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We have developed an in-situ method to estimate the lateral size of exfoliated nanosheets 

dispersed in a liquid. Using standard liquid exfoliation and size-selection techniques, we 

prepared a range of dispersions of graphene, MoS2 and WS2 nanosheets with different mean 

lateral sizes. The mean nanosheet length was measured using transmission electron 

microscopy (TEM) to vary from ~40 nm to ~1 m. These dispersions were characterised 

using a standard dynamic light scattering (DLS) instrument. We found a well-defined 

correlation between the peak of the particle size distribution as outputted by the DLS 

instrument and the nanosheet length as measured by TEM. This correlation is consistent with 

the DLS instrument outputting the radius of the sphere with volume equal to the mean 

nanosheet volume. This correlation allows the mean nanosheet length to be extracted from 

DLS data. 

1. Introduction 

 Over the last few years, 2-dimensional materials have been among the most 

investigated of nano-materials. Much of the early research focused on graphene due to its 

unique properties and vast potential for applications.[1] There has also been a sustained 

interest in layered oxides, largely because of their diversity as well as their usefulness in a 

range of areas.[2] More recently, attention has begun to turn to other 2-dimensional materials 

such as BN, MoS2 and other transition metal chalcogenides. MoS2, in particular, is a very 
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promising material with much potential both for applications[3] and for the study of novel 

physical phenomena.[4] 

 In many cases, early research into 2-dimensional materials relied on mechanically 

cleaving monolayers from layered crystals.[5, 6] However, it has come to be accepted that 

many layered materials will be important in applications, for example as fillers in 

composites,[7, 8] which require large quantities of exfoliated 2-dimensional nanosheets. 

Large scale exfoliation can be achieved by sonicating layered crystals in appropriate 

liquids.[7, 9] This process generates large quantities of 2-dimensional nanosheets that are 

stabilised against aggregation by interactions with the liquid. This can be achieved in certain 

solvents,[7, 9-24] surfactant[25-31] or polymer solutions[32, 33] where the stabilisation 

mechanisms are enthalpic, electrostatic and steric respectively.[34] Alternatively, both 

graphene and inorganic layered materials can be exfoliated by lithium intercalation based 

methods to give nanosheets,[35-37] while graphene can be exfoliated and dispersed in liquids 

as graphene oxide.[38, 39] 

 Once the exfoliated nanosheets have been dispersed in liquids, it is important to know 

their dimensions. Nanosheets often consist of multiple stacked monolayers so knowledge of 

thickness can be important. In addition, the nanosheet length often depends on the processing 

method and must be measured before use.[23] Some applications depend strongly on the 

nanosheet dimensions. For example, nanosheets are often used as fillers in composites with 

the aim of improving mechanical,[8, 40] electrical[41] or barrier properties[42]. In each case, 

the composite performance is sensitive to the nanosheet dimensions. Thus, access to simple 

methods to measure nanosheet thickness and length is very important. 

 Measurements of the dimensions of nanosheets from liquid systems are generally 

crude and indirect. For example, both length and thickness are often measured by atomic 

force microscopy (AFM) or transmission electron microscopy (TEM).[23, 41] Such methods 

are tedious and can be inaccurate due to nanosheet aggregation during deposition from the 

dispersion. It would be far superior to have an in-situ method of analysing the nanosheets 

dimensions in the liquid dispersion. While some in-situ methods do exist, they require 

specialist equipment, are time consuming or require complex analysis. Examples of these 

include laser diffraction and  X-ray scanning sedimentation.[43] Other techniques such as 

size exclusion chromatography and field flow fractionation can be used to assist in the 
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separation of particles of a given size, however a separate size measurement technique is still 

required.[44, 45]   

The goal of this work is to develop a simple, fast, in-situ method to measure the 

lateral size of dispersed nanosheets. Such a method should be straightforward and use 

equipment which is commonly available. In fact, a number of instruments are widely 

available which can measure the size of colloidal particles using dynamic light scattering 

(DLS). The simplest way to do this is to measure the particles diffusion coefficient which can 

be used to infer its size via the Stokes-Einstein relation (see below). However, while this 

works extremely well for spherical objects, it is less reliable for non-spherical geometries e.g. 

rods or platelets. For such non-spherical objects, the relationship between the diffusion 

coefficient and dimension can be relatively complex.[46] As a result, analysis can be 

complicated and the errors considerable. We believe a simpler approach would be to find a 

semi-empirical correlation between the size outputted by the DLS instrument (assuming 

spherical geometry) and the platelet lateral size as measured independently, for example 

using statistical TEM. To do this it will be necessary to measure the nanosheet size using 

both DLS and TEM for a range of samples of dispersed nanosheets, each with a different 

mean nanosheet lateral size. The TEM data could then be used to calibrate the DLS data. 

It is known that liquid exfoliation of layered materials, such as graphite, BN or MoS2, 

in solvent or water/surfactant systems produces nanosheets with a wide distribution of lateral 

sizes ranging from tens of nanometres to a few microns.[7, 23, 24, 26-28, 35, 47, 48] 

Recently, we showed that nanosheet dispersions can be fractionated using a controlled 

centrifugation regime to select subsets of these nanosheets with varying mean nanosheet 

sizes.[15, 47] In this work we apply this size selection technique to dispersions of graphene in 

the solvent N-methyl-2-pyrrolidone (NMP) and an aqueous surfactant solution as well as 

exfoliated MoS2 and WS2 in the solvents NMP and N-cyclohexyl-2-pyrrolidone (CHP) 

respectively. In this way, for each nanosheet type, we generated 7-10 dispersions, each with a 

different mean nanosheet length. For each dispersion, we used statistical TEM analysis to 

assess the sizes of the nanosheets. In addition, we used DLS to measure the hydrodynamic 

radius of the dispersed objects. We found a well-defined correlation between TEM-measured 

nanosheet length and DLS-measured hydrodynamic radius. This correlation is consistent with 

the hydrodynamic radius being proportional to the radius of a sphere whose volume is equal 

to that of the nanosheets. This correlation can then be used to extract the real nanosheet 

length from the DLS data. 
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2. Experimental Methods 

All layered materials, i.e. natural flake graphite powder, powdered molybdenum 

disulphide and powdered tungsten disulphide, were purchased from Sigma Aldrich. The 

dispersants, i.e. sodium cholate (SC), HPLC grade N-methyl-2-pyrrolidone (NMP) and N-

cyclohexyl-2-pyrrolidone (CHP) were also purchased from Sigma Aldrich. All materials 

were used as supplied. In this study stock dispersions of exfoliated nanosheets were prepared 

by horn tip sonication (Vibracell CVX 750W) of layered compounds in the appropriate 

liquid. In all cases cooling was via an ice water bath. Both the graphene/NMP and 

MoS2/NMP stock dispersions were prepared by sonicating 40 mg/ml of layered material in 

100 ml NMP for 2.5 hrs at an amplitude set-point of 75%. The graphene/SC stock was 

prepared using 5 mg/ml graphite in 100 ml of a 0.1 mg/ml aqueous SC solution, processed at 

60% amplitude for 4 hrs. The WS2/CHP stock was prepared at 18 mg/ml in 30 ml of CHP 

using an amplitude of 50% for 2.5 hrs. All stock dispersions were left to stand overnight to 

allow large unstable aggregates to settle out before further processing. 

The stock dispersions were centrifuged using a Hettich Mikro 220R both to remove 

any unexfoliated layered material and to fractionate the nanosheets by size. They were first 

centrifuged at a relatively high rate,  = 14000 rpm, for 100 mins, giving dispersions 

containing only the smallest nanosheets present in each of the stocks. The supernatant was 

retained for analysis leaving a highly-concentrated wet sediment of larger nanosheets and 

unexfoliated crystallites. This sediment was extracted and re-dispersed in fresh solvent (or 

aqueous SC solution) by mild bath sonication (approx 30 mins, Branson 1510E-MT). The re-

dispersed material was then centrifuged at  = 9000 rpm for 100 mins, the supernatant 

extracted and the wet sediment re-dispersed as before. This supernatant was expected to 

contain nanosheets which are small but not as small as the 14000 rpm process described 

above. In addition, as before, the sediment would contain larger nanosheets and unexfoliated 

crystallites. This process was repeated successively for rotation rates of 5500 rpm, 4000 rpm, 

3000 rpm, 2000 rpm, 1000 rpm, 750 rpm and 500 rpm. We expect this to yield a set of 

dispersions with successively larger nanosheets. Different rotors were used depending on the 

rotation speed: a 24-way rotor (87 mm radius) holding 1.5 ml polypropylene microcentrifuge 

tubes was used for rotation rates () above 6000 rpm (cooling at 10 °C to prevent 
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degradation of the tubes). For 500 rpm – 6000 rpm a 6-way rotor was used with samples 

placed inside 14 ml glass vials. 

For all dispersions, samples for TEM were deposited on holey carbon grids by drop 

casting. TEM analysis was carried out with a Jeol 2100 operated at 200 kV. From initial TEM 

analysis it was observed that the graphene/NMP and MoS2/NMP samples prepared at 14000 

rpm had a small population of large nanosheets (excess 1 m in lateral size). This was 

attributed to poor separation of supernatant and sediment in the microcentrifuge tubes used. 

To obtain a better separation, the supernatants prepared at  = 14000 rpm and 9000 rpm for 

all four sample sets were re-centrifuged at the same rotation rate for a further 100 mins to 

remove any large nanosheets. UV-vis absorption spectra were recorded using a Varian Cary 

6000i, with previously measured extinction coefficient values used to determine sample 

concentrations.[7, 9, 27] 

DLS measurements were made with a Malvern Zetasizer Nano ZS, using a 633 nm 

HeNe laser. Samples were tested in stoppered glass or quartz cuvettes having 10 mm path 

length. The machine was operated in backscatter mode at an angle of 173°. Samples were 

equilibrated to 25 °C for 120 s prior to measurement. Values for solvent viscosity at 25 °C, as 

provided by the solvent suppliers, were entered into the software. An automatic measurement 

duration setting was used, with automatic measurement positioning and automatic 

attenuation. The samples were analysed as prepared without further dilution. 

 

3. Results and Discussion 

 The first stage of this work was to prepare nanosheet dispersions for testing. This was 

achieved using recently developed methods for the liquid exfoliation of layered crystals.[7, 

21, 23, 28, 47] Such methods involve the sonication of layered material in a suitable liquid 

and generally yield large quantities of relatively defect free nanosheets. As we aim to develop 

a general method for lateral size measurement, we have exfoliated three different layered 

materials, graphite (to give graphene), MoS2 and WS2. The graphite was exfoliated in both a 

solvent (NMP) and an aqueous surfactant solution while the MoS2 and WS2 were exfoliated 

in solvents (NMP and CHP respectively). These dispersions were then size-separated using 

controlled centrifugation[15, 47] at 9 different rotation rates, giving a total of 36 samples. 

These samples were then analysed using TEM and DLS. 
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Figure 1 shows a selection of bright field TEM images of the nanosheets studied in 

this work. Figure 1A shows a typical graphene nanosheet prepared in NMP. To determine 

nanosheet lateral dimensions, the shape of the nanosheet was approximated as rectangular, 

length measurements were taken along the major axis as illustrated by the dashed line in 

Figure 1A. In some cases clear folding of nanosheets was visible as shown by the 

graphene/SC nanosheet in Figure 1B. In these cases the total unfolded lengths of the 

nanosheets were estimated as shown by the dashed line. For some samples high areal 

coverage of the TEM grids was observed, this is shown in Figure 1C for a MoS2 sample 

prepared at 14000 rpm in NMP. Some aggregation due to the drop-casting was observed, this 

is illustrated by the cluster of randomly aggregated WS2 nanosheets in Figure 1D. By careful 

examination of the contrast between overlapping nanosheets the lengths can be measured. 

For almost all samples the lengths of a minimum of 200 nanosheets were measured 

from TEM images. However, for some of the highest rotation rate samples the areal coverage 

of the TEM grids was too low and reliable statistics could not be derived; these samples were 

graphene/SC 14000 rpm, MoS2/NMP 9000 rpm, WS2/CHP 9000 rpm and WS2/CHP 14000 

rpm. However, this still resulted in at least 7 length measurements for each nanosheet type.  

Figure 2 plots the distribution of measured nanosheet sizes, for dispersions prepared 

at  = 750 rpm and  = 5500 rpm, for each of the four systems analysed. It is immediately 

obvious that dispersions prepared at high rotation rate contain flakes which are much smaller 

than those in the lower rotation rate samples, in line with previous work.[15, 27, 47]. Figures 

2A and 2B show broadly similar size distributions for exfoliated graphene dispersed in NMP 

and SC, respectively. Data for the inorganic layered materials, MoS2 and WS2, are shown in 

Figures 2C and 2D. The overall length distribution at both high and low rpm is shifted to 

smaller values compared to graphene. There are two reasons for this. First, exfoliated 

nanosheets of MoS2 and WS2 tend to be small compared to graphene nanosheets partly due to 

their lower strength.[7, 47] Secondly, the higher density of the inorganic nanosheets results in 

a larger centrifugal force being applied during the centrifugation process.[49] This may result 

in smaller nanosheets being retained at a given rotation rate compared to graphene.  

To examine the overall change of nanosheet size with centrifugation rate, the mean 

nanosheet size, <L>, can be plotted as a function of for all samples, as shown in Figure 3. 

In all cases the mean nanosheet length falls off with increasing centrifuge speed, showing that 
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controlled centrifugation can be used to tune nanosheet sizes. An empirical trend of 

<L>~0.6
 is observed across the whole data range which agrees well with previous work.[15] 

Having determined nanosheet sizes from TEM analysis we proceeded to analyse the 

samples with DLS. Dynamic light scattering probes the Brownian motion of the particles in a 

liquid suspension under conditions of constant temperature. The DLS instrument monitors the 

spatial intensity distribution of light scattered by a given sample as a function of time. This 

distribution constantly fluctuates as particles diffuse through the liquid. By measuring the 

auto-correlation of the intensity distribution as a function of time, information can be 

obtained about the motion of the particles. From this, the translational diffusion coefficient, 

D, of the particles can be calculated.[46] In general a particle moves through the liquid 

medium surrounded by a static fluid layer that is at rest with respect to the particle.[50, 51]  

The size of particle and fluid layer controls the hydrodynamic radius of the particle, a.[50] 

For a spherical particle, the hydrodynamic diameter and translational diffusion coefficient are 

related by the Stokes-Einstein equation: 

6

kT
D

a
          (1) 

where  is the liquid viscosity. 

In this study a commercially available Malvern Zetasizer Nano ZS was used. By 

operating in backscatter mode (173° scattering angle) it was possible to use the machine’s 

automatic beam positioning system. This system optimises the focal position and attenuation 

of the incident beam prior to data acquisition.[52] Using these settings meant that the sample 

could be probed close to the cuvette wall, thus minimising multiple scattering of the light by 

highly concentrated samples. Hence, for this study, the samples did not need to be diluted in 

order to record size data. The DLS software uses a set of algorithms to analyse the correlation 

of scattering events and outputs the relative intensity of light scattered by particles of a given 

a value. This distribution of particle sizes is referred to as an intensity particle size 

distribution (PSD). Examples of typical intensity PSDs produced for graphene dispersions are 

given in Figure 4. For most samples a distribution similar to Figure 4A (graphene/NMP at 

= 1000 rpm) was observed. This distribution is characterised by a bell-shaped curve 

centred on a single peak value. Figure 4B shows the intensity PSD for a graphene/SC sample 

at  = 5500 rpm, displaying a multi-peak distribution typical of a few of the samples. In this 
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case, a small peak around 28 nm is observed; this could be attributed to the presence of very 

small graphene nanosheets or a small population of amorphous carbon contaminants in the 

sample. However, the primary peak of the distribution is centred at 152 nm which agrees well 

with the length distribution from TEM analysis shown in Figure 2B. A third very small peak 

is observed at around 5 m, this feature appeared in some samples. The origin of this peak is 

unclear as no large objects around 5 m in size were observed during TEM analysis. 

However, this feature may be due to small dust particles or air bubbles in the dispersion. 

In order to measure nanosheet size using DLS, an output from the instrument must be 

selected for comparison with the lateral size data measured with TEM. The main data output 

from the DLS instrument is the intensity PSD, requiring only knowledge of the solvent 

viscosity  as per equation 2, to derive size information.  It is worth noting that the DLS 

software can use Mie theory to convert the intensity PSD to a volume PSD or number PSD. 

The conversion uses a user-programmed refractive index value for the particles to create 

distributions based on the physical volume or number of scattering particles; note that for 

volume PSD calculations the particles are assumed to be spherical. This method can be useful 

for systems of spherical particles where multiple intensity PSD peaks are observed.  

However, exfoliated layered compounds are clearly not spherical and the refractive index 

may not be precisely known. In addition, the spurious peaks of the type seen in Figure 4B 

were found to strongly distort the conversion for our systems. The DLS software also 

computes an averaged particle size value known as the “z-average diameter”. This value is 

derived from the entire intensity PSD and so is also strongly influenced by the presence of 

any spurious peaks of the type shown in Figure 4B. In order to reduce these types of errors 

and inconsistencies, size information was derived from the intensity PSD.  

For this study the primary peak position from the intensity PSD was used, this value 

will be referred to as aDLS. Figure 5 plots aDLS versus <L> for all four nanosheet systems 

tested. The aDLS values across the four sample nanosheet systems sit on top of each other and 

scale linearly with <L> on this log-log graph. This implies that aDLS is related to <L> by a 

power law. Fitting the data to aDLS = <L>

, gave the exponent as  = 0.66 ± 0.06 and   = 

5.9 ± 2.2.  

To understand the observed trend we note that for non-spherical particles, the 

hydrodynamic radius, a, is often approximated (this approximation effectively means 

neglecting the geometric frictional coefficent) as the radius of a sphere of volume equal to the 
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volume of the particle.[50, 53] Then, approximating the nanosheets as discs with thickness t 

and length (diameter) L allows us to write 

1/3

1/3 2/33

16
a t L

 
  
 

         (2) 

Assuming that ~DLSa a  and that the thickness of the graphene, MoS2 and WS2 nanosheets 

are similar implies that, in our case; 
2/3

DLSa L . This is almost exactly what is found 

empirically in Figure 5. The fact that the data for the different nanosheets types fall on the 

same line supports this analysis as it shows that only nanosheets lateral dimension and not 

material type affects the value of a outputted by the DLS instrument.  

This means that lateral nanosheet size can be estimated by DLS via a simple 

manipulation of the measured peak intensity PSD. Using the fit data from Figure 5, we can 

write 

(1.5 0.15)(0.07 0.03) DLSL a           (3) 

This expression can be used to estimate the mean nanosheet length from DLS data. We 

believe this could be a useful technique for estimating mean size of dispersed nanosheets. 

The alternative method of direct imaging using TEM or AFM is extremely time and labour 

intensive. In contrast, DLS offers a facile and fast method to estimate mean nanosheet sizes 

in liquid-phase dispersions. 

However, it is important to note the limitations of this method. Firstly, the constants 

in expression 3 have relatively large uncertainties. This means that unless this calibration is 

improved upon, this method is unsuited to projects where accurate size values are required. In 

addition, this method can only reliably estimate the mean size of the nanosheets but not the 

size distribution. The distribution of nanosheet sizes cannot be reliably assessed as the DLS 

instrument derives a non-linear intensity PSD, this is a limitation of the instrument (see x-axis 

of Figure 4 for data point increments). This type of data output also limits the sensitivity of 

the technique to small changes in mean nanosheet size, particularly where the mean 

nanosheet size exceeds 1 m Above this value the data points in the intensity PSD become 

spaced over large increments of size. In addition, the Malvern Zetasizer Nano ZS used in this 

study can only measure sizes over a limited range – from a few nm to ~10 m. However, it is 

worth noting that most exfoliated nanosheets exist in this range. Finally, it was found that the 
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size data from very low concentration dispersions (absorbance per unit path length < 0.001 m
-

1
) was unreliable. This was due to the low number of scattering events and was flagged by the 

software under its built-in measurement quality reporting. 

4. Conclusions 

We have developed a simple method to estimate the lateral dimensions of nanosheets 

dispersed in a liquid. To do this we used centrifugation-based size selection methods to 

prepare dispersions of graphene, MoS2 and WS2 in different liquids with a range of different 

nanosheet sizes. In all cases the lateral nanosheet sizes were measured using TEM. The same 

set of dispersions were characterised by dynamic light scattering using a common 

commercial instrument. We found the size value outputted by the light scattering instrument 

scaled very well with the measured nanosheet length. This allows us to generate a semi-

empirical expression relating the nanosheet length to the DLS output.   

This method can be used to get a reasonable estimate (relative error 40%) of the 

lateral size of any 2-dimensional nanosheets dispersed in a liquid. It is fast, simple and used 

equipment available in most analytical labs. While it is not highly accurate it is perfectly 

suited to preliminary measurements or comparison of samples where a large size differential 

is expected. 
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Figure 1: Bright field TEM images of nanosheets from size-selected dispersions. (A) 

Graphene/NMP at 3000 rpm. (B) Graphene/SC at 500 rpm. (C) MoS2/NMP at 14000 rpm. 

(D) WS2/CHP at 5500 rpm. Dashed lines in A and B illustrate the method used to determine 

nanosheet lateral sizes. 
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Figure 2: Histograms of measured nanosheet size at centrifuge rates, , of 750 rpm and 5500 

rpm for (A) graphene/NMP, (B) graphene/SC, (C) MoS2/NMP, (D) WS2/CHP 
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Figure 3: Mean nanosheet length, <L>, versus centrifugation rate, , for all samples studied. 

Error bars show standard error of <L>. The dashed line illustrates -0.6
 behaviour. 
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Figure 4: Intensity particle size distribution for graphene nanosheets in A) NMP at 1000 rpm 

and B) SC solution at 5500 rpm.  
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Figure 5: Primary intensity PSD peak position, aDLS, versus mean nanosheet size, <L>, 

measured from TEM image analysis. Dashed line: fitted power law dependence of aDLS with 

<L>  
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