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Abstract: Liquid exfoliation of graphene generally results in flakes with lateral size of one 

micron or less on average, too small for many applications. In this paper we describe a 

method to separate an existing dispersion with mean flake length of ~1 µm into fractions, 

each with different mean flake size. The initial dispersion is centrifuged at a high 

centrifugation rate, separating small flakes in the supernatant from large flakes in the 

sediment. Redispersion of the sediment, followed by successive centrifugation, separation 

and redispersion cycles can be used to separate the flakes by size so long as the 

centrifugation rate is decreased with each cycle. This procedure results in a range of 

dispersions with mean flake length varying from 1 µm for the highest final centrifugation 

rate to 3.5 µm for the sample whose final centrifugation rate was 500 rpm. 

 

1. Introduction 

 Liquid phase exfoliation of graphite to give graphene has received a lot of attention in 

recent years.[1] Such processes take graphite as a starting material and exfoliate it down to 

thin flakes dispersed as a colloidal suspension, usually in a solvent. A number of types of 

exfoliation process exist with two examples being oxidation of graphite to give graphene 

oxide (GO)[2-6] and sonication-assisted exfoliation of graphite followed by stabilisation 
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using special solvents or surfactants/stabilisers.[7-26] One advantage of GO based dispersion 

is that the flakes tend to be predominately monolayers. However, the oxidisation process 

tends to introduce large quantities of structural defects which shift the physical properties 

away from pristine graphene. Solvent or surfactant exfoliated graphene gives defect-free 

flakes but with relatively low monolayer content. Each method results in dispersions with 

concentrations of up to a few mg/ml produced in up to litre batches.[1]  

 For many applications, solvent or surfactant stabilised graphene is attractive due to its 

defect free nature. However this method has one very serious weakness; it tends to produce 

small flakes with typical flake size of ~1 micron. This is a significant problem. Liquid 

exfoliation of graphene is usually sold as a method to produce graphene in large quantities 

for applications such as in composites or films. However, many of these applications require 

flakes which are considerably larger than those currently available. For example, Gong et al 

recently showed that in order to produce effectively reinforced graphene-

polymethylmethacrylate composites, the flake length would have to be a few microns or 

greater.[27] Currently available exfoliated graphene is usually significantly smaller than this 

which partly explains why most graphene composite papers describe reinforcement values 

much lower than the theoretical limit[28] of dY/dVf~1 TPa where Y is the composite 

modulus and Vf is the graphene volume fraction.[29-38] Alternatively, conducting graphene 

networks have been mooted as potential transparent electrodes or supercapacitor electrodes. 

However, the conductivity of such networks is limited by interflake junctions.[39] Smaller 

flakes result in more junctions and so lower conductivity.[40] Thus, there is a real need to 

increase the size of dispersed flakes. Ideally, we would tune the dispersion/exfoliation 

process to give larger flakes. However, while some progress has been made in this area, it is 

worth exploring methods to post-treat existing dispersions to select flakes by size. While a 

number of methods have been demonstrated to separate GO flasks by lateral size,[41-43] to 
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our knowledge, lateral size selection has not been demonstrated for defect free graphene. 

Here, we describe a method to take an existing dispersion of graphene in a solvent and 

separate flakes by size using controlled centrifugation. We have produced a set of dispersions 

with mean flake lengths varying from 1 to 3.5 microns. This method is versatile and could 

easily be applied to surfactant stabilised graphene[19, 20, 22] or indeed any exfoliated 

layered compounds.[44] 

 

2. Experimental section 

 Graphite flakes and the solvent N-methyl pyrrolidone (NMP) were purchased from 

Sigma Aldrich. Bath sonication was performed using a Branson1510E-MT while tip 

sonication was applied with a GEX600, 48 W, 24 kHz, flat head probe. Centrifugation (CF) 

was carried out using a Hettich Mikro 22R  for 45 minutes in all cases. Supernatant was 

separated from sediment by removing the top 80% of the dispersion by pipette. Optical 

absorbance measurements were performed using a Varian Cary 6000i. TEM measurements 

were made on samples prepared by drop casting a few drops of dispersion on to a holey 

carbon grid using a Joel 2100. Thin films for Raman analysis were prepared by vacuum 

filtration of the dispersion through a porous membrane (PVDF, pore size 0.02 µm). Raman 

measurements were performed with a 633nm, Horiba Jobin Yvon LabRAM- HR. 

 

3. Results and Discussion 

 While liquid exfoliation generally results in flakes which are small on average, the 

flake size distribution can be quite broad. In this paper, we will develop methods to post-treat 

dispersions of exfoliated graphene to predominately select flakes from the upper end of the 

distribution. However, to achieve this, we first need to determine the baseline flake size 

distribution achieved using standard dispersion techniques. To do this we sonicated graphite 
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powder (1.65g) in 500ml of NMP in a sonic bath for 168 hrs. This was then centrifuged at 

500 rpm for 45 minutes and the top 80% of the supernatant pipetted off. The concentration of 

the supernatant was measured by optical absorption to be 0.45 mg/ml.[18] TEM analysis 

showed the supernatant to be rich in multilayer graphene flakes with a typical example 

shown in figure 1A. From the TEM images, we measured the long dimension (the length, L) 

for ~90 flakes. In addition, we estimated the flake thickness (i.e. the number of stacked 

monolayers per flake, N) using the edge counting method.[18] These data are summarised in 

the histograms in figure 1B&C. The flake length varied from ~150 nm to ~4µm (mean 1.1 

µm), while the flake thickness varied from 1 to 6 monolayers (mean 2.8). In the authors’ 

experience, this is typical of what is found for sonicated solvent-exfoliated graphene.[16-18, 

21] However, it is important to point out that these are not absolute limits simply because 

such a small sample is extremely unlikely to contain the largest and smallest flakes in the 

distribution. Thus, small populations of flakes outside these limits probably exist although we 

did not observe them during our statistical analysis. In addition Raman analysis of a film 

prepared by vacuum filtration of this dispersion gave a spectrum typical of graphene. The 

D/G band ratio was larger than that of the starting powder by ~0.2, a result which is 

consistent with small defect-free flakes.[18, 20, 21] 
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Fig 1: Exfoliated graphene prepared by bath sonication and centrifugation at 500 rpm 

without size selection. A-C) TEM images of typical exfoliated flakes. Histrograms of D) flake 

lengths, L, and E) flake thicknesses. Flake thickness is expressed as the number of stacked 

monolayers per flakes, N. 

 

 While size selection could easily be achieved by chromatography,[45] this method 

usually gives limited quantities of size selected material. Thus, for practical reasons, we 

chose to adopt controlled centrifugation. Recently, we reported that that for centrifuged 

graphene dispersions, the average lateral flake size decreases as the centrifugation rate (rpm) 

is increased.[18, 20] This means that centrifugation at a high rate results in the separation of 

small flakes which remain dispersed from large flakes which sediment out. The sediment can 

be redispersed resulting in the flakes being separated by size into two different dispersions. 

We note that dispersions of sonicated graphite always contain some unexfoliated graphitic 
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crystallites.[17] These must be removed by a centrifugation step with 500 rpm usually 

enough to remove the graphitic crystallites while leaving the flakes dispersed. Thus, when 

redispersing the sediment it is always necessary to centrifuge. However, one can choose the 

centrifugation rate. If one chooses 500 rpm to remove only the crystallites, the result will be 

the initial supernatant with only small flakes, the redispersed centrifuged sediment with all 

other flake sizes and a second sediment containing the crystallites. However, one could 

choose a higher centrifugation rate for the redispersed sediment. This would remove 

crystallites and the largest flakes leaving only medium size flakes dispersed. In this case, the 

result will be the initial supernatant with only small flakes, the redispersed, centrifuged 

sediment with medium sized flakes and a second sediment with large flakes and crystallites. 

This suggests that controlled centrifugation can potentially act as a size selection mechanism. 
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Figure 2: Schematic showing separation process. 
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 To test this, we designed a centrifugation-based, size selection procedure as 

summarised in figure 2. Basically, we prepared a dispersion as described above and 

centrifuged at 4000 rpm. The supernatant was set aside and the sediment redispersed in 16ml 

NMP by bath sonication for 15 minutes. This redispersed sediment was then centrifuged at 

3000 rpm, the supernatant was set aside and the sediment again redispersed in 16ml NMP. 

This procedure was repeated a further four times, centrifuging the redispersed sediment at 

2000, 1000, 700 and 500 rpm, each time collecting the supernatant. After the 500 rpm 

centrifugation, the procedure was stopped as we have found 500 rpm to be the minimum 

required to remove unexfolaited graphitic crystallites. Each of the supernatants were then 

analysed by absorption spectroscopy to measure the dispersed concentration. In addition, the 

supernatants were vacuum filtered to form thin films which were analysed by Raman 

spectroscopy. Finally, three of the supernatants (3000, 1000 and 500 rpm) were characterised 

by TEM and the flake size, L and thickness, N, measured. 

 It is worth noting that to achieve a range of size separated samples, it is necessary to 

centrifuge with successively lower rates. If the procedure is attempted with the same 

centrifugation rate at each step, the same flake size will be achieved in all supernatants (see 

SI). In addition, we repeated exactly the same procedure but for tip sonicated (rather than 

bath sonicated) dispersions. These results are also shown in the SI. 
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Figure 3: A) Dispersed concentration measured by absorption spectroscopy as a function of 

final centrifugation rate. B) Ratio of Raman D:G bands measured on films prepared from 

size selected dispersions as a function of final centrifugation rate. Inset: Raman spectra for 

the film of size selected flakes prepared after a final centrifugation at 500 rpm.  

 



  

 9

0 2 4 6 8 10 12

1

10

 500 rpm
 1000 rpm
 3000 rpm

L 
(µ

m
)

N

0.3

F

0 1000 2000 3000 4000
0

1

2

3

4  From Raman
 From TEM

 Final centrifugation rate, ω (rpm)

<L
> 

(µ
m

)

ω-0.6

G

500 nm 500 nm

A) 3000 rpm B) 3000 rpm

C) 500 rpm D) 500 rpm

E) 500 rpm

2 µm 1 µm

1 µm

 

Figure 4 

TEM images of flakes prepared by the scheme in figure 2 with a final centrifugation rate of A 

& B) 3000 rpm and C-E) 500 rpm. F) Individual flake length plotted versus estimated flake 

thickness (number of monolayers, N) for dispersions with final centrifugation rates of 500, 

1000 and 3000 rpm. G) Mean flake length as measured from TEM and as estimated from 

both Raman. The dashed line indicates an empirical scaling behaviour of ω-0.6. 
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Shown in figure 3A are the dispersed concentrations as a function of the centrifugation rate 

of the final centrifuge experienced by the sample. The concentration falls from a high value 

of ~0.17 mg/ml for the 4000 rpm sample to a constant value of ~0.05 mg/ml. The final 

sample, centrifuged for the last time at 500 rpm displayed a slightly higher concentration of 

~0.1 mg/ml. 

 Of more interest is the Raman data. A typical Raman spectrum measured on a film 

prepared from the sample whose final CF rate was 500 rpm is shown in the inset of figure 3B 

(the complete set of spectra are shown in figure S2). These spectra have the D, G and 2D 

bands typical of graphitic material. Of interest here is the ratio of the intensities of the D and 

G bands, ID/IG. This ratio decreases from ~0.22 to ~0.08 as the final CF rate is decreased 

from 4000 to 500 rpm. For solvent exfoliated graphene flakes, this band is thought to be 

associated with the presence of flake edges and so is linked to the flake length by  

( ) LkIIII PowderGDGD /// =−         (1) 

where k is a constant.[18, 21] Thus the decrease in ID/IG with decreasing rpm is a 

manifestation of increasing flake size. (N.B. This expression is not to be confused with that 

of Cancado et al which describes basal plane defects.)[46] 

 We can confirm the increase in flake length with decreasing (final) rpm by TEM 

analysis of the 3000, 1000 and 500 rpm samples. Shown in figures 4 A-E are typical TEM 

images for the 3000 and 500 rpm samples. It is immediately clear from the images that the 

3000 rpm flakes are much smaller than the 500 rpm ones. To confirm this, we measured the 

individual flake length, L, and the individual flake thicknesses, N, for ~50-100 flakes for 

each CF rate as shown in figure 4D (see also figure S3). It is clear from this data that L 

increases as the final CF rate decreases. We measured mean values of L to be 3.3, 1.6 and 

0.94 µm for the 500, 1000 and 3000 rpm samples as shown in figure 4G. We can use this 
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data, in combination with the Raman data, to estimate k (in equation 1) by plotting ID/IG 

versus 1/<L> (figure S4). This gives a value of k=0.17±0.05, slightly different to the 

previously found value of 0.26.[18, 21] This fit also gave use (ID/IG)powder=0.037 in good 

agreement with the measured value of 0.03. We can now use equation 1 to estimate the flake 

length from the Raman data as shown in figure 4G. This data shows a continuous increase 

from ~1 µm for the 4000 rpm sample to ~3.5 µm for the 500 rpm sample.  We note that 

empirically, the flake length scales with final CF rate as ω-0.6.  

 While the mean values of N were 3.2 and 3.0 respectively for the 3000 and 1000 

samples, similar to the normal dispersion, <N> was 7.3 for the 500 rpm sample, considerably 

larger. This means that the flake aspect ratio (here defined as length/thickness i.e. 

L/(N×0.35nm)) does not necessarily increase monotonically with final CF rate. In fact the 

measured aspect ratios were 990, 1680, 1310, 1180 for the 3000 rpm, 1000 rpm, 500 rpm and 

normally dispersed samples respectively. In spite of the slightly increased thickness of the 

500 rpm flakes, their increased length will be advantageous for a range of applications from 

mechanical composites[27] to conducting thin films[47]. Their thickness varied in the range 

6≤N≤12 while their length varied in the range 1.2 µm≤N≤7.8 µm. We note that the smallest 

flake observed in this sample was larger than the mean for the normal dispersion. In addition, 

we note that it should be possible to use this size-selected sample as a starting point for 

further centrifugation-based treatment in order to refine the sample and narrow the length 

distribution. 

  

4. Conclusions 

 We have demonstrated that controlled centrifugation can be used to separate graphene 

flakes by size. Centrifugation at high rates results in small flakes being dispersed but larger 

ones sedimenting out. This sediment can be collected and redispersed. Centrifugation at a 
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lower rate then results in a dispersion of slightly larger flakes and the rejection of the rest. 

Repeating this procedure a number of times results in the separation of the original dispersion 

into a number of fractions each with different mean flake length, in this case from ~1 to ~3.5 

µm. Although we have demonstrated this procedure for solvent exfoliated graphene, it could 

easily be extended to surfactant exfoliated graphene or indeed otherexfoliated layered 

compounds. 
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