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Abstract 

 

Three dimensional vertically-oriented carbon nanoflakes grown on carbon and gold 

nanoparticles by the hot filament chemical vapor deposition in CH4 environment demonstrate 

quite similar structure and composition, but drastically different room temperature 

photoluminescent properties. The interfacial interactions were asserted to be the main reason 

for the differences in the optical emission. The mechanisms of highly oriented growth, 

generation and enhancement of photoluminescence were investigated, and it was 

demonstrated that the formation of oriented nanoflakes resulted from the stress produced in 

the carbon layers on carbon and gold nanoparticles. Specifically, deformation of nanoparticles 

and difference in the expansion rates of carbon layer, gold and carbon nanoparticles are the 

main causes for the stress formation. The oriented growth of carbon nanoflakes is maintained 

by the repulsion effect between the carbon nanoflakes due to the net charge produced from 

the hydrocarbon radicals on the edges of carbon nanoflakes via charge transfer between H and 

C atoms. The photoluminescence generation of carbon nanoflakes is related to the sp
2
 carbon 

clusters on the edges of carbon nanoflakes. Strong green photoluminescent emission from the 

carbon nanoflake/gold nanoparticle system than from the carbon nanoflake/carbon 

nanoparticle system is the result of the intense plasmon emission from gold nanoparticles.  

. 
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1. Introduction 

Graphene and graphene-related nanomaterials feature unique structure and many important 

properties that warrant their application in various areas of optoelectronics, nanoelectronics, 

sensors, green energy power source, medicine and other fields [1-5]. Due to these reasons, the 

graphene-related nanomaterials such as graphene nanoflakes, graphene networks and graphene 

nanodots are attracting an increasing interest in last years [6-9].  

Recently, hybrid nanomaterials and complex nanostructures composed of graphene and 

carbon nanotubes interfaced with composites and metal nanoparticles (NPs) (inclusion noble 

metals such as Ag and Au) have become the important research areas due to their potential 

applications in optoelectronics, biology, and medical sciences such as cell imaging, drug delivery 

and cell therapy [5,10-15]. However, the hybrid nanomaterials of graphene and noble metal NPs 

are mainly synthesized via solution routes, which require a long (up to 24 h) synthesis duration 

due to the complicated reactions involved [13,15]. Importantly, advanced applications of the 

hybrid nanomaterials of graphene and noble metal NPs are often related to their optical 

properties [5,11-15], but the effects of the interfaces between graphene and noble metal NPs on 

the optical emission is not comprehensively studied. For example, the results obtained by Lan et 

al. and the studies of Park et al. indicate that the photoluminescence (PL) emission of graphene 

oxide/Ag and graphene quantum dots/Au hybrid nanomaterials is enhanced by Ag and Au 

nanoparticles, and the enhancement was attributed to surface plasmons generated by Ag and Au 

NPs [12,15]. Furthermore, there are reports that the charge and energy transfer occurs in the 

interfaces between the graphene and gold nanoparticles, thus enhancing the surface Raman 

scattering [16,17]. However, the effects of charge and energy transfer on the photoluminescence 

(PL) of graphene/metal hybrid nanomaterials have seldom been reported. It is known that the 

charge and energy transfer produced in the interfaces has important influences on the 

photoluminescent emission of hybrid nanomaters, thus the PL mechanism of hybrid 

nanomaterials composed of graphene and noble metal requires further research for their 

applications. This work mainly aims to study the PL properties of carbon nanoflakes and noble 

metal hybrid nanomaterials through their interface structures. 

 In some previous works [18,19], graphene films and nanoflakes were reported to directly 

grow on Cu foils or Au NPs by chemical vapor deposition (CVD). This apparently implies that 



 

4 

 

the present techniques used for the preparation of hybrid graphene-metal nanomaterials by CVD 

can be simplified, and thus the interfacial structures between graphene and metal NPs should be 

further studied by characterization instruments such as high-resolution transmission electron 

microscope and other sophisticated characterization techniques.  

In this work, we have synthesized hybrid nanomaterials composed of carbon nanoflakes 

(CNFs) and Au/carbon NPs by hot filament CVD (HFCVD) according to the methods described 

in references [6] and [19]. In the HFCVD technique, high temperature of filaments (~1800 °C) 

ensures fast decomposition of reactive gases in the process chamber, and the substrates can be 

efficiently heated by the thermal radiation of hot filaments installed at a short distance to the 

substrate. Moreover, high temperature difference between the filaments and substrate can 

intensify the diffusion of chemical radicals toward the substrate and thus enhance the 

nanomaterial growth rate [20]; our experiments have also demonstrated that indeed, the HFCVD 

technique is quite efficient in synthesizing the hybrid CNFs containing nanomaterials [6,19]. In 

particular, CH4 was directly supplied to the CVD chamber without other carrier gas to ensure the 

fast absorption of CH4 on the Au/carbon NP, because it benefits the layer-by-layer growth [21]. 

Furthermore, it was found that the oriented CNFs were grown in HFCVD system which differs 

from the plasma-enhanced CVD (PECVD) system. In PECVD system, the formation of 

vertically oriented graphene is related to the stress in graphene sheets and electric field built up 

by plasma [22-24]; however, there is no electric filed in the HFCVD system, and the formation 

and growth of oriented CNFs are related to the interfaces between carbon sheets and 

nanoparticles and the polar chemical radicals deposited on the edges of CNFs. 

In the previous work [6], the PL properties of oriented CNFs were studied, but the 

origination of PL bands was not well understood. Specifically, the effects of interfaces of CNFs 

with metal nanodots on the PL properties of CNFs are seldom studied. Beginning with the PL 

emission of amorphous carbon nanodots, the origination of PL bands of oriented CNFs was 

studied here systematically, and found to be related to the edges of CNFs. Furthermore, the 

effects of interfaces between CNFs and Au NPs on PL properties of CNF system are studied. 

Our results are important to control the structure of hybrid graphene-metal nanomaterials 

and nanostructures, understand the optical properties of graphene-related nanomaterials, and 

contribute to the development of optoelectronic devices of graphene-based nanomaterials.    
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Fig. 1. Schematic diagram of synthesizing carbon nanoflakes. Deposition by PEHFCVD and by sputtering was used to 

form arrays of carbon and gold nanodots on Si substrates. Then, deposition by HFCVD was used to nucleate and 

grow vertically-aligned carbon nanoflakes on both carbon and gold nanodots. 

 

2. Experimental details and characterization 

The procedure of nanomaterial synthesis is sketched in Fig. 1. To form the CNF structure, 15 nm 

Au film and amorphous carbon NPs were pre-deposited on clean silicon substrates in magnetron 

sputtering system and plasma-enhanced hot filament CVD (PEHFCVD) system, respectively. 

Before synthesis, silicon substrates were chemically cleaned by ultrasonication in solution of 

toluene, acetone and ethanol, and then boiled in the solution composed of NH3·H2O, H2O2 and 

deionized water as described in Ref. (6).  

The syntheses of amorphous carbon NPs and CNFs were carried out in PEHFCVD system 

described in detail elsewhere [6]. In the CVD chamber, three coiled tungsten filaments were 

installed at about 10 mm from the substrate to decompose the reaction gases and heat the 

substrate surface. The plasma was produced in the chamber by a DC bias power supply, with  

positive and negative electrodes connected to the filaments and substrate through a Mo holder, 

respectively.  

When the amorphous carbon NPs were deposited on the silicon substrate, N2 and H2 were 

supplied into the CVD chamber at the same flow rate of 50 sccm after vacuuming the CVD 

chamber to the pressure lower than 2 Pa. Once the pressure was stabilized to about 2×103 Pa 
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through adjusting the vacuum valve, the filaments were heated by AC current to ~1800 °C. Due 

to a short distance between the silicon substrate and filaments, the silicon substrate was fast 

heated to 850 °C by the thermal radiation of filaments. At this moment, the DC bias power 

supply was turned on to ignite the plasma, and the silicon substrate was treated for 5 min in 

N2-H2 plasma. 

Table 1. Substrate, gas flow rate, time (t) of growing samples A-D. 

 

 

 

 

 

Then the CH4 was fed into the CVD chamber, the flow rates of CH4, N2 and H2 were 

adjusted to 20, 30 and 50 sccm, and the amorphous carbon NPs were grown for 15 min in 

CH4-N2-H2 plasma under a bias current of 160 mA.  

The synthesis of CNFs was similar to the growth of amorphous carbon NPs. Silicon 

substrates with amorphous carbon NPs or Au film were installed in the CVD chamber, the 

pressure was lowered to less than 2 Pa, and then CH4 was supplied into the CVD chamber at a 

flow rate of 70 sccm. When the pressure was increased to ~2×103 Pa and became stable, the 

filaments were heated and the substrate temperature was raised to ~ 930 °C. At this temperature, 

the CNFs were grown for several minutes. The growth conditions are listed in Table 1. 

The structure and composition of synthesized nanomaterials were studied using S-4800 

field emission scanning electron microscopy (FESEM) at 15 KV, JEOL 2010F high-resolution 

transmission electron microscopy (TEM) at 200 KV, HR 800 micro-Raman spectroscopy using 

532 nm line of semiconductor laser as the excitation source, and ESCALAB 250 X-ray 

photoelectron spectroscopy (XPS) using Al Kα X-ray source. The PL properties of the 

synthesized nanomaterials were investigated at room temperature in a Horiba Scientific Labram 

HR evolution Raman spectrometer under the excitation of 325 nm line of He-Cd laser. During 

the PL measurement, the laser power was 6.8 mW and the diameter of irradiation spot was ~1 

µm. 

Sample         Substrate          CH4 (sccm)       t (min) 

A         Carbon dots/Si           70             7 

B              Au/Si              70             7 

C         Carbon dots/Si            70            10 

D              Au/Si              70             10 
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3. Results and discussion 

 
 

Fig. 2 (a) FESEM image and (b) Raman spectrum of carbon nanodots, which indicates that the size of carbon 

nanodots is diversified and the carbon nanodots have amorphous structure. 

 

3.1 Structure and composition of samples 

Figure 2 shows a FESEM image and Raman spectrum of synthesized carbon nanodots. As seen 

in Fig. 2(a), the sizes of carbon nanodots are diversified, with the typical carbon nanodots having 

the size in a range of 18~71 nm and some large nanodots reaching ~130 nm. The Raman 

spectrum of carbon nanodots shows three peaks at about 1365, 1610, and 2123 cm-1, respectively. 

The peaks at ~ 1365 and 1610 cm-1 are the D and G peaks of amorphous carbon, and the peak at 

about 2123 cm-1 is related to the C-N bonds [25,26].  

 
Fig. 3 (a-d) FESEM images of samples A-D, showing that CNFs can nucleate on carbon dots and Au nanoparticles. (e, 

f) – 3D reconstruction of the structures shown in (b) and (d), respectively. Carbon nanoflakes around the 

nanoparticles are clearly visible. 
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Fig. 4 Cross-section FESEM images of samples A-D. The insets in (a) and (c) are the amplified FESEM images of 

samples A and C. These images indicate that the CNFs on carbon dots have a higher growth rate than the GNFs on 

Au nanoparticles. 

Figures 3 and 4 are the surface and cross-section FESEM images of all samples A-D, 

respectively. In Fig. 4, the insets are the magnified FESEM images of agglomerates found in 

samples A and C, indicating that these agglomerates are composed of nanoflakes. From Fig. 3 

and 4 one can apparently see that the nanoflakes nucleated directly on carbon and Au NPs and 

they grow in an oriented mode. Moreover, Fig. 4 shows a larger nanoflake thickness in samples 

A and C than in B and D, thus indicating that the nanoflakes in samples A and C have a higher 

growth rate compared to samples B and D. 

Figure 5 shows the Raman spectra of samples A-D. Each spectrum in this figure features the 

D, G, D', 2D, and D+G peaks, and the positions of these peaks are listed in Table 2. Among these 

peaks, the D, G, 2D, and D+G peaks are quite consistent with the characteristic Raman peaks of 

graphene flakes reported elsewhere [1,6,26,27], indicating that the synthesized nanomaterials are 

the graphite carbon nanoflakes.   
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Fig. 5. Raman spectra of samples A-D. Each spectrum shows the D, G, D', 2D, and D+G peaks intrinsic to the 

graphene structure. 

 

Table 2. Positions of D, G, D', 2D and D+G peaks in Fig.5. 

Sample     D (cm
-1

)    G (cm
-1

)     D' (cm
-1

)    2D (cm
-1

)    D + G (cm
-1

) 

A         1342       1579       1618        2680        2929 

B         1349       1586       1621        2700        2941 

C         1345       1580       1619        2687        2930 

D         1349       1584       1620        2696     2940 

 

The origination of D' peak shown in Fig. 5 is attributed to the intravalley resonance 

scattering caused by the disorder in graphene [28,29], which is related to the defects and doping 

in graphene [30]. From the XPS results (see Table 3) it follows that there is no component of 

nitrogen in samples A and B, i.e., nitrogen was not doped into the CNFs. Thus, the D' peak 

results from the defects the CNFs. Furthermore, the Raman spectra show strong D peak, which is 

related to the edge effect of CNFs. Figures 3 and 4 show that the samples are composed of CNFs 

contianing many edges, while both defects and edges of graphene contribute to the D peak 

[31,32]; thus, the strong D peak results from the edge effect of CNFs. 

To study a fine structure and composition of CNFs, samples A and B were examined using 

XPS, and samples C and D were investigated using a high-resolution TEM, respectively. Fig. 6 is 

the high-resolution TEM images of samples C and D, which indicate that the GNFs have a 

crystalline structure with some amorphous phases (see the areas circulated by red dot lines). We 

used the standard TEM analytic software to measure the distances between two layers for sample 

C and 10 layers for sample D, and the results of measurements are also shown in Fig. 6.  
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Fig. 6 TEM images of samples C and D. CNFs have a structure of carbon sheets and some new nanoflakes grow 

from the graphite carbon covering carbon and gold nanoparticles. The areas circulated by red dot lines are the 

amorphous phases. 

 

According to these data, the space between two GNF sheets is about 0.34 nm, which is consistent 

with the space separation between two graphene layers reported in Ref. (18). Furthermore, Fig. 6 

shows that the carbon and Au NPs are covered with the graphite carbon layers and some new 
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nanoflakes grow from the graphite carbon layers on carbon and Au NPs. From Fig. 6 one can see 

that the graphite carbon layers are firstly formed on the surfaces of carbon and Au NPs, and then 

the CNFs are grown from the graphite carbon layers on the carbon and Au NPs in oriented mode. 

Figure 7 is the XPS spectra of samples A and B, which show the C 1s and O 1s peaks at 

about 284.8 and 533.5 eV. In addition, the spectrum of sample B shows the Au 4f, Si 2p and Si 

2s XPS peaks at about 84.5, 103.5 and 153.5 eV, respectively [33]. The atomic densities of 

elements obtained from the XPS results are listed in Table 3. Importantly, there is no nitrogen in 

sample A, i.e., nitrogen is not doped into the CNFs. While carbon nanodots contain nitrogen (see 

Fig. S2 in the Supporting Information available), the CNFs were grown in CH4 environment and 

hence, it is difficult for nitrogen to diffuse from carbon nanodots to CNFs due to fast growth of 

nanoflakes. No N2 was employed during the growth of samples B, thus there was no nitrogen 

component in sample B. 

 

 
Fig. 7. XPS spectra of sample A and B. The Au 4f, Si 2p, Si 2s, C 1s and O 1s XPS peaks are present at about 84.5, 

103.5, 153.5, 248.8 and 533.5 eV, respectively.  

 

Table 3 Atomic density of elements obtained from XPS measurement. 

 

Sample   C (at.%)   O (at.%)   Au (at.%)   Si (at.%) 

  A       99.17      0.83       －         － 

B       67.67      15.55     0.65       16.14 
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Fig. 8. Amplified C 1s and O 1s XPS spectra of samples A and B. The C1 and C2 peaks are fitted, which indicate that 

the graphite carbon nanoflakes contain sp
3
 carbon. 

Table 4. The positions of fitted XPS peaks shown in Fig. 8 

Sample     C1 (eV)     C2 (eV)     O1 (eV)      

  A        284.79     285.80      533.1 

  B        284.79     285.77      533.3 

 

To further confirm the binding states of C and O elements, the C 1s and O 1s XPS peaks 

were fitted using the standard XPS fitting software after Shirley background subtraction. The 

fitted peaks are shown in Fig. 8 and their positions are listed in Table 4. The C1 and C2 peaks 

shown in Fig. 8 are attributed to the sp2 and sp3 C-C bonds, respectively [1,34]. The fitted O 1s 

peaks are located at ~ 533 eV and relate to the C-O or Si-O bonds, respectively [33]. In Fig.7, the 

O 1s XPS peak of sample B is much stronger than that of sample A, which may result from the 

native SiO2 on the silicon substrate surface. From Fig. 7 one can see that the two XPS peaks 

related to Si are located at about 103.5 and 153.5 eV, apparently they result from Si element in 

SiO2 [33]. Fig. 4 shows that the CNF film of sample B is much thinner than sample A, which 

implies that the surface of Si substrate is easily detected by XPS; in other words, O element in 
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SiO2 on the Si substrate is detected by XPS, thus the XPS spectrum of sample B shows a very 

strong peak related to oxygen.   

 

3.2 Formation and growth of carbon nanoflakes on carbon and Au nanoparticles 

The obtained results indicate that the graphite carbon layers firstly nucleate on surfaces of carbon 

and Au NPs, and then the oriented CNFs start growing. Importantly, the growth of oriented 

CNFs on the carbon NPs is faster than the growth on the Au NPs. In this section, the formation 

and oriented growth of CNFs are analyzed. 

During the growth of CNFs, CH4 gas was supplied into the CVD chamber before heating, 

i.e., CH4 molecules could absorb on the surfaces of carbon NPs and Au film. During heating of 

the filament and substrates, CH4 molecules are decomposed into hydrocarbon chemicals and 

atomic hydrogen:  

                           CH4 → CH3 + H.                              (1)  

Atomic hydrogen has a high chemical activity, so it easily reacts with CH4 molecules 

absorbed on the carbon NPs and Au film and forms carbon atoms through the dehydrogenation 

reaction. Finally, these atoms form the graphite carbon layers on carbon NPs and Au NPs formed 

due to the melting of continuous Au film [19,26,35]. However, there are a great difference in the 

formation rate of graphite carbon layers on carbon and Au NPs. When the substrates are heated, 

the carbon NPs can promote decomposition of hydrocarbon chemicals because carbon black has 

a catalytic effect towards decomposition of CH4 at high temperature [36]. As a result, the 

formation rate of graphite carbon layers is high on the carbon NPs. Besides, carbon nanodots can 

be evaporated during the formation of graphite carbon layers, which contribute to the growth of 

graphite carbon layers. However, the TEM image shown in Fig. 6(a) indicates that the graphite 

carbon nanoflakes are rested on carbon nanodots, i.e., the carbon nanodots survive after the 

nucleation and growth of nanoflakes. Due to the difference in sizes of carbon nanodot shown in 

Fig. 2 it is possible that large carbon nanodots serve as a source of carbon for CNF growth, and 

some small carbon nanodots can be completely consumed during the formation of CNFs. In 

other words, the consumption of carbon nanodots is a factor enhancing the growth rate of CNFs. 

On the other hand, the surfaces of carbon nanodots are fast covered by hydrocarbon radicals due 

to a high flow rate of CH4, which decreases the evaporation rate of carbon nanodots. Therefore, 
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the reaction of hydrocarbon radicals on the surfaces of carbon nanodots mainly contributes to the 

growth of graphene nanoflakes. In case of Au NPs, the inertness of Au results in the desorption 

of CH4 molecules from the surfaces of Au NPs during heating, i.e., the formation rate of carbon 

atoms is slow before Au NPs are not molten. When Au NPs melt, the absorption of CH4 

molecules improves the dissolution of carbon atoms in the molten Au NPs [37,38]. Due to the 

Gibbs-Thomson effect, the dissolved carbon atoms precipitate from the Au NPs and form the 

graphite carbon layers on the surfaces of Au NPs [39]. The Gibbs-Thomson effect here refers to 

the precipitation of dissolved atoms in catalyst particles, driven by the high stress/inner pressure 

difference formed due to the size and solubility of catalyst particles [40,41]. Thus, it takes a long 

time to form the graphite carbon layers on the Au NPs, which means that the formation rate of 

graphite carbon layers on the Au NPs is slow.  

During the formation of graphite carbon layers, the amorphous carbon and Au NPs produce 

deformation [42-44], which results in the production of stress in the graphite carbon layers. 

Furthermore, the difference in the thermal expansion rates of graphite carbon layers with carbon 

and Au NPs further increase the stress in the graphite carbon layers [39]. As a consequence, 

some carbon sheets in the graphite carbon layers can be broken to form the cracks at the sites 

with high stress. Finally, the edges of cracks bend upward under the stress to lead to the 

formation of oriented carbon nanoflakes (i.e., oriented CNFs) [22,45]. 

In the previous works, the oriented growth of graphene by PECVD was considered to result 

from the change of growth direction of graphite layers caused by the stress, and the oriented 

growth of graphene was controlled by the electric field produced by plasma [22,23]. In our work, 

the growth of CNFs was carried out in HFCVD system, where there is no plasma to form the 

electric field. The oriented CNFs growth in HFCVD system may be related to the charge transfer 

in the hydrocarbon radicals. According to Eq. (1), a number of hydrocarbon radicals are formed 

during the growth of CNFs. The difference in the electronegative values of H and C elements 

results in the charge transfer between H and C atoms. As a result, a hydrocarbon radical can 

acquire a net charge. When the hydrocarbon radicals deposit onto the edges of bending cracks, 

the edges of cracks possess net charge, which leads to a repulsion effect between two cracks. The 

repulsion effect between two cracks maintains the orientation growth of CNFs. 

Due to the high formation rate of graphite carbon layers on the carbon NPs relative to Au  
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Fig. 9 PL spectra of samples A-D, which show the green and red PL bands at about 507-515 and 750-752 nm, 

respectively. Stronger PL intensity of samples B and D than A and C indicates that the PL emission is enhanced by 

Au nanoparticles.   

 

Fig. 10. (a) SEM image and (b) PL spectrum of molten Au NPs. The Au NPs was formed in H2 environment for 1 min 

at 850-900 °C. 

 

NPs, the rate of crack formation on the carbon NPs is higher than the Au nanoparticles. As a 

result, Fig. 3 shows more CNFs for samples A and C than for samples B and D, and Fig. 4 

exhibits a larger thickness of CNF films of samples A and C compared to samples B and D.  

 

3.3 PL properties of carbon nanoflakes on carbon and Au nanoparticles 

Figure 9 is the PL spectra obtained from different area of samples A-D, which confirm that 

relative intense PL emission generates from the synthesized nanostructures. From Fig. 9 one 
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apparently can see that the samples generate the green and red PL bands centered at about 

507-515 and 750-752 nm, and the PL intensity of samples B and D are stronger than that of 

samples A and C, respectively. In addition, the PL spectra show the broad PL bands and low 

intensity. Since Au NPs can emit green PL band [46,47], we have measured the PL spectrum of 

Au NPs and presented the results in Fig. 10. From this graph one can see that the Au NPs 

generate the PL band at about 518 nm, i.e., the PL bands (507-509 nm) of samples B and D are 

not the PL bands intrinsic to Au NPs. Fig. 4 shows a much thicker CNF structures on samples A 

and C than on samples B and D, which implies that the PL emission from samples A and C was 

indeed generated by CNFs. Thus, strong PL intensity of samples B and D compared to samples A 

and C indicates that the PL emission from CNFs was enhanced by the Au nanoparticles, and the 

enhancement of the PL emission relates to the CNF-Au interfaces. In the next section the PL 

properties of CNFs on carbon and Au NPs are discussed. 

 

3.3.1 PL generation of PL bands of CNFs 

It is known that graphene is a carbon material with zero bandgap, i.e., graphene cannot generate 

PL emission. Thus, how do the CNFs generate PL emission? To study the PL origination in 

CNFs, the composition of CNFs was studied in details using Fourier transform infrared (FTIR) 

spectroscope, and the FTIR spectrum is shown in Fig. S1 in the Supporting Information. The 

spectrum indicates that the CNFs contain C-H and C-O radicals, which are related to the residual 

oxygen and hydrocarbon radicals present in CVD chamber. However, the C-H radicals such as 

aromatic and olefinic molecules are usually responsible for the blue PL emission [48], while the 

C-O radicals relate to red PL emission [49], and green PL emission is related to the sp2 clusters 

[6,50]. From Fig. 9 it is seen that the CNFs generate strong green PL bands, which implies that 

the PL properties of CNFs are related to the carbon clusters. The PL emission of carbon nanodots 

shown in Fig. 2 were further measured at the same conditions as samples A-D.  

Figure 11 is the PL spectra obtained from different areas on carbon nanodot sample. As 

shown in this graph, the carbon nanodots generate the PL bands at about 392, 506, 510 and 750 

nm, which are similar to the PL spectra of amorphous carbon nitride films [51]. In the Ref. (51), 

Iwano interpreted the PL generation by the transition mechanism, i.e., the transition with energy 

of 1.4–1.9 eV is attributed to the interband transition between π* conduction band and lone-pair 
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valence band of nitride, the transition with energy exceeding 2 eV occurs between π* conduction 

band and π valence band, or σ* conduction band and lone-pair valence band of nitride. The 

Raman spectrum of carbon nanodots shown in Fig. 2b indicates that the carbon nanodots feature 

an amorphous structure. From the XPS spectra of carbon nanodots shown in Fig. S2 in 

supporting information, the carbon nanodots consist of sp2 C-C, sp2 C-N, sp3 C-C and C-O 

species. According to the PL mechanism of amorphous carbon nitride films, the PL band at 

about 392 nm can be attributed to the transition between σ* conduction band and lone-pair 

valence band of nitride, the PL band at about 506-510 nm originates from the transition between 

π* conduction band and π valence band and the PL band at ~ 750 nm occurs the transition 

between π* conduction band and the oxygen defect states formed between π* conduction band 

and π valence band.  

 

Fig. 11. PL spectra of different areas on carbon nanodot sample, indicating that the carbon nanodots generate blue, 

green and red PL bands at about 392, 506, 510 and 750 nm, respectively. 

The TEM images shown in Fig. 6 indicate that there are amorphous phases in the CNFs and 

edges of CNFs (see the areas circulated by the dot red lines). In particular, the amorphous phases 

isolate small sp2 carbon clusters on the edges of CNFs. The XPS results indicate the formation of 

sp3 carbon in the CNFs, which is mainly located on the edges of nanoflakes (because the strong 

D peaks in the Raman spectra relate to the edges of graphene [31,32]). As a result, the isolated 

sp2 carbon clusters within sp3 carbon lead to the formation of electrons and holes on the π* and π 

bands of isolated sp2 carbon clusters under ultraviolet excitation [50], and the electron transition 

between π* and π bands results in the green PL emission [51]. From XPS spectra, C-O radicals 

are formed in the CNFs, thus oxygen defect level can form between π* and π bands of isolated 

sp2 carbon clusters and the electron transition between π* and oxygen defect level results in the 

red PL emission [49].  
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According to the above analyses, the PL generation of CNFs are related to the edges of 

CNFs. Comparing Fig. 9 with Fig. 11 one can find that the PL spectra of samples B and D are 

close to the PL spectra of carbon nanodots, thus the PL bands of samples B and D originate from 

the CNFs. Furthermore, Fig. 6(a) indicates that samples A and C are composed of CNFs and 

carbon nanodots. From Fig. 4 one can see that CNF are very thick compared to the carbon 

nanodots;, due to the exponential relation of optical decay with distance, the carbon nanodots 

play a small role for the PL emission of CNFs, and hence, nitrogen in the carbon nanodots have 

weak effect on the PL emission. 

As stated above, the PL generation of CNFs relates to the isolated sp2 carbon clusters on the 

edges of CNFs. The TEM images in Fig. 6 indicate that the sizes of carbon clusters are 

diversified, and this naturally leads to the broad PL bands since the energy gap of π* band and π 

band of a sp2 carbon cluster is related to its size [50]. The low PL intensity of CNFs may results 

from their thickness. The TEM images in Fig. 6 indicate that the CNFs are thick carbon 

nanosheets, which feature strong absorption of light. As a result, the PL intensity becomes weak. 

To increase the PL intensity of CNFs, the thickness of CNFs can be reduced to lower the 

absorption for light. As a result, the PL intensity becomes weak. 

To analyze the PL uniformity of samples, we have made a the green PL mapping of samples 

C and D, and the results are shown in Fig. 12. According to the color bars, the difference 

between the strongest and weakest intensities is about 40% and 20% for samples C and D, 

respectively. These data indicate that the photoluminescence of samples grown on Au 

nanoparticles has a good uniformity, while the PL uniformity of samples grown on the carbon 

nanoparticles is relatively poor, which may result from the non-uniformity of CNF thickness. 

 
Fig. 12 PL intensity images of samples C and D. The images are obtained from 400-650 nm. 
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3.3.2 PL properties of CNFs 

Figure 9 shows that the PL intensity of sample B is stronger than that of sample A. Similarly, the 

PL intensity of sample D is stronger than that of sample C; this indicates that the PL emission of 

CNFs is enhanced Au NPs. In this section we examine the PL enhancement due to processes at 

the GNF-Au interfaces.  

The results described in previous works indicate that the rough Au film or Au nanoparticles 

can generate the green PL emission under the irradiation of ultraviolet (UV) light due to 

recombination of electrons near the Fermi level with holes in the d band [46,47] and the 

observed green PL emission from Au NPs is considered to be the consequence of PL emission 

enhanced by the subsequent plasmon radiation generated from the process of which the holes in 

the d band recombine with s-p electrons [52]. In other words, the recombination of electrons near 

the Fermi level with holes in the d band includes the radiative and non-radiative process, where 

the radiative combination emits the photons, and the non-radiative combination gives rise to the 

plasmon emission.  

Figures 4 and 6 indicate that in our samples the irregular Au NPs are covered with the 

carbon layers containing the graphite carbon layers and CNFs, thus light cannot directly irradiate 

the Au NPs. It is known that the reflection and refraction occur on the interface of two different 

media when light irradiates the interface between them. Figure 6 shows that the thickness of 

carbon layers on the Au NPs is inhomogeneous, thus some light can penetrates through thin 

carbon layers when the sample is irradiated by UV light with a wavelength of 325 nm. As a 

result, the Au NPs can locally generate the green PL emission and plasmon emission due to the 

recombination of electrons near the Fermi level with holes in the d band [52]. Due to the local 

plasmon emission, the local electric field in the vicinity of Au NPs is enhanced, which causes the 

enhancement in the PL emission from CNFs [53]. 

Furthermore, plasmon emission can enhance the PL emission from the Au NPs [52]. Due to 

the carbon layers on gold nanoparticles, the PL emission from the Au NPs must penetrate 

through the carbon layers, and thus the PL emission of CNFs is further excited and enhanced. 

However, the plasmon emission from the Au NPs simultaneously results in the transfer of 

electrons from the Au NPs to graphite carbon layers [54]. As a result, the rate of radiative 

recombination of electrons near the Fermi level with holes in the d band is reduced to weaken the 
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effect of PL emission from the Au NPs on the enhancement of emission from CNFs. It is the 

possible reason that the PL enhancement of the hybrid of noble metal NPs (e.g., Ag and Au) with 

graphene or graphene quantum dots is usually interpreted to originate from the surface plasmon 

of noble metal NPs [12,15].  

In addition, the energy transfer simultaneously occurs in the GNF-Au interfaces [17], 

however the effects of energy transfer on PL emission is related to the distance between the PL 

emission sites of CNFs and Au NPs, because the surface energy transfer rate E depends on the 

distance l between donor and acceptor by 

� =
�

����/�	

�
 ,                           (2) 

where d0 and N present the Förster separation and the number of metal NPs interacting with a 

single donor [55]. It was already demonstrated that d0 is in a range of 2-4 nm and it is rarely 

larger than 5 nm [56], thus the PL quenching of fluorophores by energy transfer occurs in a 

distance below 5 nm [56,57]. With the distance l increasing, the energy transfer rate is greatly 

reduced according to (2), and this results in the enhancement of photoluminescence due to the 

enhancement of surface electric field of metal NPs [57].  

From Fig. 6 we have also obtained the thickness of graphite carbon layers which are of 

about 7-10 nm, thus the quenching and enhancement of PL emission simultaneously occur all the 

graphite carbon layers. In other words, the net effects of charge transfer depend on the thickness 

of graphite carbon layers on the Au NPs. The 7-10 nm graphite carbon layers on the Au NPs 

imply that the net effects of charge transfer on the PL emission should result in the PL quenching, 

however the PL enhancement by the plasmon emission may exceed the PL quenching caused by 

the charge transfer. It is the possible reason that our results exhibit the PL enhancement on CNFs 

interfaced with gold nanoparticles.   

Compared the PL spectra of samples A and B with the spectra of samples C and D, the PL 

enhancement of sample D relative to sample C is weaker than that of sample B relative to the 

sample A. To confirm the PL properties of samples C and D, the PL emission of samples C and 

D was measured for many times. The mult-measurements exhibit similar results (see Fig. 9 and 

Fig. S3 in supporting information), which indicate that the PL intensity of sample D is stronger 

than that of sample C. Thus, the PL emission of CNFs was indeed enhanced by Au nanoparticles, 

but the PL improvement of sample D relative to sample C is not strong, and this may be related 
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to the increase of CNF area. The area of CNFs increased due to the long growth time for samples 

C and D, as confirmed by Fig. 3; this leads to the increase of number of defects in CNFs 

including the defects between carbon sheets (due to multilayer structure) and the amorphous 

phases in the interior of CNFs. Thus, the number of dangling bonds in the CNFs (i.e., the number 

of PL quenching centers in the CNFs) increased. As a result, the PL enhancement of sample B 

relative to sample A is stronger than that of sample D relative to sample C. In other words, the 

effect of Au NPs on the PL enhancement of CNFs weakens with the increase of CNF area. 

 

3.4 Potential applications of CNFs for biology studies 

Figures 3 and 4 show that the CNFs have vertical orientation and open structure. Due to а 

unique structure of CNFs, the analytes can fully access the surfaces and edges of CNFs like in 

the case of vertical graphenes [22], thus such CNFs can be used as a platform for the advanced 

biosensors. In particular, Fig. 6 indicates that the surfaces and edges of CNFs contain some 

micropits. When the CNFs are placed in the solution containing biological macromolecules such 

as proteins, the proteins are easily absorbed in the micropits due to a pitted structure. After they 

are irradiated by light, the energy transfer between the proteins and CNFs can result in changes 

of shape and spectral position of PL bands with the excitation wavelength, like PL properties of 

proteins on nanodiamond [58]. Similarly, the CNFs can be used for biocompatible labels [58]. 

Furthermore, the CNFs easily capture and stabilize the biomedical labeling reagents (i.e., highly 

luminescent semiconductor nanoparticls) in solution, which are similar to the capture and 

stabilization of CdSe nanoparticles by dendron ligands [59]. After they are excited by light, the 

carbon walls and edges will be labelled like the label of sidewalls of carbon nanotubes by 

semiconductor quantum dots; thus, the CNFs can be used to fabricate the biological nanoprobes 

for cytological studies [60]. The above applications of CNFs in biology science are our subject 

of future work. 

 

4. Conclusion  

In summary, the oriented carbon nanoflakes were grown on amorphous carbon and gold NPs in 

CH4 environment by HFCVD, and their structure and composition were studied by various 

characterization techniques including FESEM, high-resolution TEM, Raman and XPS. The 
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oriented growth mechanism and room temperature PL properties of CNFs were studied with 

relation to the processes at the CNF-carbon NP and CNF-Au interfaces. The formation of 

oriented CNFs originates from (1) the stress in the graphite carbon layers on carbon and Au NPs 

due to the deformation of carbon and Au NPs and (2) the difference in the thermal expansion 

rates of graphite carbon layers with carbon and Au NPs. The oriented growth of CNFs is 

maintained by the repulsion between two CNFs caused by the net charge produced from the 

hydrocarbon radicals on the edges of CNFs due to the charge transfer between H and C atoms. 

The PL generation of CNFs is related to the edges of CNFs, which results from the sp2 carbon 

clusters on the edges of CNFs. The strong PL emission of CNFs on Au NPs compared to the 

CNFs on carbon NPs results from the plasmon emission of Au NPs generated from the 

non-radiative recombination of electrons near the Fermi level with holes in the d band of Au NPs 

under irradiation of UV light. These achievements can be used to control the structure of hybrid 

graphene nanomaterials [61,62], metamaterials [63], enhance optical properties of 

graphene-based nanomaterials, and contribute to the development of optoelectronic devices of 

graphene-based nanomaterials grown in complex plasmas [64].   
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