYF 4  (JCPDS 06-0342).  

      Figure  4 .     Photo images of a) NaYF 4 :Yb/Er nanoparticles, b) physical 
mixture of NaYF 4 :Yb/Er nanoparticles and GO, and c) GO–NaYF 4 :Yb/Er 
in water/ethanol (1:1, v/v) solution before (a1, b1, c1) and after (a2, 
b2, c2) 980 nm laser excitation. a3, b3, and c3 are the upconversion 
fl uorescence spectra of a2, b2, and c2 samples, respectively.  
 Comparison of the IR spectra provides more details on 

the interaction mode between NaYF 4 :Yb/Er nanocrystals 

and the GO substrate in their nanocomposites. The peaks at 

3421 (  ν   O–H ), 1733 (  ν   C=O ), and 1629 cm  − 1  (  ν   C=C ) in  Figure    3  c 

are the characteristics of the carboxyl and hydroxyl groups 

in GO generated by oxidation, while the peaks at 2924 and 

2853 cm  − 1  can be assigned to the methylene stretching of CH 2  

and CH moieties in GO. However, in Figure 3a, the weakened 

peak at 1733 cm  − 1  (  ν   C=O ) implies the coordination interac-

tion between the carboxyl groups on GO and the rare-earth 

ions on NaYF 4 :Yb/Er nanocrystals, while the disappearance 

of the 1629 cm  − 1  peak further proves that the big aromatic 

system in GO was affected by this coordination interaction, 

which results in a new peak at 1595 cm  − 1  in the nanocompos-

ites (Figure  3 a) and also suggests the chemical interactions 

between NaYF 4 :Yb/Er nanocrystals and GO. [  22  ,  23  ]  The strong 

peak at 3460 cm  − 1  (  ν   O–H ) in Figure 3b comes from the water 

molecules adsorbed on NaYF 4 :Yb/Er nanoparticles and the 

peak at 567 cm  − 1  represents the typical Ln–F (Ln  =  Y, Yb, Er) 

stretching vibration. [  17–19  ,  25  ]   
© 2012 Wiley-VCH Verlag Gmb

      Figure  3 .     IR spectra of a) GO–NaYF 4 :Yb/Er, b) NaYF 4 :Yb/Er nanoparticles, 
and c) GO.  

small 2012, 8, No. 14, 2271–2276
 To study the energy transfer process between NaYF 4 :Yb/

Er nanocrystals and GO, we fi rst characterized the upconver-

sion fl uorescence of NaYF 4 :Yb/Er nanoparticles synthesized 

without GO.  Figure    4  a1 shows a solution of NaYF 4 :Yb/Er 

nanoparticles in water/ethanol (1:1, v/v), and the opaque sus-

pension indicates its poor solubility. However, under 980 nm 

laser excitation (Figure 4a2), a strong yellow light shows up. 

This proves that strong upconversion fl uorescence was gener-

ated in NaYF 4 :Yb/Er nanoparticles (note: the 980 nm laser is 

invisible to the naked eye), which can be further confi rmed 

by the strong fl uorescence spectrum (Figure 4a3) of the solu-

tion where three characteristic emission peaks at 510, 540, 

and 650 nm are observed.  

 In the case of GO–NaYF 4 :Yb/Er, although it can 

form very uniform and stable solutions (Figure 4c1), 

there is no observable emission under laser excitation, as 

shown in Figure 4c2. The strong noise signal in Figure 4c3 

clearly indicates that the upconverted fl uorescence from 

NaYF 4 :Yb/Er nanocrystals was completely quenched by 

GO, which otherwise would give the same spectrum as that 

of Figure 4b3. This is reasonable because GO has strong 

absorption at a broad wavelength range between 200 and 

800 nm (Figure S2, SI), which covers the fl uorescence emis-

sions of NaYF 4 :Yb/Er nanocrystals at 510, 540, and 650 nm; 

that is, the excitation energy of NaYF 4 :Yb/Er nanocrystals 

falls within the absorption band of GO, so the upconverted 

energy from NaYF 4 :Yb/Er nanocrystals can be effectively 

transferred to GO via the fl uorescence resonance energy 

transfer (FRET) and/or the charge transfer (CT) mecha-

nism. [  21  ,  26–29  ]  As previously reported, [  26     − 29]  in order for the 
2273www.small-journal.comH & Co. KGaA, Weinheim
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      Figure  5 .     OL data for a) NaYF 4 :Yb/Er nanoparticles, b) GO, and 
c) GO–NaYF 4 :Yb/Er. All data were collected in water/ethanol (1:1, v/v) 
solution at 78% transmittance and under femtosecond 980 nm laser 
excitation.   
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energy transfer to happen at this high effi ciency, the donor 

and the acceptor must be covalently connected, that is, the 

NaYF 4 :Yb/Er nanocrystals must be chemically anchored on 

the GO substrate. 

 In a control experiment, we physically mixed NaYF 4 :Yb/

Er nanoparticles with GO in water/ethanol (1:1, v/v). The 

precipitate in Figure 4b1 indicates its poor stability. How-

ever, under excitation, a weak reddish color observed in 

Figure 4b2 proves the existence of the upconversion fl uo-

rescence, which is consistent with the fl uorescence spectrum 

shown in Figure 4b3. This means the upconverted fl uores-

cence from NaYF 4 :Yb/Er nanoparticles is not completely, 

if at all, quenched by GO in the physical mixture. Actually, 

due to the large dynamic temporal distance between the 

NaYF 4 :Yb/Er nanoparticles and the GO in solution, the 

quenching could hardly happen, [  29  ]  or at very low effi ciency 

( < 20%). [  26  ]  Instead, we conclude that the signal in Figure 4b3 

becomes weaker than that in Figure 4a3 is mainly due to the 
      Figure  6 .     Scheme showing the energy upconversion mechanism of NaYF 4 :Yb/Er nanocrystals 
(left), and the energy transfer process from NaYF 4 :Yb/Er nanocrystals to GO (right).  
scattering effect caused by the suspended 

GO pieces: a large portion of the laser 

energy is scattered away and only a small 

amount is responsible for the upconver-

sion excitation. In other words, the struc-

tural difference between GO–NaYF 4 :Yb/

Er and the physical mixture of the compo-

nents resulted in a signifi cantly different 

fl uorescence quenching effi ciency. 

 Based on the results discussed above, 

an improved OL effect should be expected 

from GO–NaYF 4 :Yb/Er compared to 

that of either NaYF 4 :Yb/Er nanoparti-

cles or GO at the NIR region. Indeed, 

the NaYF 4 :Yb/Er nanoparticles give the 

poorest OL response ( Figure    5  a), which 

is due to the relatively small nonlinear 

scattering cross section, nonlinear absorp-

tion, and/or thermal lensing-induced non-

linear refraction of the nanoparticles. [  30  ]  
www.small-journal.com © 2012 Wiley-VCH Ve
In Figure 5b, GO shows 43% lower output power intensity 

than the NaYF 4 :Yb/Er nanoparticles. This is reasonable 

because even though the large conjugated aromatic system 

was broken in GO during the oxidation process; the main 

skeleton and thus the ultrafast carrier and high light absorp-

tion capabilities of graphene are still retained, which assures 

the outstanding OL performance in GO. [  14  ,  15  ,  31  ]  More impor-

tantly, in GO–NaYF 4 :Yb/Er, the chemical bond allows effi -

cient energy transfer between NaYF 4 :Yb/Er nanocrystals and 

GO, which results in signifi cantly improved OL performance 

(Figure 5c) where 70 and 50% decreases of output power 

intensity were observed compared to those of NaYF 4 :Yb/Er 

nanoparticles and GO, respectively. This means the chemi-

cally anchored NaYF 4 :Yb/Er nanocrystals helped to double 

the OL performance of GO.  

 We believe this superior OL performance in GO–

NaYF 4 :Yb/Er arises from the following three factors. 

1) The close distance defi ned by the chemical bond between 

NaYF 4 :Yb/Er nanocrystals and GO substrate assures highly 

effi cient energy transfer. [  22  ,  23  ]  2) The donor (NaYF 4 :Yb/

Er nanocrystals), which absorbs the NIR laser energy and 

upconverts into the visible fl uorescence (Figure 4a3) at 

high effi ciency, transfers the upconverted energy to the 

acceptor (GO) through nonradiative dipole–dipole cou-

pling. [  26–29  ,  32  ]  As depicted in  Figure    6  , the electrons in Yb 3 +   

are fi rst excited from  2 F 7/2  to  2 F 5/2  energy level, and then 

the excited electrons relax to the ground state by means of 

either energy transfer to Er 3 +   or radiation. The energy trans-

ferred to Er 3 +   further induces the electron excitation of  4 I 15/2  

 →   4 I 11/2 ,  
4 I 11/2   →   4 F 7/2 , as well as other multiphoton processes 

in Er 3 +  . Subsequently, Er 3 +   transfers its energy to the nearby 

GO via the FRET and/or CT process instead of the normal 

nonradiative relaxation of  2 H 11/2   →   4 I 15/2 ,  4 S 3/2  →  4 I 15/2 , and 

 4 F 9/2  →  4 I 15/2 , as we observed in  Figure    4  a3. This also explains 

why the fl uorescence emission can be observed in the solu-

tion of NaYF 4 :Yb/Er nanoparticles (Figure 4a2) as well as 

in its mixture with GO (Figure 4b2), but not in the nano-

composites (Figure 4c2). 3) The energy is further transferred 

into solution from the GO interface, which generates a large 
rlag GmbH & Co. KGaA, Weinheim small 2012, 8, No. 14, 2271–2276
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  Figure  7 .     a) Photo images showing the transparency of glass slides 
with and without a coating of thin fi lm composed of GO–NaYF 4 :Yb/
Er dispersed in PMMA (molecular weight: 22 000). b) OL performance 
of the nanocomposite–PMMA thin fi lm coated on a glass slide. Inset: 
schematic structure of the GO–NaYF 4 :Yb/Er nanocomposites.  
quantity of bubbles (induced by thermal energy) at high 

effi ciency due to the large surface area of GO. These bub-

bles usually cause strong nonlinear scattering effect (Figure 

S3, SI), which is responsible for the drastic decrease of the 

output energy. [  31  ,  32  ]   

 To prove the wide applicability of our concept for this 

nanocomposite design, we further synthesized the GO–

NaYF 4 :Yb/Tm nanocomposites, which has shown the same 

dramatically improved OL effect (Figure S4, SI) as that of 

GO–NaYF 4 :Yb/Er. For the physical mixture of NaYF 4 :Yb/

Er nanoparticles and GO (Figure 4b1), the OL performance 

cannot be measured because of the serious scattering and/or 

refl ection generated by the suspended GO. 

 We further fabricated a proof-of-concept product by 

coating a thin fi lm of the GO–NaYF 4 :Yb/Er nanocompos-

ites dispersed in poly(methyl methacrylate) (PMMA) matrix 

(PMMA/nanocomposites, 97.5:2.5, w/w) on a glass slide. [  15  ]  It 

can be seen in  Figure    7  a that the glass slide coated with thin 

fi lm shows a high transparency comparable to that without the 

fi lm coating. Figure 7b indicates that this  ~ 7.5- μ m-thick fi lm 

(Figure S5, SI) can generate an even better OL effect than 

the GO in solution with 10 mm optical length (Figure 5b), 

which suggests immediate applications in fabricating high-

performance optical products.    
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 8, No. 14, 2271–2276
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