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Solutions of calibrated nanographenides (negatively charged nanographenes) are obtained by 

dissolution of graphite nanofibre intercalation compounds (GNFICs). Deposits show 

homogeneous unfolded nanographene platelets of 1 to 2 layers thickness and 10 nm lateral 

size, evidenced by atomic force microscopy and Raman spectroscopy. Upon oxidation, 

nanographenide solutions exhibit strong photoluminescence. 

 

 

 

 

 

 

 

Introduction 

Graphene has received extensive attention for its potential 

applications as one of the few known two-dimensional 

materials, due to its intriguing electrical, mechanical, and 

chemical properties.1-4 The procedures used to produce 

graphene include micromechanical cleavage,1 chemical vapor 

deposition (CVD)5,6 and thermal decomposition of SiC.7 

However, low-yield and/or high costs restrain their use for 

industrial scale applications. To overcome this limitation, many 

studies have explored liquid phase routes in the past years.8-16 

One of these studies consists in sonication-free, mild 

dissolution of graphite in organic solvents, by using graphite 

intercalation compounds (GICs), allowing the deposition of 

monolayer graphene on surfaces.13-16 By inserting alkali metals 

into graphene layers, the π-π interactions between layers are 

replaced by electrostatic interactions. It has been shown that in 

suitable solvents, the entropic counter ion contribution drives 

the spontaneous dissolution of nanocarbon salts.17 Thus, 

solutions of negatively charged graphene sheets, i.e. 

graphenides, can be obtained in polar solvents such as THF or 

NMP.15,16 Using similar GICs process, Milner et al. reported 

that potassium−ammonia solution intercalate into nanographite 

fibres to form nanographene platelets when dissolved in THF.18 

Conversely, alkali metal intercalated multi-walled carbon 

nanotubes have been shown to yield graphene ribbons through 

opening of the constrained tube walls19,20   

Nano-sized graphene, with size typically smaller than 100 nm, 

called graphene quantum dots (GQDs),21-28 has been 

synthesized or fabricated from various carbon-based materials. 

GQDs exhibit strong emission from blue to orange color. In 

recent years, graphene quantum dots have been found to have 

potential applications in photoluminescence (PL) detection, 

biomedicine and bioimaging.28-33 All the above GQDs were 

fabricated using aggressive oxidation processes and the 

resulting GQDs were functionalized by oxygen containing 

functional groups. Starting from graphite nanofibres (GNFs) 

and using a modified Hummers’ method, nanocolloidal 

graphene oxide34 and graphene quantum dots35 of ca 10 - 20 nm 

lateral size have been obtained. However, both are obtained 

using the graphene oxide route that uses strong oxidizing 

medium. Graphene, without oxygen passivation or 

functionalization, is considered non-emissive. However, as 

discussed in some reports, luminescence of GQDs is attributed 

to free zigzag sites22,36,37 and sp2 crystallite clusters.21,31 As 

lateral size decreases down to nm scale, the concentration of 

free zigzag sites on nano graphene is much higher than for large 

lateral size graphenes. Hence, nano graphene might exhibit far 

more efficient photoluminescence. GQD have been obtained by 

sonication-aided liquid phase exfoliation of GNFs in DMSO 

but no PL was reported.38 

Using mild reductive dissolution, we report here the preparation 

of stable, fully exfoliated, solutions of nanographenides 

calibrated in lateral size. Exposure of these solutions to air 

yields strong photoluminescence, whereas air exposure of 

graphenide solutions from natural graphite, performed as blank 

experiment, show only negligible PL.  

 

Experimental 

Materials 

Graphite nanofibres (GNF)39 were purchased from Aldrich (ref 

698830, produced by catalytic chemical vapor deposition) and 

used as received. Raman spectra, XPS, SEM and TEM 

characterization of the nanofibres are presented in Figures S1-

S5. NMP (Aldrich, anhydrous) was distilled under reduced 

pressure before entering the inert atmosphere glove box. Dry 
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Fig. 1 (a, b) AFM topography images of deposits of GNFIC/THF solution on freshly cleaved mica surfaces. Cross sections of the 

topography images taken along the white line are plotted in inserted figures, showing that the height of the nano objects on the 

surface is less than 1 nm. (c) Height distribution of nanographene based on (b); the mean height of the objects is 0.7 nm. (d) 

Number of layer distribution in (b) calculated from the height distribution, assuming a height of 0.34 nm per layer and setting 

thresholds at 0.51 nm between 1 and 2 layers and 0.85 between 2 and 3 layers. The majority of objects have 1 or 2 layers. (e) 

Lateral size distribution of nanographenes based on (b); the mean size is 15 nm before tip deconvolution (see text). Lines in (c) and 

(e) correspond to a log normal distribution fit.41 

 

THF (Aldrich, contains no stabilizer) was dried on an 

alumina PureSolv purifier column from Innovative 

Technologies and then distilled in the glove box. Surface-

enhanced Raman spectroscopy (SERS) substrates, covered 

by Ag particles (RANDA) were purchased from Integrated 

Optics. Template-stripped Au surface was prepared as 

described in the literature.40 All air sensitive procedures 

(preparation of KC8 and its solutions, handling of the 

solutions, deposition on surfaces) were performed in an 

Innovative Technology Inc. glove box with less than one 

ppm O2 and moisture contents. (Caution: Users should take 

extreme care when manipulating potassium and any 

potassium containing waste. Detailed procedures are 

described in Supplementary Information). 

Preparation of graphite nanofibre intercalation compound 

(GNFIC). GNF was mixed with the appropriate amount of 

potassium metal (using a molar ratio C/K=8) in a sealed 

tube. The reaction took place at 250 ºC under vacuum. 

Brownish GNFIC (as compared to golden/copper shine KC8 

from graphite) was recovered after two days reaction.  

Preparation of the GNFIC (KC8) solution. About 8 mg of 

GNFICs were dissolved in 4 mL of distilled anhydrous THF 

and NMP under inert atmosphere, at room temperature using 

a vortex stirrer (2000 rpm). After two days, the solutions 

were centrifuged at 6000 rpm for 20 minutes to separate the 

non-soluble material from the solution. The upper clear 

solutions were collected into a second centrifugation tube. 

Then a second centrifugation was performed at the same 

speed of 6000 rpm for 10 minutes. After the second 

centrifugation, the graphenide solutions: GNFIC in THF and 

NMP were recovered and stored in glove box in brown vials. 
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Fig. 2 (a, b) AFM topography images of deposits of GNFIC/NMP solution on freshly cleaved mica surfaces. Cross sections of the 

topography images taken along the white line are plotted in inserted figures, showing that the height of the nano objects on the 

surface is less than 1 nm. (c) Height distribution of nanographene based on (b); the mean height of the objects is 0.4 nm. (d) 

Number of layer distribution in (b) calculated from the height distribution, assuming a height of 0.34 nm per layer and setting 

thresholds at 0.51 nm between 1 and 2 layers. The majority of objects have 1 layer only. (e) Lateral size distribution of 

nanographenes based on (b); the mean size is 15 nm before tip deconvolution (see text). Lines in (c) and (e) correspond to a log 

normal distribution fit.41 

 

Deposition of the solutions onto substrates. Deposits of the 

graphene solutions were prepared onto different kind of 

substrates by drop-casting inside the glove box. Deposits 

were performed on mica, HOPG, Au, SiO2 and SERS 

surfaces. Mica and HOPG substrates were freshly cleaved in 

the glove box just before using. Au surfaces were separated 

from mica in THF40 and washed with deionized water and 

ethanol, then immediately transferred into the glove box for 

deposition. SiO2 surfaces were sonicated in deionized water, 

acetone and ethanol. SERS substrates were washed with 

deionized water and ethanol. For all the substrates, 30µl of 

graphenide solutions were deposited on ∼1cm2 substrates. 

The coated surfaces were dried under vacuum at room 

temperature and then taken out of the glove box and washed 

carefully using deionized water, isopropanol and deionized 

water. Finally, the mica and SiO2 substrates were dried at 

200°C overnight; the HOPG, Au and SERS substrates were 

dried at 50°C under vacuum overnight. 

Atomic force microscopy (AFM). AFM images in ambient 

air were acquired using a Nanoscope III microscope 

operated in tapping mode using 8 nm radius tips MPP-

111000.  

Scanning tunneling microscope (STM). Ambient STM 

images were recorded on Nanoscope III microscope 

operated in STM mode using freshly cutted 

Platinum/Iridium tip (Pt 80/Ir 20, 0.25mm diameter). 

Transmission electron microscopy (TEM). TEM images 

were obtained on Hitachi H7650 in Bordeaux Imaging 

Centre. 
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Fig. 3 Absorption spectra of (a) GNFIC/THF and (b) 

GNFIC/NMP. The result present the evolution process of 

fresh (red), 2-month-aged (green) and 6-month-aged (blue) 

solutions. 

 

Raman spectroscopy. Raman spectroscopic characterization 

was carried out on a Horiba Jobin Yvon Xplora (excitation 

wavelength: 638 nm) with a laser spot size of ∼1 µm. The 

spectra were calibrated in frequency using a piece of silicon 

prior to measurement. Raman mapping measurements were 

obtained through a motorized x-y table in a continuous 

linescan mode (SWIFT-module). 

UV-Vis absorption spectroscopy. UV-Vis spectra were 

recorded on a Unicam spectrometer. 

X-ray photoelectron spectroscopy (XPS). A ThermoFisher 

Scientific K-ALPHA spectrometer was used for surface 

analysis with a monochromatized AlKα source (hν = 1486.6 

eV) and a 200 microns spot size. A pressure of 10-7 Pa was 

maintained in the chamber during analysis. The full spectra 

(0-1150 eV) were obtained with constant pass energy of 200 

eV and high resolution spectra at constant pass energy of 40 

eV. Charge neutralization was applied for all samples. High 

resolution spectra were fitted and quantified using the 

AVANTAGE software provided by ThermoFisher Scientific 

and the Scofield sensitivity factors available from the 

internal database. All binding energies (BEs) were 

referenced to Au4f or Si2p. 

Photoluminescence. Photoluminescence experiments were 

performed using JASCO FP-8300 fluorescence spectrometer 

with an excitation wavelength at 325 nm. 

 

Results and discussion 

The concentration of GNFIC in THF (determined by dry 

extract) was between 0.2 and 0.5 mg/ml (10-30% yield from 

the starting material). The GNFIC solution concentrations in 

NMP were not determined due to NMP’s high boiling point. 

Upon air exposure of deposits from the graphenide 

solutions, re-oxidation takes place, graphenide returning 

mostly to neutral graphene as has been documented 

elsewhere14,18 whereas oxygen gets reduced to superoxide 

that will eventually lead to KOH in presence of moisture. 

Rinsing of the surfaces allows to get rid of any potassium as 

XPS analysis have shown (vide infra). Nano-sized graphenes 

were adsorbed on atomically smooth mica surfaces from 

THF or NMP solutions to explore their morphology. 

Examination of the topography image (Fig. 1a-b) of 

GNFIC/THF deposition on mica reveals a very flat surface, 

bearing homogenous nano-objects characterized by a height 

less than 1 nm (see full sized cross section in the inset). 

Single objects can be clearly observed with height around 

0.4-0.8 nm and width around ∼15 nm in Fig. 1b. These 

objects are identified as nano graphenes, since their height 

falls in the expected size range of mono- or bi-layer 

graphene. Statistical analysis of the height distribution (Fig. 

1c) gives a mean height of 0.7 nm for the nano graphenes 

which agrees well with bilayer graphene thickness. 

Converting the height distribution into number of layers as 

shown in Fig. 1d, we found that ca 85% of the objects are 

single- and bi-layer nano graphene. The statistical analysis 

of diameter distribution (Fig. 1e) shows a monodisperse 

lateral size of ca 15 nm with a narrow distribution. The 

lateral size of nanographene was calculated as ca 10 nm 

considering the tip convolution effect of 8 nm ultra-sharp 

AFM tip used. 

Similar results were founded from the images of 

GNFIC/NMP deposition on mica (Fig. 2). From the images 

and the corresponding cross sections, the heights of almost 

all the objects are lower than 0.5 nm. Height distribution 

gives a mean height of 0.4 nm. Only monolayer and bilayer 

nano graphenes were found in Fig. 2d and the percentage of 

single layer reaches 76%. 

The UV-Vis spectra (Fig. 3) of GNFIC/THF and 

GNFIC/NMP show one absorption band at ∼300 nm in both 

fresh solutions, associated to charged graphene (graphenide) 

in solution.14 The solutions were stored under inert 

atmosphere and examined again after 2 and 6 months. The 

UV-Vis spectra of these aged solutions are also shown in 

Fig. 3. For GNFIC/THF solution (Fig. 3a), the intensity of 

the 300 nm band was dramatically decreased for the 2-

month-aged solution and full disappearance was observed 

after 6 months of storage, while a new small band appears at 

260 nm. A similar but less pronounced tendency was 

observed for the GNFIC/NMP solution (Fig. 3b). 

Due to the small size of nano graphene, Raman signals of 

the deposits from GNFIC solutions in THF and NMP were 

very weak and no clear graphitic peaks could be identified. 

To get an enhanced Raman signal, the GNFIC/THF and 

GNFIC/NMP fresh and 6-month-aged solutions were 

deposited on SERS substrates and Raman mapping was 

recorded (Fig. 4). Representative Raman spectra of GNFIC 

fresh solutions and 6-month-aged solutions in THF and 

NMP are shown in Fig. 4a and 4b. The G band (1590 cm-1), 

2D band (2646 cm-1) and an intense D band (1346 cm-1) as 

expected due to edge effects of graphite nanofibres, are 

clearly visible in all cases. Statistical analysis of the ID/IG 

ratio extracted from the Raman mapping is presented in  
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Fig. 4 Representative SERS Raman spectra of GNFIC in (a) THF and (b) NMP.  Both fresh (red curve) and 6-month-aged (blue 

curve) solution depositions on SERS surfaces are presented. (c) The ID/IG ratio of GNFIC in THF increases when solutions age. 

(d) The ID/IG ratio of GNFIC in NMP remains constant even for aged solutions. 

 

Fig. 4c and 4d. The ID/IG ratios of GNFIC fresh solutions in 

THF and NMP are 3 and 2.9 respectively with a narrow 

distribution very close to the value of 2.8 for the starting 

graphite nanofibre. This suggests that the whole exfoliation 

procedure does not induce additional defects on the nano 

graphene. Using Cançado’s equation,42 the crystallite size of 

nanographene, La can be calculated from ID/IG ratio. For 

GNFIC fresh solutions in THF and NMP, the crystallite 

sizes are around 14 nm which is quite close to the 10 nm 

diameter observed by AFM. The ID/IG ratio of GNFIC/THF 

6-month-aged solution has, in turn, a mean value at 3.8 with 

a very broad distribution, while that of GNFIC/NMP 6-

month-aged solution remains at 2.9. The increase and 

broader distribution of the ID/IG ratio of aged GNFIC/THF 

solution evidences its evolution. On the contrary, the 

unchanged ID/IG ratio of aged GNFIC/NMP solution 

supports the idea of stable GNFIC/NMP solutions. 

Additionally, transmission electronic microscopy (TEM) 

observation of GNFIC/NMP fresh solution deposited on 

carbon film/copper grids shows a similar statistical diameter 

distribution with an average lateral size of 12 nm (Fig. 5a-b). 

Ambient scanning tunneling microscopy (STM) experiment 

also recorded for deposits from GNFIC/NMP fresh solution 

on HOPG, showed many nano graphene flakes and a lateral 

size range from 10 to 30 nm (Fig. 5c). A high resolution 

STM image (Fig. 5d) shows one nano graphene flake. The 

cross section (insert figure) shows a height difference of ca 

0.4 nm between substrate and nano graphene. Higher spots 

are found mainly on the edges with typical heights from 0.5 

to 1.5 nm.  

The small lateral size of the nanographene deposits obtained 

from GNF starting fibres with a wide distribution of 

diameters is puzzling. Characterization of deposits for 

different intercalation and dissolution times showed no 

variation on size, ruling out a kinetic effect. Microscopy 

examination of the GNF starting fibres shows that small 

diameter GNF fibres are clearly seen in TEM images (see 

Fig. S2 and S3 in SI), consistent with the ca 10 nm lateral 

size of nano graphene after exfoliation. We hypothetize that 

smaller GNF fibres are more easily exfoliated than larger 

nanofibres, probably because they have less (or no) 

interbonds between graphite layers. Three other sources of 

GNF nanofibres starting materials were also studied using  
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Fig. 5 (a) TEM image of deposits of GNFIC/NMP fresh solution on carbon film/copper grids. (b) Lateral size statistic analysis of 

nano graphene in (a) shows a mean size of 12 nm. Line in (b) corresponds to a log normal distribution fit.41 (c) Ambient STM 

image (Vbias = -100 mV, It = 0.25 nA) of a deposit of GNFIC/NMP fresh solution on HOPG. (d) High resolution ambient STM 

image (Vbias = -100 mV, It = 0.2 nA) on a single nano graphene (circled region in c). Inset: Cross-section measured along the white 

line, showing that the height of the nano graphene is ca 0.4 nm. See the discussion in text. 

 

AFM and SERS Raman and similar results were obtained 

(see SI, Figures S8-11 for detailed information).  

XPS spectra were recorded on the deposits of GNFIC/THF 

fresh and aged solutions on Au surfaces treated at 50°C 

under vacuum. In order to be able to remove absorbed NMP 

solvent, SiO2 substrates were used for the deposition of 

GNFIC/NMP solutions and treated at 200°C overnight. 

Starting GNF nanofibres were also dispersed in ethanol by 

weak sonication and deposited on Au and SiO2 surfaces and 

followed by the same treatment. The C1s core-level signals 

obtained on these surfaces are shown in Fig. 6 (see Fig. S6 

in SI for the detailed fitting). Both fresh and aged 

GNFIC/THF C1s signals (Fig. 6a) show a peak at 284.6 eV 

while the C1s signal of starting GNF nanofibre shows a peak 

at 284.2 eV. This shift could be explained by a strong 

interaction (or doping effect) between graphene and Au. 

This interaction also results in a small increase of the 

FWHM (1.24 eV) for GNFIC/THF compared with GNF 

nanofibres (1.05 eV). In the case of GNF nanofibres, the 

collected photoelectrons only give the information of 

stacked graphite nanofibres without any interference of the 

substrate: the 10 nm XPS signal depth is smaller than the 

GNF diameter. On the contrary, for the GNFIC depositions, 

both the information of the graphene flakes (mono- or bi- 
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Fig. 6 (a) Core-level C1s XPS spectra of GNFIC/THF 

solution deposited on Au surface and (b) GNFIC/NMP 

solution deposited on SiO2 surface. The result of starting 

nanofibre presented in black curve. 

 

layer, less than 1 nm) and the information of the interaction 

between graphene and the surface are detected by XPS. The 

aged GNFIC/THF shows a broader C1s peak with a more 

intense higher binding energy tail. This is attributed to C-O, 

C=O and COO contributions43 caused by the graphene 

oxidation or functionalization in aged GNFIC/THF solution. 

For both depositions of fresh and aged GNFIC/NMP on 

SiO2 substrate, the C1s peaks are found at 284.8 eV. This 

larger shift (0.7 eV) suggests a stronger interaction between 

graphene and SiO2 compared with Au (in the case of 

GNFIC/THF on Au, the shift was about 0.4 eV) which 

agrees with the literature.44 More importantly, almost the 

same shape for the C1s signal and no increase at higher 

binding energy are observed for fresh and aged 

GNFIC/NMP solutions. This suggests that neither carbon-

oxygen bonds nor additional defects from oxidation or 

functionalization on the graphene were created in aged 

GNFIC/NMP solutions. The XPS result of fresh and aged 

GNFIC/THF and GNFIC/NMP solutions provide further 

evidence on solution stability. 

Fig. 7a displays photoluminescence spectra of a 

GNFIC/NMP sample upon air exposure from t=0 (before 

opening) to t~42h. The appearance of a broad PL line when 

the sample is exposed to air can be observed. However, air 

exposure of graphenide solution from natural graphite shows 

only negligible PL (see Fig. S7 in SI). The intensity of the 

PL line continuously increases during several hours. 

Moreover, the maximum of the line shifts to the red (~35 

nm) at almost the same time scale. This PL signal is 

probably due to edge states that are created by exposing the 

graphenide compounds to air. Fig. 7b shows both the 

intensity and the position of the line as a function of time.  

Fig. 7 (a) Photoluminescence spectra of the GNFIC/NMP 

fresh solution from t=0 (before opening) to t~42h. (b) PL 

peak position (blue open square) and peak intensity (black 

solid square) as a function of time. Straight lines are fits with 

a first order reaction (see text). 

 

Let us first consider the variation of the intensity. One 

observes both an increase and a saturation of the PL 

intensity as a function of time. This saturation curve can be 

well-fitted by considering a pseudo-first order kinetic 

reaction. If we consider the chemical reaction [G]red + [O2] 

� [G]edge with [G]red the concentration of graphenide 

species, [O2] the oxygen and [G]edge the concentration of 

edge states that emit light. As the oxygen reservoir can be 

considered infinite, the pseudo-monomolecular reaction will 

satisfy d[G]edge/dt=k’[G]red, with k’ the monomolecular 

velocity constant, and the concentration of oxidized edge 

states will grow as 1-exp(-k’t). The black curve in Fig. 7b is 

a fit of the data with this model; a good agreement between 

the data and the fit can be observed. Finally, a saturation of 

the red shift of the PL signal is also observed (blue curve in 

Fig. 7b). The global red shift may have several origins. 

Among them, if the line is inhomogeneously broadened due 

to a wide energy distribution of emitting states differing 

from one platelet to the other, the red shift can account for a 

change in the distribution with an increasing weight for the 

low energy states during the chemical reaction. However, 

Xu et al have demonstrated that the PL of one single nano 

graphene platelet has the same line shape than the one 

obtained on an ensemble measurements, i.e. a broad 

emission line in the UV-Vis.45 This paper demonstrates that 

the broad linewidth of such PL signal is not due to 
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dispersion of behaviour from one platelets to the other. 

Another origin of the red shift may be related to a coupling 

between the edge states along the chemical reaction. Indeed, 

such coupling could lead to a delocalization of the electrons, 

and the longer is the delocalization, the lower is the energy 

of the emitting state. In order to test this hypothesis, life time 

measurements during the exposition to air are planned. 

 

Conclusions 

Graphite nanofibres can be fully exfoliated by using graphite 

intercalation compounds (GICs) process. We obtained nano-

sized single layer graphene platelets in THF and NMP. AFM 

analysis showed that the single layer nanographene platelets 

have an average thickness of 0.4 nm and a lateral size of 10 

nm. The nanographene solution in NMP was shown to have 

longer stability (over 6 months) by detailed studies using 

SERS, UV-Vis and XPS. Upon exposure to air, the 

nanographene solution exhibits strong photoluminescence. 

The intensity increment and red-shift of the PL line indicates 

that the photoluminescense originates mainly from the 

oxidation of the edge states and the coupling among them. 
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