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Abstract: The concentration of nanosheet suspensions is an important technological parameter
which is commonly measured by optical spectroscopy, using the absorption coefficient to
transform absorbance into concentration. However, for all 2D materials, the absorption
coefficient is poorly known, resulting in potentially large errors in measured concentration.
Here we derive an expression relating the optical absorption coefficient of an isotropic
dispersion of nanosheets to the intrinsic monolayer absorption. This has allowed us to calculate
the absorption coefficients for suspensions of graphene, MoSz and other 2D materials, and to
estimate the monolayer absorption for new materials from careful measurement of the

suspension absorption coefficient.

1. Introduction

Liquid phase exfoliation of layered materials has become one of the most widely used
methods to obtain nanosheets in an easily processable form[1-8]. Nanosheet suspensions (a.k.a.
dispersions or inks) have been shown to be ideally suited to production of printed electronics[9,
10], including devices such as LEDs, battery and supercapacitor electrodes[11-16], photo-
detectors[17] and hydrogen evolution catalysts[18-23], as well as additives in composites[23-
26]. While the production of these dispersions can be scaled to industrial levels[8], methods to
reliably and rapidly characterise the material produced are limited. Measurement of the
concentration of nanosheets in the dispersion is commonly achieved by optical absorption
spectroscopy, through the application of the Beer-Lambert Law. Note that we use the term
nanosheets throughout this paper to refer to objects consisting of 1 or more monolayers
(generally fewer than 10), where for some materials (e.g. MoSz2) a monolayer may be more

than one atom thick. While this has been widely used for a range of nanosheet dispersions, it
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requires an accurate value for the absorption coefficient (or more usefully the extinction
coefficient[27]). This in turn is usually obtained by removing the liquid from the dispersion,
either by filtering or evaporation, and weighing the resulting solid (taking account of any
surfactant or solvent residues). Despite the simplicity of the procedure to obtain this important
parameter, the values reported in the literature vary widely, from as low as 1043 ml-mgt-m
to as high as 6600 ml-mg*-m? for graphene[28, 29]. Similar variation exists for other 2D
materials such as MoS: (see SlI). It is not clear which papers are correct, as theoretical values

of the suspension absorption coefficient are not available.

However, this is a problem which should be easily addressed. For a number of 2D
materials, notably graphene, the amount of incident light absorbed by a single monolayer is
known experimentally. This intrinsic material property is the primary factor controlling the
absorption coefficient of a dispersion of nanosheets. Once it is known, it should be
straightforward to derive a relationship between these quantities. However, to date such a
calculation has not been published. In the present paper, we derive an expression relating the
absorption coefficient for dispersions of nanosheets to the optical absorption of a monolayer at
normal incidence. This relationship will allow the calculation of dispersion absorption
coefficients from theoretical estimates of monolayer absorption and the validation of
experimental values of absorption coefficient. In addition, it will be possible to estimate the

monolayer absorption from careful measurements of dispersion absorption coefficient.
2. Results and Discussion

Optical spectrometers physically measure the transmission of light, T (defined as the
ratio of transmitted, I, to incident, lo, light intensity). However, the data is often outputted as
the absorbance, which we will refer to here as Ar. In the absence of scattering (see below), this

parameter is generally defined as A, =—log,, T and it is this quantity that is automatically

outputted by the spectrometer software (i.e. not —InT )[30]. The absorbance is useful because

it is directly proportional to the quantity of absorbing material: A, =aCL where C is the

concentration of nanosheets, defined as the dispersed mass/dispersion volume. Although more
typically applied to liquid solutions, with absorbing species truly dissolved in a solvent, it has
been shown by several authors that it can also be applied to samples of 2D nanosheets dispersed
in solvents [1, 29, 31-34]. Here the proportionality constant, a., is the absorption coefficient
which tends to be poorly known (L is the cell length, the distance the beam travels through the
vessel containing the liquid).
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The simplest way to calculate o is via the absorption, A, which (in the absence of
scattering) is the fractional light intensity change as the beam travels through the sample:

A=(T,—T)/T,, where T, is transmission in the absence of the sample. Neglecting reflections,

we have A=1-T . For adilute solution, where «CL is small, it is straightforward to show that

A=aCL/log,, e, where e=2.72. Thus, calculation of the absorbance will allow us to find the

absorption coefficient (see Sl for full derivation).

The absorption of a dispersion of nanosheets is simply the sum of the absorptions of all
individual 2D nanosheets. To calculate this we must consider that, at any given instant, the
nanosheets are randomly distributed throughout the liquid with isotropic orientation
distribution. To calculate the total absorption, we consider a nanosheet whose orientation is
defined by the polar angle, 6, and azimuthal angle, ¢, associated with the unit vector normal to
its basal plane, N (see Figure 1A). The contribution to the absorption from all nanosheets with

this orientation is given by

dA= Ay (0, )N, dQ (1)

where A (6,9) is the absorption of a single nanosheet of this orientation, N, is the number

of nanosheets per unit solid angle and d<2 is the differential solid angle defined by 8 and ¢,
given by dQ=sindd@d¢ (Figure 1B). N, is the total number of nanosheets interacting with

the beam, multiplied by the fraction of nanosheets per unit solid angle. The latter parameter is
the nanosheet orientation distribution function, I'ns, which for an isotropic distribution is given

by I'ys =1/27z (see Sl). This allows us to write N, =N, Ag.,,L/ 27 where Nv is the number

Beam

of nanosheets per unit volume, A is the area of the beam in the x-y plane, and L is the cell

Beam

length. This parameter can be written in terms of the nanosheet concentration:

_ C A geaml
No =3 A
TPns N nsts

(2)

where p,s, Ay and tyg are the nanosheet density, area and thickness respectively.

This allows us to write the total absorption of the dispersion as
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where the upper limits of integration are  because of the planar symmetry of the nanosheet,
with absorption equivalent regardless of the direction of light propagation through the basal
plane[REF]. We therefore require an expression for Ays(6, ¢), the absorption of the single

nanosheet.

The value of Ay varies with orientation for two main reasons. Firstly, the projected
area the nanosheet presents to the beam depends on nanosheet orientation and, secondly, the
amount of light the nanosheet absorbs depends on the square of the cosine of the angle between
the nanosheet basal plane and the electric field vector of the light (essentially Malus’ law, see
SI).

The fraction of the total light intensity absorbed by a single nanosheet is given by the
fraction of beam area occluded by the nanosheet, F,, multiplied by the fraction of light

intensity incident on the nanosheet that is absorbed. This second parameter is given by Alcoszy

, Where A is the intrinsic nanosheet absorption (i.e. when the electric field of the light is
parallel to the nanosheet basal plane) and y is the angle between the electric field vector and

the basal plane of the nanosheet (see figure 1C). Combining these gives
A (0,9) = F, (6, 4) Acos’y (6, ) (4)
We will now address F, (6,4), A and y(6,$) separately.

The parameter F, (6,¢) represents the fraction of total beam area occluded by a

nanosheet whose orientation is described by & and ¢. This is simply the projection of the
nanosheet area onto the plane perpendicular to the propagation direction of the light (in this
case the x-y plane)[35] and is given by

ANS

F.(0,9)= cos¥ ©)

Beam

where W is the angle between the basal plane of the nanosheet and the x-y plane. It can be

shown (see SI) that cos¥ =sinésing, giving
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The intrinsic absorption of the nanosheet is represented by A, which describes the

fractional reduction in intensity for light incident on the nanosheet. For a thin nanosheet
comprised of N layers, this is approximately (see Sl) given by

A =NA, (7)

where A, is the intrinsic absorption of a monolayer (when the electric field vector is in the
plane of the nanosheet). This parameter is defined by the electronic properties of the monolayer
and is known for a number of materials (see below), for example A, =2.3% for graphene at

wavelengths >400 nm[36].

The amount of light absorbed by the nanosheet depends on the angle between the plane
of the nanosheet and the electric field vector, 7(8,¢). This depends on both the orientation of
the nanosheet (described by @ and ¢) and the direction of the electric field vector which we take
as being in the x-y plane at an angle of 3 to the x-axis (see Figure 1C). In the present analysis,
we consider the 2D nanosheets to be rigid, and ignore any bending or folding that may be
present. However, we feel that folding of flakes is unlikely to be present in a stable dispersion
of 2D nanosheets. The bending of nanosheets is also expected to be a dynamic process, such
that the shape to be approximated to a rigid object on the timescale of any measurement. Then,
it can be shown (see Sl) that

cos’y (6, #) =1—cos” dcos’ B—sin” @cos’ gsin® f—2cosPsindcosgcos Bsin B (8)

We can combine expressions (4) - (8), recalling that A=«aCL /log,,e to give an equation for

the absorption coefficient of the nanosheet dispersion:

_ _log,e
27pysd,

A, T T cos® y (6, g)sinBsingsindd 6d ¢ 9)

0=0 ¢=0
Here, we have used t, = Nd,, where do is the monolayer thickness, and for brevity have not
substituted cos?y from equation 8. Performing the integration reduces this equation to

a(ﬂ)=3logme

A (4) (10)

PNsdo
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In this expression, we explicitly show that both «(4)and A,,, (1) are usually functions of

wavelength. We note that equation 10 is not a function of B, as expected for an isotropic
nanosheet distribution. This shows that the absorption coefficient is polarisation independent.
It is also important to note that the absorption coefficient is not predicted to depend on the
lateral flake size or thickness. However, as discussed below, for some materials A, is a

function of flake size as well as wavelength.

Having derived an expression relating the measured absorption coefficient () to the
intrinsic nanosheet absorption (4,,,) we can now apply this to dispersions of nanosheets where

Ay, i1s known. This is simplest for graphene, where it has been shown that A, ., =0.023 for

wavelengths between ~400 nm and ~800 nm. Substituting this value into equation 10 gives a

predicted value of «,=4237 ml.mg™m™, which is close to the centre of the range of

experimental values reported (see figure 2). Very recently, we carefully measured the
absorption coefficient of graphene dispersions finding a7s0=4,861 Lg*m™, in very good

agreement with the theoretical value[37].

The monolayer absorption for MoS2 has been measured recently, and shown to be
strongly wavelength dependent[38]. This is in agreement with measured absorbance spectra of
dispersions of this materials, where variation is also found with flake size[27, 39]. This flake
size dependence has been shown to be the result of the edge region having a different value of
A, from the basal plane. Therefore, equation 10 is only strictly valid at the specific wavelength
where Ay, pasar = AmLeage- FOr M0S2 it has been shown that this occurs at ~345 nm, which
is a local minimum in the absorption spectrum[27]. At this local minimum, monolayer MoS2

has a measured A,,;, = 0.07, allowing us to calculate a predicted value for the absorption
coefficient of a5, (336nm) = 3631 ml - mg~'m~*. Comparing this to the reported values

in figure 2 we find that this predicted value is within the range of experimental values, albeit

at the low end of the range.

We can carry out similar analysis for other layered materials exfoliated as nanosheets,
such as WSz, MoSe2 and WSez, where values of A, have been measured experimentally.
Taking the value at the local minimum, where it is assumed that Ay, pasai = Amreage: WE Can
predict the absorption coefficient for dispersions of these materials. These predicted values are
shown in table 1, which in the case of WSz we have compared to reported experimental values

in figure 2.
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We can also use equation 10 to estimate the monolayer absorption for 2D materials
where this is not known. Using an integrating sphere, the absorption coefficient of GaS
suspensions has been shown to be nanosheet-size-independent at 365 nm (very close to the
bandedge, considerably below the peak absorption) with a value of ocas=300 ml.mg*m™.
Taking the density as pns=3860 kg/m® and do~0.5 nm, we get Am(A=365nm)~0.0036. This

value is rather low because the wavelength chosen is so close to the bandedge.

However, care must be taken when comparing absorption coefficients predicted by

equation 10 to literature values (and vice versa). This is because the equation relating

absorbance to transmission given above ( A. =—log,, T ), although widely used, is not strictly

correct for dispersed nanoparticles due to the presence of light scattering. In an optical
spectrometer, light is lost from the beam via both absorption and scattering. While for
molecular systems the scattering component is generally negligible, for nanomaterials this is
not the case. In such systems the measured transmittance is related to the extinction coefficient,

g, (—log,, T = &CL ) which includes contributions from both absorption and scattering such that

e(A)=a(l)+o(A) (where o is the scattering coefficient)[27]. For 2D nanosheets such as

those considered here, the scattering spectrum is difficult to predict, both sue to shape effects,
and the possibility that edge regions may exhibit different scattering behaviour from centre of
the flakes. Depending on the concentration of nanosheets in the dispersion, there may also be

multiple scattering events, further complicating the process.

While these contributions can be separated using an integrating sphere to give the true
value of a this is not widely done. Thus, the vast majority of papers that report values of the
absorption coefficient are actually reporting the extinction coefficient. This means most
literature values purporting to be the absorption coefficient, but actually giving the extinction
coefficient, would be expected to be larger than the theoretical value. Careful measurements of
g, o and o for MoS2 and graphene have shown that a/e~0.7-0.9[27, 37]. However, we note that
this may not always be the case in practice because of the significant experimental errors
associated with measuring the extinction coefficient. It is also important to note that the
magnitude of the scattering component may be dependent on the size of the 2D nanosheets, as

has been shown by Backes et al for MoS2 nanosheets[27].

When using equation 10 therefore, it must be kept in mind that it represents the
absorption rather than the extinction coefficient. This limits how it can be applied. The ideal

approach would be to measure the absorption coefficient for the material under study in an

7
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integrating sphere and compare directly with the theoretical value. Failing that it would be
possible to use the fact that the extinction coefficient is generally 10-30% higher than the
absorption coefficient in the resonant region[27, 37]. Applying this would allow the estimation
of the extinction coefficient from the theoretical absorption coefficient. Such a procedure

would allow estimations of nanosheet concentrations with acceptable accuracy.

While measuring neglecting the scattering contribution will lead to overestimation of
the absorption coefficient, it is no such obvious explanation for underestimation. One source
may be a failure to account properly for solvent or surfactant residues when determining the
mass of dispersed 2D nanosheets. Such dispersions are typically stabilised by high boiling point
solvents, what can be difficult to fully remove, or surfactant molecules, which will remain
bound to the flakes. If these residues are not accounted for, then the apparent mass of
nanosheets will be overestimated, leading to an underestimation of the absorption coefficient,
as any contribution to the absorbance of the sample will be removed by baseline subtraction. It
is also possible that some of the experimental results were measured from dispersions in which
the concentration of dispersed nanosheets was too high. The Beer-Lambert Law is only valid
for reasonably dilute solutions (or, in this case, dispersions), with an underestimation resulting
from high concentration samples. Again, this would result in value for o that is lower than the

true value.

Although we have assumed an isotropic orientation distribution of flakes within the
dispersion, it would be straightforward to substitute an alternative expression for /'ns. While
for reasonably dilute dispersions, this would not be necessary, in certain systems it may be
more appropriate, such as thin films or reinforced polymers. In such systems, any alignment
may be introduced as a side-effect of the production/deposition method, or deliberately in order
to enhance, for example, mechanical reinforcement or electrical conductivity. Indeed, it is
possible that such an analysis, using polarised light, could be used to measure the orientation

of 2D nanosheets within such a sample.
3. Conclusion

In conclusion, we have derived an expression to calculate the value for the absorption
coefficient for dispersions of nanosheets, we have provided a benchmark to compare
experimental values of the important characterisation parameter. While the optical absorption

of monolayers has only been reported for a few of these materials, the expression can be applied



to new materials as they are measured. By providing a theoretical value for the absorption
coefficient, it is hoped that the current wide spread of experimental values will begin to narrow.
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Figures

Table 1: Predicted value of absorption coefficient, a, using equation 10 and references[36]

and [38].
Material AmL A o
(%) (nm) (ml mg* m)

Graphene 2.3 [36] 400-800 4237
MoS2 14.87[38] | 336 7719
WS2 9.79 [38] 315 3429
MoSe2 4.62 [38] 380 1661
WSe2 10.05[38] 383 2702
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Figure 1: A) Diagram showing geometry of flake orientation. Light is taken to propagate in
the z-direction, with electric field vector making an angle g with the x-axis. The normal to the
flake makes an angle 6 with the x-axis, and ¢ with the y-axis. The flake is shown as offset from
the origin for clarity. B) Schematic showing the construction of the differential solid angle d.2.

C) Diagram showing angle between the flake and electric field vector of the light.
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Figure 2: Reported values of absorption coefficient for dispersions of graphene (black
squares), MoS: (red triangles) and WS2 (blue circles). These have been plotted against the
calculated value of Ay /(pnsdo) With the value for Aw. taken from ref [36] and [38] at the
same wavelength as the experimental value. Note that for all the values for graphene
dispersions, the value of AmL has been taken from the region of the spectra where this is
wavelength independent. For MoS2 and WSz there is no such region, and so AmL varies with
wavelength. The line shows equation 10. [1, 6, 8, 27-29, 31-34, 39-52]
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